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Abstract 
Mycobacterium tuberculosis (Mtb) is the causative agent of the disease tuberculosis, 

which kills more people worldwide than any other infectious disease. In 2017, nearly 2 

million people died of tuberculosis. Despite the advent of antibiotics targeting Mtb, the 

global spread of tuberculosis continues. The development of antibiotic resistance within 

the bacteria has further complicated the already long and difficult course of treatment 

for the disease. New therapeutics are necessary to combat tuberculosis. A novel 

treatment strategy is the use of host-directed therapies, which provide an orthogonal 

approach to killing intracellular pathogens. Rather than directly targeting bacterial 

pathways, which may lead to the development of mutations that result in resistance to 

the drug, host directed therapies (HDTs) target the host immune response to the disease. 

To uncover these host directed therapies, we have utilized the zebrafish-Mycobacterium 

marinum model system. Using zebrafish infected with their natural pathogen, 

Mycobacterium marinum, a close genetic relative to Mtb, we show that we can enhance the 

ability of the host immune response to kill intracellular bacteria.  

In Chapter 1, I introduce tuberculosis as a disease and discuss the past, present 

and future of treating the disease. I discuss potential host targets for immune 

modulating therapies, including autophagy, inflammation, and  inflammasomes. I 

highlight the role of calcium signaling in immune cells, specifically neutrophils and 
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macrophages. I briefly describe zebrafish as a model system, emphasizing their use to 

study immune responses and host-pathogen interactions. In Chapter 2, we show calcium 

is required for immune cell activity and motility in neutrophils. Calcium is a signal that 

leads neutrophils not only to wound sites but also to sites of infection and inflammation. 

We then enhance calcium signaling through potentiation of the membrane channel 

P2RX7 with the small molecule clemastine, an FDA-approved over-the-counter 

antihistamine in Chapter 3. We show that clemastine treatment reduces bacterial burden 

in a P2RX7 –dependent manner in zebrafish larvae. P2RX7 activation leads to assembly 

of inflammasomes in macrophages, a key immune cell of mycobacterial infection. In 

human mycobacterial disease, many of the bacteria are contained within structures 

called granulomas, in which host macrophages and other immune cells have formed a 

cuff around the bacteria, creating a space that is recalcitrant to treatment with frontline 

antibiotics. Clemastine is effective in these established infection structures, indicating 

that it may be a feasible strategy to treat human tuberculosis. We discuss how 

mycobacteria evade the host immune response and demonstrate how a small molecule 

can overcome these evasion strategies for improved host outcome.  
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1. Introduction  

1.1 Tuberculosis as a disease  

Tuberculosis is an ancient disease, having co-evolved with humans for centuries. 

Despite antibiotics to treat the disease, nearly two million people die of tuberculosis 

every year (WHO, 2017). This is due in part to the complex course of treatment for the 

disease and the intricate intracellular lifestyle of the pathogen, Mycobacterium tuberculosis 

(Mtb). Mtb is a non-motile, acid-fast bacillus that is an obligate human pathogen. Mtb is 

inhaled as aerosolized droplets, where it enters the lung to be sensed and phagocytosed 

by alveolar macrophages. Once inside a macrophage, Mtb evades, exploits, and ignores 

innate immune strategies to replicate intracellularly and prolong survival (Figure 1). 

First, Mtb phagosomes are not properly decorated and fail to shuttle to the lysosome 

(Ferrari et al., 1999; Sturgill-Koszycki et al., 1994). Due to its thick lipid rich cell wall, Mtb 

is intrinsically resistant to many radicals (Flynn and Chan, 2001) and actively scavenges 

reactive oxygen species (Ng et al., 2004). With these resistance and avoidance 

mechanisms, Mtb establishes a niche within macrophages.  
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Figure 1: Virulent mycobacteria establish a niche inside host macrophages. 

 

Under the control of the bacterium, macrophages are hijacked to produce 

additional proinflammatory cytokines to activate nearby macrophages, undergo necrotic 

cell death, and disseminate bacteria within the lung (Philips and Ernst, 2012). Virulent 

mycobacteria secrete effectors into the cytosol, which instead of activating pro-defense 

mechanisms in macrophages, activate a type I interferon response (Manzanillo et al., 

2012) and alter activation status of macrophages (Cronan et al., 2016; Ehrt et al., 2001) for 

optimal bacterial survival. Other cytosolic sensors are modulated by Mtb, including 

inflammasomes (Abdallah et al., 2011; Shah et al., 2013). Dendritic cells are later 

activated to prime a T-cell response in the lymph nodes during the weeks following 

infection. These T-cells, B-cells, neutrophils, and many macrophages home to the site of 

inflammation to create the canonical structure of tuberculosis, the granuloma (Flynn et 

al., 2011).  
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1.2 Adventures within the speckled band: heterogeneity, 
angiogenesis, and balanced inflammation in the tuberculous 
granuloma 

This section of the introduction was modified from a review of the same title, making 

reference to a Sir Arthur Conan Doyle short story in which Sherlock Holmes uncovers that the 

last words “The speckled band!” refer to a venomous snake. The review was published in 

Immunological Reviews 264:276-287 (2015). The authors were Molly A. Matty, Francisco J. 

Roca, Mark R. Cronan, and David M. Tobin.  

The tuberculous granuloma, a central structure in mycobacterial infection, is the 

hallmark structure of tuberculosis (TB) (Russell, 2007). At its most elemental, the 

granuloma consists of tightly interdigitated macrophages that transform phenotypically 

and take on an epithelioid appearance (Ramakrishnan, 2012). As the tuberculous 

granuloma progresses, other immune cell types join the nucleating granuloma in a 

coordinated response, but this complex structure often fails to eliminate infection. 

Historically, the granuloma was thought to be an exclusively host-protective structure, 

and granuloma formation was posited to culminate in an impermeable ring around 

bacterial invaders. Here, we describe new findings about the nature of the tuberculous 

granuloma, both in its early stages, and later, as it recruits functional blood vessels that 

impact oxygen availability, pathogenesis, and dissemination. Finally, we highlight 

findings about eicosanoids and inflammation. Host lipid mediators, induced during 

infection with pathogenic mycobacteria, play an important role in controlling 



 

4 

inflammatory balance. Genetic variation in eicosanoid pathways is associated with 

different host responses and outcomes outcomes. Understanding how mycobacteria 

manipulate inflammatory balance in the infected host may provide new opportunities 

for therapeutic modulation of this interface. 

1.2.1 Optical access to the granuloma 

The ability to perform in vivo, real time imaging of granuloma dynamics and the 

adoption of new techniques and animal models have expanded traditional views of 

mycobacterial granulomas. To directly observe granuloma formation in vivo, we use 

optically transparent zebrafish larvae, which form early granulomas within days after 

infection with Mycobacterium marinum (Davis et al., 2002; Davis and Ramakrishnan, 

2009). Mycobacterium marinum is the closest genetic relative of the Mtb complex (Stinear 

et al., 2008). M. marinum infections in humans cause a granulomatous infection called 

fish tank or aquarium tank granuloma, characterized by skin and soft tissue granulomas 

that can have strikingly similar pathology to those of tuberculosis, with necrotic areas 

and vascularization (Min et al., 2012). In zebrafish, M. marinum infection is similarly 

characterized by the organized multicentric epithelioid granulomas characteristic of 

human tuberculosis (Cosma et al., 2006; Swaim et al., 2006). The zebrafish larva is 

optically transparent and allows realtime visualization of granuloma formation using 

fluorescently-labeled bacteria and immune cells. Within days of infection a given 

mycobacterium-infected macrophage recruits additional macrophages to form tightly 
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organized aggregates (Davis and Ramakrishnan, 2009; Ramakrishnan, 2012). These 

aggregates represent early granulomas; the participating macrophages undergo the 

hallmark epithelioid transformation characteristic of mature granulomas and activate 

mycobacterial gene expression programs that are selectively induced in the mature 

granulomas of adult animals but not in isolated macrophages (Davis et al., 2002; 

Ramakrishnan, 2012). Initially, these granulomas are dynamic, with egress of infected 

macrophages and both apoptotic and necrotic cell death within (Davis et al., 2002; Davis 

and Ramakrishnan, 2009).  Superinfecting strains of mycobacteria traffic into established 

granulomas, both in adult zebrafish and mice, consistent with a dynamic and relatively 

accessible structure during active disease (Cosma et al., 2004; Cosma et al., 2008). 

Multiphoton intravital microscopy of mouse liver granulomas, both with the 

Mycobacterium bovis vaccine strain BCG and later with Mtb, has revealed dynamics of 

both macrophages and T-cells within mouse mycobacterial granulomas (Egen et al., 

2011; Egen et al., 2008). Notably, an unusually small number of mycobacteria-specific T-

cells display any antigen-induced migration arrest, suggesting that properties of the 

mycobacterial granuloma limit effector T-cell function (Egen et al., 2011). 

Granulomas and their progression are not uniform. Analysis of zebrafish 

granulomas suggests that even in the presence of antibiotics and overall reduction in 

bacterial burden, some granulomas can expand (Adams et al., 2011; Takaki et al., 2012). 

Many of the findings made using M. marinum in its natural hosts have been 
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recapitulated in mice and non-human primates infected with Mtb, notably the 

heterogeneity of individual granulomas and the dynamics of granulomas, 

which can either expand or regress throughout infection (Lin et al., 2014). In non-human 

primates, in addition to different granuloma types, microenvironments appear to exist 

within the granuloma itself and different macrophage subsets populate individual 

granulomas; iNOS-positive macrophages tend to dominate near the necrotic core, while 

so-called alternatively-activated, or Type II, macrophages are more common near the 

outer cuff (Mattila et al., 2013). 

Although epithielioid macrophages may define the nascent granuloma, many 

cell types participate and may serve important functions within. Dendritic cells and 

lymphocytes play key roles (Mayer-Barber et al., 2011), and neutrophils also have been 

proposed to play important yet sometimes contradictory roles in a number of 

granuloma-associated processes including generation of reactive oxygen species (ROS), 

efferocytosis and immunopathology (Desvignes and Ernst, 2009; Martin et al., 2012; 

Yang et al., 2012). There is a need to expand our understanding of infection and 

granuloma complexity still further; in the mouse model there is sequential transit of 

infected cell types over the course of infection, with significant bacterial residence in 

dendritic cells, recruited interstitial macrophages, and neutrophils (Repasy et al., 2013; 

Srivastava et al., 2014; Wolf et al., 2007). As adaptive immunity is induced, there are 

similarly important roles for CD4 T-cells, which play key roles both in protection and 
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immunopathology (Mayer-Barber et al., 2011). Beyond this complex immune cell milieu 

in granulomas, other non-immune cell types play additional supporting roles. 

Fibroblasts are important in the deposition of collagen in fibrotic granulomas, one of 

multiple heterogeneous granuloma types that are observed (Russell, 2007). 

1.2.2 Bacterial Manipulation of Granulomas  

A theme in these and other studies is that induction of granulomas and 

fundamental properties of the granuloma can be exploited by pathogenic mycobacteria 

for their own benefit. The mycobacterial cell wall component trehalose dimycolate plays 

multiple roles in pathogenesis, including promoting granuloma induction, inhibition of 

phagolysosome fusion, and induction of matrix metalloproteases (Sakamoto et al., 2013; 

Welsh et al., 2013). Notably TDM has also been shown to act to induce angiogenesis in a 

rat corneal model (Saita et al., 2000), suggesting that it may also help to mediate the pro-

bacterial angiogenic response. The classic mycobacterial virulence locus RD1/ESX-1 

plays a number of roles, including mediating access to the cytoplasm and induction of 

type I interferons (Gao et al., 2004; Hsu et al., 2003; Manzanillo et al., 2012; Stamm et al., 

2003; Stanley et al., 2007).  

In the zebrafish larval model, the secreted ESAT-6 protein plays an important 

role in the induction of host MMP9 from epithelium, which helps to orchestrate 

granuloma formation. MMP9-deficient zebrafish have limited granuloma formation and 

are more resistant to infection, again suggesting a role for the early granuloma in 
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promoting bacterial replication and spread (Volkman et al., 2010). Similarly, MMP9 

knockout mice show reduced granuloma formation and reduced burden (Taylor et al., 

2006). Thus, induction of a host pathway via a bacterial virulence determinant mediates 

both granuloma formation and promotes bacterial growth. 

Bacterial cell wall lipids, which sit at the interface of bacteria and host, have 

recently been shown to play an important role in determining the outcome of infection 

by determining the repertoire of specific macrophage subsets that are recruited to initial 

infection site. Cambier et al  (Cambier et al., 2014) have shown that cell surface 

associated phthiocerol dimycoceroserate (PDIM) masks activation of canonical TLR 

activation pathways that would normally recruit iNOS-expressing, microbicidal 

macrophages. In contrast, the expression of the phenolic glycolipid PGL is instrumental 

in recruitment of a macrophage subset through a CCR2 recruitment pathway (Cambier 

et al., 2014). These findings in both zebrafish and mice suggest that pathogenic 

mycobacteria have evolved to manipulate the host immune response for their own 

survival and transmission. 

1.2.3 Conclusions: Prospects for host-directed therapies  

Mycobacterial genes co-evolved with their hosts to exploit host immune 

processes that have traditionally been viewed as part of a productive response to 

infection. Processes such as granuloma formation and granuloma-induced angiogenesis 
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provide niches and/or conditions in which mycobacteria can replicate and disseminate, 

eventually leading to successful host-to-host transmission.  

Virulent mycobacteria have been remarkably recalcitrant to elimination using 

traditional antibiotics. Identifying specific host processes on which pathogenic 

mycobacteria depend enables the rational development of host-directed therapies for 

tuberculosis. We have shown how this approach has identified potential therapeutic 

compounds including FDA-approved compounds that target angiogenesis (Oehlers et 

al., 2014), host eicosanoids (Tobin et al., 2012; Tobin et al., 2010),  and pathways 

downstream of hyperinflammatory states (Roca and Ramakrishnan, 2013). End section 

from Adventures within the Speckled Band.  (Matty et al., 2015) 

1.3 Therapies against tuberculosis 

1.3.1 Historic treatments 

Historically, TB was treated with fresh air, bed rest, and healthy foods in 

sanatoriums, preferentially at high altitudes in Europe and North America (Murray et 

al., 2015). Dire cases were treated with lung resections and other invasive, destructive 

procedures (Gaensler, 1982). Although the contagious nature of the wasting disease was 

proven in the 1860s and Robert Koch identified the causative agent of the disease in 

1882, real treatment for tuberculosis and other bacterial diseases did not begin until the 

middle of the next century.  
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1.3.2 Modern Treatments, in the age of antibiotics 

The first treatment strategy for tuberculosis involved a single antibiotic, 

streptomycin or para-amino-salicylic acid (PAS), given to patients until their chest 

radiographs showed fewer lesions and sputum came back negative (Biernacki, 1947). 

However, this single therapy resulted in striking emergence of resistance and did not 

reduce mortality long term (Fox et al., 1954).  The British Medical Research Council 

quickly required a multiple drug strategy by 1950. Once multiple antibiotics were in use, 

the standard treatment for TB consisted of a year’s treatment including isoniazid, 

streptomycin, and para-aminosalicyclic acid (Mitchison and Davies, 2012). This triple 

drug regimen changed over the next few decades as more effective and cheaper 

antibiotics were developed, leading to the modern treatment strategy of isoniazid, 

rifampin, and pyrazinamide. The period of time during which these drugs were 

discovered was the age of antibiotics, marking the discovery of numerous other effective 

antimicrobial agents, including ethionamide. The efficacy of these drugs over the next 

few decades caused a false sense of faith in these “magic bullets” – only one new anti-

tubercular drug was approved from 1962 to 2012 and the burden of tuberculosis in 

developed countries fell on health departments and smaller clinics.  Constant vigilance 

was lost and as a result, the United States had a spike in tuberculosis cases in the 1980s, 

driven by the emergence of the HIV epidemic, poverty, and increasing drug use. 

Around this time, new multi-drug resistant strains were found in circulation worldwide 
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(Keshavjee and Farmer, 2012). In 1993, the World Health Organization declared 

tuberculosis a “global emergency” and set new goals to improve TB outcomes 

worldwide (WHO, 2017).  

1.3.3 Current Treatments 

 The current antibiotic regimen for the treatment of drug-susceptible tuberculosis 

involves a three-antibiotic cocktail including isoniazid, rifampin, and pyrazinamide 

(WHO, 2017). Isoniazid is an inhibitor of fatty acid synthesis that is converted to its 

active form by the bacterial peroxidase katG. Rifampin (also called rifampicin) blocks 

rpoB to inhibit translation of proteins (Almeida Da Silva and Palomino, 2011). Both INH 

and RIF are bacteriostatic and are mostly effective against metabolically active bacteria. 

Pyrazinamid (PZA) is a pro-drug converted to its active form by the mycobacterial 

protein encoded by the pncA gene. The mechanism of action of PZA was previously 

attributed to acidification of the bacteria (Shi et al., 2011), but recent findings suggest 

that PZA blocks coenzyme A biosynthesis (Gopal et al., 2017; Peterson et al., 2015). 

During the first two months of treatment – the “induction” phase – ethambutol is often 

added to these three to ensure multi-drug therapy in the case of unknown drug 

resistance and low penetration into granulomas. Ethambutol inhibits embcAB to inhibit 

cell wall synthesis (Almeida Da Silva and Palomino, 2011). In the first two months of 

therapy, active bacteria are rapidly killed with the three-plus-one-drug cocktail, 

indicated by negative sputum cultures. However, to avoid relapse from persistent 
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populations of bacteria, patients undergo an additional four months of treatment during 

which time they receive rifampin and isoniazid, with room for other drugs if necessary 

(Mitchison and Davies, 2012; WHO, 2017). This final phase, termed “consolidation,” is 

the phase required to destroy bacteria that are more recalcitrant to killing, residing 

within granulomas or cavities. Rifampin and pyrazinamide can penetrate into these 

spaces; to effectively shorten treatment time, new drugs must have access to 

granulomas, cavities, and abscesses (Mitchison and Davies, 2012). 

The multiple-drug, half-year therapy is required to reduce the development of 

antibiotic resistance within slow-growing mycobacteria, yet it is also the cause of much 

of the burden of multiple drug resistance within the bacterial populations. Within 

individual lesions, sub-therapeutic levels of each drug can lead to emergence of drug 

resistance (Mitchison, 2000). Failure to take each dose of drug, intrinsic host metabolism, 

and diet can all influence the activity and availability of these drugs within patients. 

Additionally, the long course of treatment is difficult to complete: 16-50% of patients do 

not adhere to the entire course (Kulkarni et al., 2013; WHO, 2017).   

Where possible, mycobacterial infections are tested for mutations in antibiotic 

target loci. If an infection is found to be isoniazid-resistant, then a fluoroquinolone is 

used and the therapy is kept nearly the same (WHO, 2017). In the case of multiple-drug 

resistance, the induction phase is 6-8 months long and requires up to 4 drugs, based on 

the strain’s susceptibility. This phase is followed by another 12 months of 
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“consolidation” phase with multiple therapies, tailored to the specific infection, the 

regional MDR strains, and the patient’s ability to tolerate the drugs.  Drugs often used in 

treatment include fluoroquniolones like moxifloxacin, which inhibits topoisomerase 

activity (Almeida Da Silva and Palomino, 2011). While 20 months has been the proposed 

duration of MDR-TB treatment by the WHO, a recent study in Bangladesh had nearly 

90% successful treatment rates with a 9-month regimen (Aung et al., 2014).  

1.3.4 The future of antibiotics against Mtb  

New antibiotics to add to the MDR-TB regimen are actively being investigated 

and tested in clinical trials, including Delamanid, a nitroimidazooxazole [Otsuka 

Pharmaceutical Development & Commercialization, Inc 2011 NCT01424670] and 

Bedaquiline, a diarylquinolone (de Jonge et al., 2007). Ongoing clinical trials are 

underway to determine the efficacy of these newly approved drugs in combination 

therapy. Linezolid is an oxazolidinone used to treat drug-resistant gram-positive 

bacterial infections. It has activity against fast-growing mycobacteria (Wallace et al., 

2001) and Mtb (Molicotti et al., 2006) in vitro. With these positive results, it is now being 

tested in a Phase 2 clinical trial including delamanid, linezolid, levofloxacin, and 

pyrazinamide for a shortened treatment of MDR-TB. AZD5847 is in the same class of 

compounds as linezolid and may be more effective, although working through the same 

mechanism of 50S ribosomal inhibition (Balasubramanian et al., 2014). From a Phase 2a 

early Bacterial Activity (EBA) trial, it has shown modest effects in human patients (Furin 
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et al., 2016). Another promising antibiotic under investigation is pretomanid, formerly 

PA-824, which shows more rapid sputum conversion than standard therapy after 8 

weeks of treatment against MDR-TB (Dawson et al., 2015). Pretomanid is a 

nitroimidazomyran, which inhibits cell wall and protein synthesis and may have activity 

against both active and dormant bacteria (Stover et al., 2000). However, the development 

of new antibiotics often results in a molecular arms race between the new drug’s 

bacterial targets and development of antibiotic resistance in the targeted bacterial genes.  

1.4 Host-directed therapies 

Host-directed therapies represent a new class of compounds that target host 

processes rather than bacterial processes. HDTs are less likely to lead to antibiotic 

resistance in bacterial populations because they do not directly target microbial proteins; 

the selection pressure for HDTs is much lower than antibiotics that directly contact 

bacterial protein targets (Kaufmann et al., 2018). HDTs may also effectively kill 

infectious agents that are already resistant to antibiotics. These drugs may make the 

bacteria more sensitive to antibiotics, enhance microbial killing, or dampen 

inflammatory pathology in the host. HDTs may also shorten the treatment time required 

for clearance, further mitigating the development of antibiotic resistance within the 

bacteria (Hawn et al., 2013).   
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1.4.1 Host directed therapies in mycobacterial infection   

Two main schemes for HDTs are currently under investigation for treating 

mycobacterial disease: drugs that prevent bacterial survival within the macrophage and 

those that control Mtb’s effects on the host immune response. As discussed above, many 

of the processes utilized by invading mycobacteria to establish a niche within the human 

lung, specifically the formation of the granuloma, resemble processes observed in 

cancer. Therefore, there is potential for drugs originally developed for cancer treatments 

to be repurposed to treat mycobacterial disease. For example, Pazopanib is an 

antiangiogenic drug used in cancer to inhibit vegf-induced endothelial cell proliferation 

(Kumar et al., 2007) that has been shown to aide in the clearance of mycobacteria in 

zebrafish- M. marinum infection, ostensibly reducing nutrient access and increasing 

hypoxia in granulomas (Oehlers et al., 2014). Imatinib, a tyrosine kinase inhibitor, 

reduces the number of granulomas in animals infected with mycobacteria (Napier et al., 

2011). Co-treatment with Imatinib and frontline antibiotics further reduces 

mycobacterial load. However, repurposing drugs may reveal moonlighting activities of 

the drugs, or activities that were previously unassociated with the drug. For example, 

Imatinib’s antimycobacterial activity was previously attributed to inhibition of ABL 

kinases (Napier et al., 2011). However, at the dose utilized in a mouse model, Imatinib 

also increased myelopoiesis, which enhanced host clearance of a variety of pathogens 

(Napier et al., 2015). Repurposing drugs as HDTs involves not only understanding their 
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known mechanisms, but also exploring unknown or poorly reported mechanisms.  Once 

a HDT has been discovered to have an antimycobacterial outcome, it is important to 

determine the true mechanism of action.  

Virulent mycobacteria exploit, evade, and alter the host environment to favor 

growth and expansion within an animal. The targets of these mycobacterial strategies 

may inform targets for host-directed therapies.  

1.4.1.1 Targeting inflammation  

This section of the introduction was modified from a review titled “Adventures within 

the speckled band: heterogeneity, angiogenesis, and balanced inflammation in the tuberculous 

granuloma” published in Immunological Reviews 264:276-287 (2015). The authors were Molly 

A. Matty, Francisco J. Roca, Mark R. Cronan, and David M. Tobin.  

1.4.1.1.1 Eicosanoid mediators in mycobacterial infections  
Over the last decade, a number of lipid mediators of inflammation, including the 

eicosanoid family, have been implicated in the host response to mycobacterial infection. 

The eicosanoids are a broad group of signaling lipids derived from arachidonic acid that 

include the leukotrienes, lipoxins, thromboxanes, and prostaglandins. The initial 

observation of the role of eicosanoids in mycobacterial infection came from mice 

deficient in the enzyme Alox5, an enzyme crucial both for leukotriene production from 

arachidonic acid and for production of anti-inflammatory lipoxins, which exhibited 

altered control of mycobacterial infection (Bafica et al., 2005), with more resistance to 

high-dose infections. Since then, a network of eicosanoid mediators has emerged that 
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play important roles in infection outcome, in both animal and cell culture models. The 

lipoxins are anti-inflammatory eicosanoids derived from arachidonic acid, through 

either 12- or 15-lipoxygenases and which are induced during mycobacterial infection in 

both mice (with Mtb) and zebrafish (with M. marinum) (Bafica et al., 2005; Chen et al., 

2008; Divangahi et al., 2009; Tobin et al., 2012). Lipoxins appear to be largely host-

detrimental in mycobacterial infection, and promote necrotic cell death, which favors 

unrestrained bacterial growth (Chen et al., 2008; Divangahi et al., 2009; Tobin et al., 2012; 

Tobin et al., 2010). In cell culture models and in mice, the interplay between the lipoxin 

LXA4 and the prostaglandin PGE2 determines the mode of cell death, with necrotic cell 

death favoring robust bacterial growth (Chen et al., 2008; Divangahi et al., 2009; 

Divangahi et al., 2010). In zebrafish, we identified a mutation in the lta4h gene, which 

sits at the crossroads between the pro-inflammatory leukotriene LTB4 and the anti-

inflammatory lipoxins (Haeggstrom, 2004). The lta4h deficiency resulted in shunting of 

an LTA4 intermediate into an excess lipoxin state (Tobin et al., 2012; Tobin et al., 2010). 

Hence, the observed hypersusceptibility to infection resulted from excess production of 

the anti-inflammatory lipoxins, which translated into limitation of TNF induction in vivo. 

TNF, discussed below, is absolutely critical in host defense, and so the limitation of this 

pro-inflammatory response resulted in necrotic cell death and extracellular bacterial 

growth. Genetic variants in these pathways appear to have important effects on human 

mycobacterial infections (Tobin et al., 2012; Tobin et al., 2010) and measured differences 
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in eicosanoid levels correlate with disease presentation (Mayer-Barber et al., 2014). What 

has become clear in all these studies are that complex networks of eicosanoids feed back 

on one another. In a mouse model with IL-1 deficiency or with excess type I interferon 

production, inhibition of Alox5 via a chemical inhibitor, zileuton, resulted in increased 

survival and decreased burden. Mechanistically, inhibition of this relatively upstream 

enzyme appears to shunt eicosanoid production toward PGE2, thus establishing a 

favorable eicosanoid balance (Mayer-Barber et al., 2014). 

1.4.1.1.2 TNF’s two sides 
In all animal models studied, the proinflammatory cytokine TNF is a key 

determinant of susceptibility to mycobacterial infection. However, attempts to 

characterize TNF as either wholly host-protective or pro-bacterial have failed. Instead, as 

we outline in the following section, there exists an optimal level of TNF that results in a 

balanced inflammatory state within the host. Through a diverse range of mechanisms, 

deviations of TNF levels from this optimum result in either increased bacterial 

proliferation from loss of mycobacterial restriction or deleterious inflammation and 

extensive damage of host tissues. As a well-characterized mediator of inflammatory 

signaling, TNF has long been suspected to play a role in mycobacterial infection. Early 

studies found TNF release following Mtb infection and that TNF drove many host 

processes thought to be crucial for mycobacterial control (Hoffman and Weinberg, 1987; 

Rook et al., 1987; Silva and Faccioli, 1988). However, the observation that enshrined TNF 

as one of the most clinically relevant host restriction genes was the finding that TNF 
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blocking agents used in the treatment of unrelated inflammatory diseases exacerbated 

active TB and drove reactivation of latent TB within treated patients (Gardam et al., 

2003; Gomez-Reino et al., 2003). Supporting this crucial role of TNF in tuberculosis 

patients, later studies found that reactivation of TB is directly related to the amount of 

free TNF available (reviewed in (Barry et al., 2009)).   

While the data from human patient populations clearly indicate that TNF levels 

are clinically relevant in restriction of Mtb, animal studies have enabled researchers to 

identify the diverse mechanisms by which TNF controls mycobacterial infection. While 

the first studies of the role of TNF in mouse Mtb infection models preceded findings in 

human patient populations, these findings mirrored those in humans: mice treated with 

a TNF antibody or genetically deficient for the TNF receptor (TNFR1-/- ) were both 

found to be hypersusceptible to infection, with markedly increased bacterial numbers in 

lungs and other organs. However, while there was no change in granuloma numbers in 

TNF-deficient animals, the loss of TNF resulted in extensive tissue damage and necrosis 

within both granulomas and surrounding tissue that likely contributed to the early 

death of TNFR-deficient animals (Flynn et al., 1995). In agreement with loss of TNF 

leading to granuloma necrosis, TNFR knockout mice infected with M. avium exhibited 

extensive necrosis within the granuloma despite similar bacterial numbers between 

TNFR-deficient and wildtype animals (Ehlers et al., 1999).  
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These findings in the mouse model are also observed in the zebrafish model. 

Zebrafish depleted for TNFR1 form granulomas even more quickly than wildtype fish, 

yet fail to restrict mycobacterial growth (Clay et al., 2008). The optical clarity of zebrafish 

enabled the direct observation of the earliest steps of macrophage recruitment and 

bacterial uptake, demonstrating that macrophage recruitment was not inhibited by lack 

of TNFR. Instead, the lack of mycobacterial restriction leads to excessively high bacterial 

burden within individual macrophages, resulting in macrophage necrosis, granuloma 

disintegration and extracellular growth of infecting mycobacteria, as was observed in 

mouse models.  

TNF is required to reduce bacterial burden through a number of proposed 

mechanisms involving macrophage activation, often synergistically with Interferon-

gamma activation (MacMicking, 2014); downstream of TNFR1 activation is 

transcriptional activation of a number of key defense genes that act cell-autonomously 

including antimicrobial peptides, autophagy genes, IRGM proteins, and GBPs 

(MacMicking, 2014). However, the lack of an adaptive immune system in these [larval] 

zebrafish larvae suggests that TNF is required in the context of innate immunity alone. 

While the previous findings indicated that TNF is needed to restrict bacterial growth 

and prevent granuloma breakdown, data also indicated that excessive TNF levels were 

deleterious. In support of TNF mediating bacterial restriction, TNF deficiency in low 

dose wildtype BCG-infected animals results in large, disorganized granulomas that 
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could be rescued by expressing TNF within the infecting BCG. However, hinting at the 

pleiotropic effects of TNF, infecting wildtype or TNF-deficient animals with a high dose 

of TNF-expressing BCG led to early death of infected animals despite the effective 

restriction of mycobacteria within these animals (Bekker et al., 2000).  

More recently, the deleterious effects of high TNF levels have been investigated 

in other animal models. The link between TNF neutralization and tuberculosis has been 

further investigated by studies performed in a nonhuman primate model of TB (Lin et 

al., 2010). The macaque model recapitulates many characteristics of human latent TB 

(Capuano et al., 2003). Monkeys with latent infections treated with TNF-neutralizing 

agents were more likely to develop more granulomas, exhibit weight loss, and test 

positive for actively-growing bacteria (Lin et al., 2010). During acute active infection, 

TNF ablation was found to cause many more granulomatous lesions compared to acute 

infection in wildtype animals. These data not only validate the clinical observation that 

human patients taking TNF-neutralizing drugs are at a higher risk to reactivate TB, but 

also show that TNF inhibition exacerbates active infection.  

These studies in the mouse and macaque inextricably link TNF with all stages of 

mycobacterial disease. Until recently, the mouse model had been limited by its non-

necrotizing granulomas, making the mouse model of TB divergent in some aspects from 

human infections. With the C3HeB/FeJ mice, this model of infection recapitulates human 

disease with necrotic centers, hypoxic tissue, and smaller bacterial loads (Driver et al., 
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2012). In this model, TNF neutralization also led to increased bacterial burden, 

disorganized granulomas, and increased mortality (Dutta et al., 2014). These diverse 

models will continue to further our understanding of the role that TNF plays in the 

dynamic tuberculous granuloma. 

1.4.1.1.3 TNF and cell death modalities 
In addition to the stimulation of cell-autonomous immunity, TNF has been long 

known for its ability to trigger caspase activation and apoptosis of the target cell, a 

process which has clear impact on mycobacterial pathogenesis (Rath and Aggarwal, 

1999). TNF binds two receptors, TNFR1 and TNFR2: TNFR1 is characterized for the 

presence of death domains in its intracellular portion while TNFR2 lacks these domains. 

Nevertheless, both TNFRs can recruit death domain-containing proteins (e.g. TRADD, 

FADD, and caspase-8) after binding TNF. Such recruitment ends with caspase-8 

autocatalysis and conversion into the caspase 8 active form. Activated caspase-8 is an 

initiator caspase that cleaves different cellular components to amplify the apoptotic 

signal, particularly through activation of the effector caspase-3 to induce cell death 

(Wallach et al., 2008). Extrinsic apoptosis depends on ligand-receptor interaction and is 

conserved among model organisms, with homologs for FasL, apo2L and TRAIL (Eimon 

et al., 2006) and caspase-8 (Sakata et al., 2007). Specifically, Fas and TNFR stimulation of 

zebrafish caspase-8-expressing cells induces caspase-8 activation and apoptosis (Sakata 

et al., 2007).  
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The role of apoptosis in mycobacterial infection in vivo is multifaceted 

(Srinivasan et al., 2014). In zebrafish larvae infected with virulent mycobacteria, 

apoptosis plays an important role in spread of bacteria within the granuloma (Davis and 

Ramakrishnan, 2009). Similarly, in mice, strains with increased apoptosis correlated with 

increased bacterial growth (Aguilo et al., 2013). In contrast, in cell culture models of 

mycobacterial infection virulent strains of Mtb tend to induce necrosis while attenuated 

strains are associated with apoptosis (Chen et al., 2006; Keane et al., 2000; Velmurugan et 

al., 2007). Infection with attenuated strains of Mtb exhibit increased expression of 

TNFR1, increased apoptotic cells, and decreased bacterial replication (Rodrigues et al., 

2013). Interestingly, virulent as well as attenuated strains of Mtb can induce similar 

levels of TNF (Keane et al., 1997). Virulent mycobacteria themselves express anti-

apoptotic gene products, and apoptosis may be neither entirely host-driven nor host-

beneficial (Hinchey et al., 2007; Velmurugan et al., 2007). Apoptosis also is important in 

packaging infecting mycobacteria for efferocytosis, as well as in the development of T-

cell responses (Blomgran et al., 2012; Divangahi et al., 2010; Martin et al., 2012; Yang et 

al., 2012).  

There is almost universal agreement, however, that macrophage necrosis is 

detrimental to the host. In mycobacterial infection, insufficient TNF induction can lead 

to inadequate control of bacterial replication and macrophage necrosis, liberating the 

infecting bacteria to grow extracellularly, unencumbered by intracellular defenses. 
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Recent findings have suggested that high levels of TNF can also result in host cell 

necrotic death, via a programmed necrosis pathway (Ardestani et al.). Thus, TNF can 

serve as a double-edged sword, and either too little or too much can promote 

mycobacterial pathogenesis and/or immunopathology. 

1.4.1.1.4 Genetic control of inflammatory balance 
The availability of TNF during mycobacterial infection has been associated with 

the outcome of both active and inactive disease (Barry et al., 2009; Marino et al., 2007). In 

the zebrafish model, low TNF and high TNF can both lead to increased infection burden 

(Tobin et al., 2012; Tobin et al., 2010). Might findings from animal models and clinical 

observations be relevant to human genetic variants that impinge on TNF? We identified 

a common promoter polymorphism at the human LTA4H locus, the orthologue of 

which we had identified in a zebrafish forward genetic screen as a key regulator of TNF 

levels. This variant was associated with increased expression of LTA4H transcript. We 

then interrogated three human cohorts (two tuberculosis cohorts in Vietnam and a 

leprosy cohort in Nepal) and found an association of the heterozygous genotype (one 

low-activity allele, and one high-activity allele) with protection from more severe 

disease. Low-activity homozygotes, predicted to produce more lipoxin and less TNF, 

developed more severe disease than the balanced heterozygotes. Similarly, high-activity 

homozygotes, predicted to produce more pro-inflammatory leukotrienes, also 

developed more severe disease than their heterozygous counterparts. If this hypothesis 
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is correct, then the two classes of homozygotes had fundamentally different 

inflammatory states.  

By examining a TB meningitis cohort that had participated in a previous clinical 

trial of the broadly acting anti-inflammatory agent dexamethasone as adjunctive therapy 

(Thwaites et al., 2004), we could examine whether there were differences in treatment 

responsiveness based on this single nucleotide promoter variant. Overall, patients with 

TB meningitis receiving dexamethasone showed improved survival over patients 

receiving placebos, and this trial established adjunctive dexamethasone therapy as the 

standard of care for TB meningitis (Thwaites et al., 2004). Remarkably, when these 

patients were stratified by host genotype, the entirety of the dexamethasone effect 

derived from the single class of high-activity homozygotes (Tobin et al., 2012). 

Replication of these findings in new, larger cohorts is underway (Thuong et al.). The 

association of tuberculosis disease severity with the LTA4H promoter variant in 

Vietnam also appears to hold true for populations in Nepal, where there is an 

association with more severe forms of leprosy (Tobin et al., 2010), and China, where 

there is an association with TB meningitis (Yang et al., 2014), also with a heterozygous 

advantage. End of section from Adventures within the Speckled Band (Matty et al 2015). 

1.4.1.2 Targeting autophagy 

Autophagy is a cell-autonomous pathway through which unneeded cellular 

products are degraded. Autophagic processing can also degrade intracellular bacteria 
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through a process termed xenophagy, which I will refer to as autophagy throughout this 

section (Bradfute et al., 2013; Gutierrez et al., 2004). Many pathogens inhibit autophagy 

through a variety of processes, including forming actin tails (Baxt and Goldberg, 2014), 

inhibiting induction signals (Shin et al., 2010) and inhibiting the recruitment of required 

proteins (among other mechanisms reviewed in (Huang and Brumell, 2014)). Cells 

deficient in critical components of the autophagy pathway are hypersusceptible to 

mycobacterial infection and mice lacking ATG5 (a critical component of the 

autophagosome) in their myeloid cells are also hypersusceptible to infection (Bradfute et 

al., 2013), indicating that autophagic processing within macrophages is critical for 

control of mycobacterial infection. Small molecule perturbations of the autophagy 

pathway have direct effects on mycobacterial burden within infected cells. Rapamycin 

inhibits mTOR and activates the autophagy pathway; treating cells with rapamycin 

increases mycobacterial death in macrophages (Zullo and Lee, 2012). Wortmannin 

inhibits autophagy and conversely increases mycobacterial burden in macrophages in 

vitro (Biswas et al., 2008). Induction of autophagy results in the mycobacteria-containing 

phagosome fusing with an acidified lysosome. This low pH can reduce the viability of 

mycobacteria (Biswas et al., 2008). Therefore, it has been proposed that enhancing 

autophagic processing may be a way to target the host to kill intracellular mycobacteria. 

Indeed, vitamin D, a prosposed host-directed therapy to reduce mycobacterial infection 

burden, has been linked to induction of autophagy and phagosomal maturation 
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(Campbell and Spector, 2012). In a chemical screen to identify host directed therapies 

that reduce bacterial growth in cells infected with mycobacteria, Stanley et al identified 

gefitinib and fluoxetine, two drugs that enhance host autophagy during infection 

(Stanley et al., 2014). Targeting autophagy with a small molecule is a potential strategy 

for enhancing the acidification of mycobacteria contained within macrophages and may 

enhance mycobacterial killing.  

1.4.1.5 Targeting inflammasome signaling 

 The inflammasome is a multimeric protein complex that forms in response to 

cytosolic danger signals. Activation of inflammasomes results in proteolytic processing 

of proinflammatory cytokines interleukin 1-beta (IL-1B) and interleukin-18 (IL-18). 

Activation of inflammasomes is complex and tightly regulated, primarily by cytosolic 

pattern recognition receptors (PRRs) such as STING, cGAS, and NOD-like receptors 

(NLRs) (reviewed in (Schroder and Tschopp, 2010). As discussed above, inflammation is 

a double-edged sword during infection, leading to diverse outcomes in different models 

of disease. Excessive activation of inflammasomes leads to immunopathology, while 

failure to activate reduces antibacterial immunity (Briken et al., 2013). Animals lacking 

critical components of inflammasomes are only slightly more susceptible to 

mycobacterial infection (Dorhoi et al., 2012), yet animals lacking IL-1 receptors (IL-1R) 

are extremely susceptible to infection (Fremond et al., 2007; Mayer-Barber et al., 2011). 

The stark difference between these two genetic models suggest that there are 
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fundamental discrepancies between models but also potential for canonical 

inflammasome-independent mechanisms to produce IL-1B in response to Mtb, which is 

beyond the scope of this current work.   

 Within the inflammasome/mycobacteria literature, there are two disparate 

paradigms: 1) When mycobacteria infect cells, they are sensed and the host cell responds 

by assembling inflammasomes to process and secrete the cytokines IL-1B and IL-18. 

Mycobacterial virulence factors such as RD1 (encoding ESX-1, a type VII secretion 

system, and its secretion factors) are sensed by pattern recognition receptors within the 

cytosol, which lead to the activation of inflammasomes (Novikov et al., 2011). 

Experiments supporting this model find that mycobacteria lacking access to the cytosol 

do not induce secretion of IL-1B. 2) Virulent mycobacteria inhibit inflammasome 

assembly through a virulence factor (like ESX-1 and its secreted factors or another 

virulence factor). This paradigm is highlighted by findings that compare the infection 

outcomes of a diverse set of mycobacteria (Master et al., 2008; Shah et al., 2013). Through 

these comparative studies, inhibition of inflammasomes has been linked to virulent 

mycobacteria; avirulent or attenuated mycobacteria fail to inhibit the inflammasome and 

are subsequently cleared. It is likely that part of these disparate findings (Table 1) are 

based on different infectious agents utilized, with and without functional Type VII 

secretion systems, as well as the host cell used, with or without active caspases or 

functional inflammasome components (Kleinnijenhuis et al., 2009). From this literature, 
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we gather that inflammasomes produce IL-1B and that signaling through this cytokine is 

required for control of bacterial infection. The requirement for IL-1 signaling is 

highlighted by the reproducible finding that IL-1Receptor knockout mice are highly 

susceptible to bacterial infection (Fremond et al., 2007; Juffermans et al., 2000; Mayer-

Barber et al., 2010) How inflammasomes are activated and/or inhibited during 

mycobacterial infection remains to be fully understood.  

Of importance to developing HDTs, inflammasomes are druggable targets. 

When infected macrophages lacking IL-1B are treated with exogenous IL-1B, there is 

increased control of bacterial infection, likely through enhanced PGE2 and reduced Type 

I interferon signaling  (Mayer-Barber et al., 2014). Blocking potassium efflux in 

macrophages with glibenclamide inhibits the secretion of IL-1B (Chen et al., 2012; 

Wassermann et al., 2015). These findings suggest the possibility of modulating 

inflammasome signaling pathways for host benefit.  

Table 1: Mycobacteria – inflammasome interactions. 

A selection of papers representing the breadth of findings in the complex relationship 
between inflammasome signaling and mycobacterial infection outcome.  

Citation Model Finding 
(Master et al., 
2008) 

RAW264.7 infected with 
BCG. BMDMs and C57BL/6 
mice  infected with H37Rv.  

Mtb’s zmp1 prevents secretion of IL-1B through 
IPAF, caspase-1 and ASC. zmp1 mutants are 
attenuated for growth in all models. (2) 

(Kleinnijenhuis 
et al., 2009) 

Human PMBC and PAMs 
infected with Mtb and heat-
killed Mtb 

Mtb (and heat-killed) infection induces IL-1B, 
dependent on caspase-1. (1) 

(Mishra et al., 
2010) 

Macrophages infected with 
Mtb 

Recognition of Mtb induces NLRP3 
inflammasome and requires ESAT-6. (1) 

(Dorhoi et al., 
2012) 

Mouse macrophages 
infected with Mtb and BCG 

Mtb activates NLRP3 inflammasome in an ESX1 
dependent manner. But NLRP3 is not required 



 

30 

1.4.1.6 The drug clemastine 

In Chapter 3, I describe the mechanism through which clemastine, an FDA-

approved drug, reduces bacterial burden in a host-directed manner. Clemastine is a 

first-generation histamine H1 receptor antagonist approved for use in the 1970s (Todd et 

al., 1975) to alleviate symptoms associated with allergies. In the following 40 years, 

clemastine has been tested in a number of clinical trials and found to be well-tolerated 

for IL-1B release. (1) 
(Chen et al., 
2012) 

THP-1 cells infected with M. 
kanasii 

Viable M. kanasii induce IL-1B secretion. This 
secretion restricts intracellular M. kanasii. (1) 

(Shah et al., 
2013) 

BMDMs infected with M. 
smegmatis, H37Rv and 
H37Ra  

Non-virulent mycobacteria secrete IL-1B through 
the AIM2 inflammasome. Virulent mycobacteria 
inhibit AIM2 dependent IL-1B secretion. (2) 

(Lee et al., 
2013) 

Primary murine microglial 
cells infected with Mtb 

Mtb stimulation induces microglial NLRP3 
inflammasome. (1) 

(Yang et al., 
2013) 

Macrophages infected with 
M. bovis (pathogenic) 

Activation of AIM2 inflammasome requires 
cytoplasmic potassium efflux, but not ROS or 
IFN-beta. AIM2 activation is due to cytosolic 
mycobacteria. (1) 

(Chao et al., 
2015) 

Macrophages from patients 
with diabetes  

High resistin levels in diabetes patients reduces 
ROS production, which limits inflammasome 
activation. This increases susceptibility to TB. 

(Wassermann 
et al., 2015) 

Mtb infection with 
macrophages 

cGAS is the sensor of Mtb in the cytosol, which 
requires ESX-1 substrates to activate the 
inflammasome. (1) 

(Huante et al., 
2016) 

THP1 infected with BCG, 
LPS, or Trypanosoma cruzi 

All infections induce TLR-signaling pathways. 
BCG did not activate anti-apoptotic 
molecules/NLRs /inflammasomes.  

(Lai et al., 
2015; Tan et 
al., 2016) 

Dataset of transcripts from 
people with TB-IRIS during 
HIV ART therapy 

IRIS is associated with inflammasome-related 
transcripts.  

(Souza de 
Lima et al., 
2016) 

Case/control cohort of 
Brazilian descent with active 
pulmonary TB 

Polymorphisms in NLRP3 are associated with 
active pulmonary TB. (2) 

(Kenyon et al., 
2017) 

Zebrafish infected with M. 
marinum 

RNA-seq analysis of neutrophils shows that the 
inflammasome is upregulated after mycobacteria 
infection. Knockout of caspase b increases 
bacterial burden and impaired granuloma 
development. 

(Basu et al., 
2018) 

Intraocular TB in mice. RPE 
cells 

ESAT6 and mycobacterial RNA induce NLRP3-
mediated caspase-1 activation. (1) 
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other than having a sedative effect (Hopes et al., 1992). Clemastine can be safely used for 

treating rhinitis in children (Todd et al., 1975), hay fever (Sheriff and Wallace, 1976), 

acute allergic episodes (Conroy and Wallace, 1976), and reducing the symptoms of 

rhinovirus (Gwaltney et al., 1996). Clemastine has been shown to act as a bronchodilator 

(Nogrady et al., 1978), which may be a useful side effect for treatment of pulmonary 

tuberculosis in humans. Clemastine, as clemastine fumarate, can be taken orally or 

injected (Conroy and Wallace, 1976) at doses ranging from 1-4 mg twice daily, with oral 

bioavailability around 40% (Schran et al., 1996) with a peak plasma concentration 

around 4 hours post administration. The half-life of clemastine in humans is nearly 24 

hours, with diet having little effect on absorption of the drug. It is hepatically 

metabolized and renally excreted (Hildebrandt et al., 1975). We have used clemastine at 

similar doses in a zebrafish model to reduce mycobacterial burden.  

Clemastine has been tested for effects separate from its known histamine target. 

Clemastine inhibits human ERG channels in HEK293 cells at a very low concentration 

(Ridley et al., 2006), but no heart-related side effects have been reported in human trials 

with clemastine. Clemastine has been shown to reduce the innate immune response to 

Listeria monocytogenes in mice, through inhibition of MAP kinases and reduced TNF-

alpha and IL-6 secretion. This effect of clemastine was shown to be independent of the 

animal’s histamine H1 receptors (Johansen et al., 2011). Monocytes derived from 

humans injected with clemastine exhibited reduced TNF-alpha secretion. Similarly, 
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clemastine treatment has been associated with reduced STAT3 activity, STAT5, and c-

myc activity in cutaneous T-cell lymphomas (Dobbeling et al., 2013), leading to reduced 

secretion of cytokines which would activate STAT proteins (Tormo et al., 2012). Most 

recently, clemastine has been shown to enhance remyelination. As a remyelination 

therapy, clemastine is effective in rescuing not only cellular phenotypes, but also 

behavioral changes (Liu et al., 2016) in animal models (Apolloni et al., 2016; Li et al., 

2015). Based on these animal models and clemastine’s tolerability in humans, clemastine 

was used in a human clinical trial to treat chronic demyelinating optic neuropathy. 

Treatment with clemastine enhanced integrity of the visual pathways from the retina to 

the visual cortex (Green et al., 2017), improving the neuropathy. Clemastine’s activity as 

a remyelination therapy could improve treatment outcomes in Mycobacterium leprae 

infections, which causes axon demyelination and has been recently modeled in zebrafish 

(Madigan et al., 2017). 

Clemastine has potential as a host-directed therapy for infectious disease. It has 

been shown to inhibit the growth of three bacterial species in cell culture through an 

unknown mechanism (Czyz et al., 2014) and it may inhibit acid sphingomyelinase 

(Kornhuber et al., 2011). Further, clemastine potentiates human P2X7 receptors in cell 

culture (Norenberg et al., 2011). In Chapter 3, I show that P2X7 is required for 

clemastine’s host-directed antimycobacterial effect in zebrafish.  
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1.5 Purinergic receptor P2RX7 

ATP is a danger signal sensed by extracellular receptors at the site of 

inflammation and injury. The plasma membrane P2X receptors sense extracellular ATP, 

with P2X7 being the first identified (first as a P2Z receptor). P2X7, also known as P2RX7 

and P2X7R, senses high concentrations of ATP (hundreds of µM), while others in the 

same family sense much lower concentrations (Bartlett et al., 2014). This means that 

P2X7 activation only occurs in microenvironments with high concentrations of ATP: 

inflammation, injury, and some tumors. P2X7 is also unique in its ability to open a pore, 

allowing large, organic cations (up to 900 Da) inside cells, but only after prolonged 

activation (Wiley et al., 2011). P2X7 is expressed in immune cells as well as some 

neurons. P2X7 is a transmembrane channel that forms trimers, with residues from two 

monomers contributing to the ATP binding site. It is suggested that the second 

transmembrane domain in each of the proteins form the physical gate through which 

ions flow (Gu et al., 2001; Shemon et al., 2006). In humans, P2X7 consists of a 595 amino 

acid protein. Its activation results in potassium efflux and calcium influx into the cells on 

which it is expressed (Bartlett et al., 2014). This activation results in the secretion of pro-

inflammatory cytokines, membrane blebbing, and apoptosis (Ferrari et al., 2006). While 

these cytokines, IL1B and IL-18, have been implicated in chronic pain and 

immunopathology, they are also important for clearance of intracellular pathogens 

(Marques-da-Silva et al.) (Moreira-Souza et al.). Many antagonists of P2X7 are being 



 

34 

developed to try to alleviate the burden of these P2X7-mediated diseases. However, in 

Chapter 3 we present an alternative therapy, which potentiates P2X7 to eliminate 

intracellular mycobacteria through activation of inflammasomes.  

1.5.1 P2X7 in immunity 

P2X7 activation is associated with a variety of immunological processes, 

including activation of the NLRP3 inflammasome, the production of reactive oxygen 

species, and the fusion of phagosomes with lysosomes (Fairbairn et al., 2001; Karmakar 

et al., 2016; Munoz et al., 2017). Activation can also alter cellular membranes to expose 

phosphatidylserine, either reversibly or non-reversibly, which serves as an “eat me” 

signal to phagocytic cells, potentially resulting in efferocytosis of the labeled cell 

(Mackenzie et al., 2005). P2X7 activation can also stimulate the release of matrix 

metalloprotease-9 (Gu and Wiley, 2006); MMP9 may play a role in infection outcome 

(Taylor et al., 2006; Volkman et al., 2010). Further, P2X7 activation has been linked to the 

induction of PGE2, thromboxane B2, and LTB4 (Barbera-Cremades et al., 2012). Of 

importance to the work in Chapter 3, activation of cells via extracellular ATP through 

P2X7 leads to secretion of IL-1B and IL-18 (Piccini et al., 2008). With these activities and 

others, it is no surprise that activation of P2X7 would have effects on inflammation, 

immunity, and microbial infections. P2RX7 activation is important for killing 

intracellular Chlamydia (Coutinho-Silva et al., 2001; Coutinho-Silva et al., 2003) and 

controlling Leishmania infections (Marques-da-Silva et al., 2011).  
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1.5.2 P2X7 during mycobacterial infection 

Polymorphisms in P2X7 in humans have been associated with susceptibility to 

tuberculosis (Table 2). The polymorphism most strongly associated with enhanced 

susceptibility to tuberculosis is 1513 AàC, which likely reduces activity of the protein 

by loss of the C-terminal tail. Macrophages derived from patients with this 

polymorphism do not respond to extracellular ATP; they do not undergo apoptosis and 

are incapable of killing intracellular mycobacteria (Fernando et al., 2007; Saunders et al., 

2003). Interestingly, mycobacteria have been found to secrete Ndk/ATPase that may 

sequester ATP from P2RX7 (Zaborina et al., 1999). 

Table 2: P2X7 receptor and susceptibility to tuberculosis.  

Highlighted papers describing the genetic link between P2X7 receptor mutations 
and susceptibility to tuberculosis in human populations 

Citation Population studied -762 CàT 1513 AàC 
(Li et al., 
2002) 

TB patients from The 
Gambia 

Protective Not associated 

(Fernando et 
al., 2007) 

TB patients from 
Southeast Asia   

 Increased susceptibility 
to extrapulmonary TB 

(Mokrousov 
et al., 2008) 

TB patients from Russia 
(Slavic) 

Not 
associated 

Increased susceptibility 

(Xiao et al., 
2009) 

TB patients from China 
(Han population) 

Not 
associated 

Not associated 

(Franco-
Martinez et 
al., 2006) 

Mexican mestizo TB 
patients with pulmonary 
tuberculosis  

Not 
associated 

Increased susceptibility 

(Sambasivan 
et al., 2010)  

Asian Indian patients 
with pulmonary 
tuberculosis 

Protective Not associated 

(Tekin et al., 
2010) 

Turkish children with 
extrapulmonary 

 Increased susceptibility 
to extrapulmonary TB 
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tuberculosis  
(Sharma et 
al., 2010) 

TB patients from 
Northern Indian 
(Punjabi) 

 Increased susceptibility 

(Ben-Selma 
et al., 2011) 

Pulmonary and 
extrapulmonary TB 
patients from Tunisia 

Not 
associated 

Increased susceptibility 
to extrapulmonary TB 

(Zhou et al., 
2018) 

Spinal TB patients from 
China (Han population)  

Protective 
against 
spinal TB 

489 CàT is associated 
with increased 
susceptibility. P2X7 
protein expression was 
increased in 
intervertebral discs 
from spinal infections.   

 

The seminal work in the field of P2X7-mediated mycobacterial killing showed 

that treatment with extracellular ATP induced apoptosis and killed intracellular BCG, 

without a direct link to the p2x7 gene (Lammas et al., 1997). Most subsequent studies 

link loss of P2X7 signaling to decreased mycobacterial killing (Fairbairn et al., 2001; 

Santos et al., 2013). Treating macrophages with extracellular ATP enhances 

mycobacterial killing in a P2X7-dependent manner (Biswas et al., 2008; Fairbairn et al., 

2001; Fernando et al., 2005; Santos et al., 2013). These findings indicate that activation of 

P2X7, in a selective manner, may reduce bacterial growth and survival in macrophages.  

In Chapter 3, I discuss a strategy to potentiate P2X7 activation to reduce bacterial burden 

in vivo, suggesting that P2X7 is a druggable target for host-directed therapies.  
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1.6 Calcium signaling in immune cells 

Activation of P2X7 results in rapid influx of calcium into the cytosol, which can 

drastically alter host cell activity. Calcium is a ubiquitous second messenger required for 

a variety of processes, from endocytic cycling, motility, apoptosis, protein 

conformational changes, and general signal transduction (Berridge et al., 2000; Morgan 

et al., 2011). Signaling within cells is carried out at nM concentrations of the ion, while 

extracellular calcium levels in vivo can reach the mM range (Clapham, 2007).  Free 

calcium is sequestered by mitochondria, endoplasmic reticula, or calcium-binding 

proteins, such as calmodulin. Experimentally, calcium signaling is typically recorded as 

the number of transients (or flashes) of intracellular calcium observed over time using 

electrophysiological tools (Sakmann and Neher, 1984), dyes (Grynkiewicz et al., 1985), or 

genetically encoded indicators (Akerboom et al., 2012; Miyawaki et al., 1997). These 

calcium transients, or flashes/influxes of calcium, are mediated by release of internal 

calcium stores or through the opening of extracellular membrane channels.  

1.6.1 Calcium signaling in neutrophils 

A direct requirement for calcium signaling in human neutrophils was defined in 

1976 (Boucek and Snyderman, 1976), where neutrophils failed to migrate through a 

Boyden chamber in the presence of a calcium influx inhibitor. Further analyses with 

fura-2 microspectrophotometry showed that calcium transients are observed during 

chemotaxis and extension of pseudopodia, and are dependent on calcium-rich media 
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(Marks and Maxfield, 1990), showing that non-motile neutrophils rarely exhibit calcium 

transients and each individual neutrophil exhibits different calcium transient patterns, 

but a sudden increase in cytosolic calcium can halt migration in immune cells (Gallo et 

al., 2006). A virulence effector in Yersinia pseudotuberculosis blocks phagocytosis-

associated calcium signaling (Andersson et al., 1999). By blocking calcium transients in 

neutrophils, pathogenic microbes can inhibit calcium-dependent processes like 

migration, granule release, and respiratory burst (Zhang et al., 2014). More 

contemporary calcium work utilizes in vivo genetically-encoded calcium reporters such 

as GCaMP (Tian et al., 2009), which can detect calcium signaling at sites of infection and 

injury in whole animals. In vivo studies have led to the observation that calcium is 

present at wound sites in a gradient emanating from the wound, likely from internal 

stores in cells proximal to the wound (Yoo et al., 2012). In chapter 2, we investigate 

whether this calcium gradient is sufficient to recruit neutrophils to a region of an animal 

in the absence of a wound. Neutrophil phagosomal maturation and fusion with granules 

is also calcium-dependent, where granules produce reactive oxygen species to induce 

microbial killing. Chelating calcium results in loss of late endosomal markers, reduced 

ROS production and enhanced microbial growth (Wilsson et al., 1996).  From the onset 

of recognition to processing internal contents, calcium is required for proper neutrophil 

function.  
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1.6.2 Calcium signaling in macrophages 

Calcium is required for phagocytosis: from initial actin mobilization to 

subsequent phagosome maturation (Clapham, 2007). Just prior to phagocytosis, 

intracellular calcium concentrations are elevated briefly within macrophages, associated 

with recognition of the pathogen or opsonized target (Hishikawa et al., 1991; Melendez 

and Tay, 2008). This phenomenon is observed in Drosophila phagocytosing apoptotic 

debris (Weavers et al., 2016), as well as in U937 cells sensing IgG coated beads in culture 

(Floto et al., 1995). Although the direct link is disputed, calcium is important for fusion 

of phagosomes with lysosomes, a key strategy used by macrophages to kill intracellular 

bacteria (Nunes and Demaurex, 2010), although in some models phagolysosome fusion 

may occur in the absence of calcium (Zimmerli et al., 1996). Mtb has been shown to block 

calcium signaling and phagosome maturation in human macrophages (Malik et al., 

2003). Mycobacterially-induced calcium depletion results in the stalling of phagosome-

lysosome maturation, which can be partially rescued with addition of calcium 

ionophores (Malik et al., 2000). The in vivo dynamics of calcium-mediated actin 

polymerization during phagolyosomal fusion remain to be fully resolved. In Chapter 3, 

we show that a host-directed drug that reduces mycobacterial burden in zebrafish also 

enhances calcium transients in a target-dependent manner, indicating that calcium 

signaling can be altered for host benefit.  
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1.7 Zebrafish as a model system  

Danio rerio, the zebrafish, is a fairly new model organism for studying human 

disease and development (Grunwald and Eisen, 2002). Zebrafish are now used to study 

hundreds of human diseases, disorders, and developmental processes. Among fish, they 

are preferred due to their year-round mating strategies and their external fertilization, 

easing the efforts of husbandry. Pioneered by the work of George Streisinger at the 

University of Oregon in the 1960s-1980s, the small size, optical transparency, and 

permeability to small molecules has made the zebrafish a widely used model in recent 

years. Zebrafish are vertebrates, making them highly similar to humans in terms of 

immune system, body plan, developmental signaling, and gene homology (Kimmel et 

al., 1995). As single cell embryos, zebrafish are amenable to genetic perturbation. At this 

stage, transgenes can be introduced through tol2-mediated transgenesis (Kwan et al., 

2007a) (and other methods), allowing for facile generation of transgenic lines. At this 

one-cell stage, CRISPR guide RNAs and Cas proteins can be introduced to target specific 

genes for knockout (or knock-in), with some mutations carried in the germline (Yin et 

al., 2015). Historically, moropholinos were injected at this single cell stage, using an 

antisense oligonucleotide to selectively knockdown specific genes. Zebrafish are 

transparent as larvae and can be maintained through larval development with the 

addition of phenyl-thio-urea (PTU). Our ability to carry out long-term imaging in real 

time makes zebrafish an excellent model for studying cellular processes in vivo. 
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Zebrafish are emerging as a general system in which to test bacterial, fungal, parasitic, 

and viral infections (Kanther and Rawls, 2010). Table 3 briefly lists the infectious agents 

studied in larval and adult zebrafish infection models since 2011 (infection models from 

previous years can be found in (Milligan-Myhre et al 2011)).  

Table 3: Zebrafish infection models.  

This table is adapted from Sullivan, Matty et al. Methods in Cell Biology 
(Sullivan et al., 2017) 

Pathogen 
Infection 
Method 

Citation 
Major Finding / Use / 

Importance 
Virus    
Chikungunya 
virus 

Caudal vein or 
aorta  

(Palha et al., 
2013) 

Neutrophil response is critical to 
containment of infection 

Hepatitis C 
virus 

Inject at 1-8 cell 
stage 

(Ding et al., 
2011; Ding et 
al., 2015) 

Subreplicon system; anti-HCV 
drug treatment modeling 

Herpes simplex 
virus -1 

Hindbrain 
ventricle, caudal 
vein, i.p. 
injection 

(Ge et al., 
2015) 

Larval model to investigate 
cytosolic DNA sensing 
mechanism 

Influenza A 
virus 

Duct of Cuvier; 
swimbladder  

(Gabor et al., 
2014) 

Zebrafish possess alpha-2,6-sialic 
acids; anti-influenza drug 
treatment modeling 

Bacteria    

Aeromonas 
hydrophila 

 
(Wang et al., 
2016) 

Rarely infects humans, but causes 
gastric problems in young 
children. modeled probiotic 
usage in zebrafish as a way to 
treat it  

Anaerobic 
microbes from 
human fecal 
sample 

Immersion and 
injection 

(Toh et al., 
2013) 

Human microbial communities 
can grow in zebrafish  

Cronobacter 
turicensis  

Yolk injection 
(Fehr et al., 
2015) 

Dissemination and bacteremia  of 
an opportunistic pathogen 
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E. coli (non-
pathogenic) 

Injection into 
notochord 

 (Nguyen-Chi 
et al., 2014) 

Models cartilage and bone 
inflammation  

E. coli CFT073  
Pericardial cavity 
and the 
circulation valley 

(Wiles et al., 
2013) 

Fitness and virulence of a 
Escherichia coli strain CFT073 

F. noatunensis 
noatunensis, and 
F. tularensis 
novicida 

Duct of Cuvier, 
tail muscle, otic 
vesicle 

(Brudal et al., 
2014) 

Model for human pathogen F. 
tularensis 

Listeria 
monocytogenes 

Oral immersion; 
injection via yolk 
sac, brain 
ventricle and 
blood island 

(Shan et al., 
2015; Shan et 
al., 2016) 

Models for L. monocytogenes via 
different routes 

Mycobacterium  
marinum 

Parenchyma, 
caudal vein, 
hindbrain 

(Berg et al., 
2016; van 
Leeuwen et 
al., 2014) and 
(Takaki et al., 
2013) 

TB meningitis modeling; 
modeling lysosome storage 
disease; high throughput imaging 

Mycobacterium 
marinum 

IP 

(Oksanen et 
al., 2013); 
(Oehlers et 
al., 2015; 
Takaki et al., 
2013; van 
Leeuwen et 
al., 2014) 

Drug treatment; vaccine 
development for Mtb;, meningeal 
TB modeling 

Mycobacterium 
abscessus 

Caudal vein 
injection 

(Bernut et al., 
2014) 

Modeling smooth and rough M. 
abscessus morphotypes 

Myroides 
odoratimimus 

 
(Ravindran et 
al., 2015) 

Opportunistic pathogen in 
humans 

Pseudomonas 
aeruginosa 

Hindbrain 
(Rocker et al., 
2015) 

Visualized and quantified 
microcolony formation 

Shigella flexneri Injection 
(Mostowy et 
al., 2013) 

Modeling autophagy  

Staphylococcus 
aureus 

Pericardial 
cavity, eye, the 
fourth hindbrain 
ventricle, yolk 
circulation 

(Li and Hu, 
2012) 

Multi-point infection models 
human disease  
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valley, caudal 
vein, yolk body, 
and Duct of 
Cuvier 

Staphylococcus 
epidermidis 

Yolk injection 
(Veneman et 
al., 2013) 

Understanding biomaterial-
associated infections  

Stenotrophomonas 
maltophilia 

 
(Huedo et al., 
2015) 

Opportunistic pathogen in 
humans; models nonsocomial 
infection 

Streptococcus 
iniae 

Otic vesicle 
injection 

 (Harvie and 
Huttenlocher, 
2015b) 

A model for meningitis and 
sepsis 

Streptococcus 
pneumoniae 

IP and IM 
injection 

(Saralahti et 
al., 2014) 

Models meningitis  

Vibrio vulnificus  
(Cheng et al., 
2015) 

Can infect humans and cause 
septicemia. found that zebrafish 
mutants can be more resistant 

Fungi     

Candida albicans Hindbrain 
(Brothers et 
al., 2011 2011) 

Lethal disseminated disease that 
shares important traits with 
disseminated candidiasis in 
mammals 

Cryptococcus 
neoformans 

Caudal vein 
injection 

(Tenor et al., 
2015) 

C. neoformans can grow in 
macrophages, fungal mutants 
recapitulate human disease, 
Cryptococcus can infect brain 

 
 

Mucor 
circinelloides 

Hindbrain and 
swim bladder 

(Voelz et al., 
2015) 

Mucormycete infection 

 

1.7.1 Zebrafish Innate Immunity 

Most of the experiments presented within this thesis are performed on zebrafish 

larvae that are ages 2 days post fertilization (dpf) until 7 dpf. During the first two days 

of development, the zebrafish embryo is contained within a protective chorion, with 

limited motility and access to the contents of its surrounding environment (Kimmel et 
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al., 1995); immune cells are not in high demand at this stage early in development. 

Myelopoiesis in zebrafish generates several cell types, with multiple lineages and 

rounds of differentiation (Lieschke and Trede, 2009). After this developmental 

timepoint, zebrafish larvae have active neutrophils and macrophages, the immune cells 

of most interest to our infection model.  

1.7.1.1 Zebrafish neutrophils 

Similar to humans, the majority of zebrafish immune cells are neutrophils (Ellett 

et al., 2011). These cells are some of the first responders to injury and some infections, 

migrating to the wound sites five times faster than macrophages (Li and Hu, 2012). Once 

at the site of injury or infection, neutrophils release pro-inflammatory cytokines, 

granules, reactive oxygen species, and extracellular traps (Le Guyader et al., 2008). 

Neutrophils originate from two waves of hematopoiesis, the first from the rostral blood 

island, where they are terminally differentiated from primitive macrophages before 36 

hpf (Lieschke et al., 2001) The posterior blood island, which becomes the caudal 

hematopoietic tissue (CHT), produces the second round of neutrophils from pluripotent 

erythromyeloid progenitors. By 48 hpf, neutrophils are distributed throughout the CHT, 

the gut, and the head mesenchyme in larval zebrafish. After initial development, 

hematopoiesis occurs in the kidney (Harvie and Huttenlocher, 2015a). Neutrophils are 

easily examined in vivo using the lyzc promoter (Hall et al., 2007) as well as the mpx 

promoter (Mathias et al., 2006; Renshaw et al., 2006). Through the use of these zebrafish 
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lines and other direct visualization techniques, researchers have identified that 

neutrophils are functional by 28 hpf. Much of what is known about the function of 

neutrophils has been discovered from direct observations and from studies in animals 

deficient for neutrophils or neutrophil motility. To alter the activity of neutrophils 

selectively, a mutant zebrafish line was generated in which neutrophils express a gain-

of-function CXCR4 mutation, making them incapable of leaving the CHT (Walters et al., 

2010). This mutation results in pathology similar to the human disease WHIM, a disease 

associated with neutropenia. This same group also generated a dominant inhibitory 

Rac2, which recapitulates human diseases of neutrophilia, while also affecting 

neutrophil polarization (Deng et al., 2012). These neutrophil mutations are often 

characterized by a tail fin wounding assay, where a sterile wound is created at the most 

posterior end of the tail. Fully functional, wildtype neutrophils will migrate to the 

wound site within an hour, with more migrating over the subsequent four hours. 

Interestingly, zebrafish neutrophils exhibit reverse migration, like human cells, and will 

eventually leave the wound site (Mathias et al., 2006). Other neutrophil disorders have 

been successfully modeled in zebrafish, rendering the animals incapable of destroying 

some pathogens and migrating to wounds. However, loss of neutrophils has also been 

correlated with enhanced regeneration and resolution of a wounded fin (Li et al., 2012), 

which is attributed to their hyperinflammatory role. In Chapter 2 we use the neutrophil-

associated pathogen, Pseudomonas aeuoginosa to examine neutrophil migration under 
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non-polarizing calcium signals. This infection model is well-described and requires 

functioning neutrophils for clearance of the injected bacteria (Phennicie et al., 2010).  

1.7.1.2 Zebrafish Macrophages 

Macrophages are the major phagocytic cell in zebrafish larvae and the first 

leukocyte to appear during development.  They emerge early (15 hpf) from the anterior 

lateral plate mesoderm, migrate across the yolk sac, and differentiate (Lieschke et al., 

2001). Once differentiated, they invade the head mesoderm and blood circulation, where 

they begin to phagocytose dead cell bodies and any invading pathogenic bacteria they 

encounter. They also migrate toward wound sites, although more slowly than 

neutrophils (Li and Hu, 2012). Macrophages phagocytose cell debris, including 

overwhelmed neutrophils that first responded to wounds. Once at a site of injury or 

infection, macrophages release cytokines to activate nearby cells (Herbomel et al., 1999). 

The activation status of zebrafish macrophages resemble the classically activated M1 and 

alternatively activated M2 macrophages (Nguyen-Chi et al., 2015). As in mammals, 

recruited macrophages turn into proinflammatory M1 macrophages and after some time 

convert into M2-like macrophages, but this categorization may not be as simple as 

previously described. Zebrafish macrophages are primarily studied in the context of 

infection, where they serve as the primary phagocytic cell capable of destroying many 

invading pathogens, but also serve as an intracellular niche for professional intracellular 

microbes (Clay et al., 2007).  
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 In vivo analyses of macrophage function, dynamics, and number are made 

possible through the discovery and use promoters allowing us to manipulate and label 

macrophages selectively, including mpeg1 (Ellett et al., 2011), and more recently, mfap4 

(Walton et al., 2015), which remains stably on during infection with Mycobacterium 

marinum. Further understanding of macrophage activity has been made possible 

through the use of zebrafish mutants lacking macrophages, such as irf8st95. In these fish, a 

gene encoding a critical transcription factor is mutated and cells do not differentiate into 

macrophages (Shiau et al., 2015). Interestingly, the zebrafish innate immune system has 

been shown to confer ‘protective immunity’ in the context of priming with other 

pathogens (Luukinen et al., 2018). After specific pathogenic attack, zebrafish 

macrophages also present antigens to naïve T-cells (Renshaw and Trede, 2012).  

1.7.2 Zebrafish Adaptive Immunity 

Zebrafish T-cells (or genes associated with T-cells are expressed) are present by 3 

dpf, but these cells are not functional or detectable outside of the thymus until 3 wpf 

(Trede et al., 2004). Therefore, all larval zebrafish studies are performed in the presence 

of only an innate immune system. B-cells develop in the pronephros during larval 

development and later in the kidney marrow in adulthood. Fish do not possess lymph 

nodes, but it is suggested that the spleen and kidney serve as the sites as which immune 

cells interact (Renshaw and Trede, 2012; Trede et al., 2004). In all jawed vertebrates the 

adaptive immune response requires rag, recombination-activating gene, in order to 
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produce a fully functional adaptive immune system, complete with MHC antigens, T-

cells, and B-cells (Renshaw and Trede, 2012). Zebrafish deficient in rag (rag1-/-) are 

viable as adults, but are hypersusceptible to infection and injury (Swaim et al., 2006; 

Wienholds et al., 2002). Our understanding of zebrafish adaptive immune function is 

made possible through the use of mutants and fluorescently labeled cells. lck and rag-2 

are promoters used to observed T-cells in developing and adult zebrafish (Trede et al., 

2004), allowing for direct observation and flow cytometry-based analyses of lymphocyte 

populations (Langenau et al., 2004). These cells can be directly transplanted into 

irradiated donors to observe cell-specific or niche-specific effects on the adaptive 

immune responses to pathogens, cancer, and differentiation of cells (Langenau et al., 

2004; Traver et al., 2003). Studying the adaptive immune response in zebrafish is limited 

by the lack of some canonical tools in zebrafish: anti-human antibodies cross-react with 

only some zebrafish proteins and it is difficult to raise antibodies to zebrafish-specific 

immune receptors (Trede et al., 2004). However, the zebrafish adaptive immune system 

is still rapidly explored in the field of cancer immunology, and new tools to further 

understand adaptive immunity are being developed (Meeker and Trede, 2008).  

1.7.3 Zebrafish – Mycobacterium marinum infection 

Zebrafish are natural hosts of the pathogen Mycobacterium marinum, which is a 

close genetic relative to Mycobacterium tuberculosis (Tobin and Ramakrishnan, 2008). Both 

larval and adult models of M. marinum infection exist, typically creating a systemic 
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infection, typified by wasting, kinked spines, and mycobacterial lesions. Compared to 

Mtb, M. marinum is a faster growing bacterium, with a doubling time of 4-8 hours at an 

optimal temperature of 28-30° C. M. marinum grows within zebrafish macrophages, 

where it subverts, evades, and commandeers the host immune response in ways that 

mirror human-Mtb infection (Clay et al., 2007; Cronan and Tobin, 2014). These infected 

macrophages elicit an immune response, including the secretion of cytokines and 

chemokines, recruiting other cells to the infection site. These infected and uninfected 

cells form granulomas, the stereotypical structure of mycobacterial infection (Davis and 

Ramakrishnan, 2009). Genomically, M. marinum and Mtb are quite similar, with only 

14% of the Mtb genome not being present in M. marinum (Stinear et al., 2008).  Due to the 

optical transparency and stable of tools available for studying immunity, many 

discoveries have been made using the zebrafish-M. marinum infection model, some 

testing the paradigm of TB canon. For example, in vivo analyses showed that 

mycobacteria can persist within an acidified phagosome, even when exposed to low pH 

(Levitte et al., 2016). Additionally, while macrophages are the site in which mycobacteria 

replicate and migrate through host tissues, work in the zebrafish has also shown that 

loss of myeloid cells confers susceptibility to infection (Pagan et al., 2015). The optical 

clarity of the zebrafish larvae allow for direct observation of many processes during 

infection, leading to unique observations including permissive macrophage niches 

targeted by mycobacteria (Cambier et al., 2014) and the host and mycobacterial factors 
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driving vascular growth (Oehlers et al., 2015; Torraca et al., 2017). Zebrafish are 

permeable to small molecules, easing the process of screening for new treatments for 

mycobacteria disease (Ordas et al., 2015; Takaki et al., 2012). These findings and more 

have been made possible with the zebrafish model system and may be directly related to 

human-Mtb infection. As more tools are developed and validated, we will continue to be 

able to directly visualize processes previously only correlated with infection outcomes 

including autophagy (Hosseini et al., 2014), inflammasome assembly (Kuri et al., 2017), 

and activation states of both bacteria (Abramovitch et al., 2011; Sukumar et al., 2014) and 

host cells (Hasegawa et al., 2017; Kanther et al., 2011; Marjoram et al., 2015).  

1.7.3.1 Mycobacterial mutant RD1 

The ESX secretion system was first defined in mycobacteria and typifies the Type 

VII secretion system; it is specialized for exporting proteins across the thick lipid-rich 

cell wall of mycobacteria.  ESX and ESX-like secretion systems are also found in many 

gram-positive bacteria (Bottai et al., 2017). Mycobacteria can have up to five ESX 

secretion systems, ESX-1-5 (Houben et al., 2014). ESX-1 was the first of the group to be 

discovered. Mycobacteria lacking ESX-1 secretion system are attenuated in vivo and in 

vitro cell culture. In Mtb and M. marinum, loss of the ESX-1 locus is included in a large 

genomic deletion called RD1 (region of difference 1). RD1-deficient mycobacteria lack 

ESX-1 and most of its secretion products, including CFP-10 and ESAT-6, which are key 

virulence factors. The BCG vaccine strain lacks this system (Lewis et al., 2003), as do 
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many avirulent mycobacterial species (Simeone et al., 2012). Much of what has been 

attributed to the function of ESAT-6, specifically its lytic properties, have recently been 

attributed to a detergent in the preparation of recombinant ESAT-6, but ESAT-6 is 

indeed a virulence protein (Conrad et al., 2017).  In zebrafish, RD1 mutant bacteria are 

phagocytosed and can replicate within macrophages, but they are unable to form 

granulomas and do not recruit more macrophages to the site of infection (Volkman et al., 

2004). Additional phenotypes have been associated with the absence of ESX-1: inability 

to escape the phagosome (Simeone et al., 2012; van der Wel et al., 2007), alteration of cell 

death modalities (Keane et al., 2002; Volkman et al., 2004), and inflammasome activation 

(Carlsson et al., 2010; Kurenuma et al., 2009; Mishra et al., 2010). Due to the known 

etiology of attenuation, RD1 mutant mycobacteria can be used as a tool to explore 

mechanisms or probe cell biological processes.  
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2. Direct in vivo manipulation and imaging of calcium 
transients in neutrophils identifies a critical role for 
leading-edge calcium flux 

The work described in this chapter is published in Cell Reports (2015) under the same 

title. The authors are Rebecca W. Beerman, Molly A. Matty, Gina G. Au, Loren L. Looger, 

Kingshuk Roy Choudhury, Philipp J. Keller, and David M. Tobin. The work described here was 

performed as part of a collaborative project with Rebecca Beerman and me.  Specifically, I 

generated and validated the Tg(LysC:rTRPV1:tdTomato;LysC:GCaMP3) zebrafish line. After 

validation, I designed and performed all wounding assays in figure 7, showing that calcium 

signaling is required for neutrophil migration to a wound. I also designed and performed the 

experiments in figure 8, wherein I found that localized calcium signaling can drive neutrophil 

migration. I assisted in the preparation of figures and the manuscript. The techniques described 

here facilitated future work in Chapter 3, utilizing light sheet microscopy and genetically-encoded 

calcium indicators similar to the ones used within this chapter. Future work may use this 

conditional, cell-specific tool to control calcium levels and cell death in other cell types.  

2.1 Summary 

Calcium signaling has long been associated with key events of immunity, 

including chemotaxis, phagocytosis, and activation. However, imaging and 

manipulation of calcium flux in motile immune cells in live animals remain challenging. 

Using light-sheet microscopy for in vivo calcium imaging in zebrafish, we observe 

characteristic patterns of calcium flux triggered by distinct events, including 
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phagocytosis of pathogenic bacteria and migration of neutrophils toward inflammatory 

stimuli. In contrast to findings from ex vivo studies, we observe enriched calcium influx 

at the leading edge of migrating neutrophils. To directly manipulate calcium dynamics 

in vivo, we have developed transgenic lines with cell-specific expression of the 

mammalian TRPV1 channel, enabling ligand-gated, reversible, and spatiotemporal 

control of calcium influx. We find that controlled calcium influx can function to help 

define the neutrophil’s leading edge. Cell-specific TRPV1 expression may have broad 

utility for precise control of calcium dynamics in other immune cell types and 

organisms. 

2.2 Rationale and background 

Intracellular calcium concentrations [Ca2+]i are tightly regulated; changes in the 

frequency and spatial distribution of [Ca2+]i affect multiple aspects of cellular activity. 

The first neutrophil behavior associated with calcium flux was identified almost 40 years 

ago (Boucek and Snyderman, 1976). However, subsequent analysis using alternative 

methods to visualize [Ca2+]i dynamics (Grienberger and Konnerth, 2012; Tsien, 1980) 

were surprisingly divergent, with reports of enriched calcium at the front edge of 

migrating neutrophils (Sawyer et al., 1985), whole-cell calcium flux in migrating 

neutrophils with no calcium gradient (Marks and Maxfield, 1990), and no detectable 

changes in neutrophil calcium levels during chemotaxis (Laffafian and Hallett, 1995). A 

low-amplitude leading-edge Ca2+ signal has been detected in polarized RAW cells in 
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culture, a model system for macrophage chemotaxis, and this Ca2+ signal was shown to 

be essential for leading edge stability and ruffling (Evans and Falke, 2007). However, the 

presence of a leading-edge Ca2+signal has not been demonstrated for any leukocyte in 

tissue. Light-sheet microscopy enables whole-animal recordings of calcium dynamics in 

multiple cells simultaneously in small, transparent organisms (Keller et al., 2015). 

Zebrafish larvae are optically transparent and therefore ideal for studying immune-cell 

behaviors in real time and in whole animals (Renshaw and Trede, 2012). There is a high 

degree of genetic and functional conservation between the zebrafish and mammalian 

innate immune systems (Cambier et al., 2014; Harvie and Huttenlocher, 2015a; Henry et 

al., 2013). Detailed characterizations of zebrafish neutrophils have motivated the 

establishment of new animal models for both neutrophil dysfunction, such as WHIM 

(Warts, Hypogammaglobulinemia, Infections, and Myelokathexis) syndrome, and 

bacterial infections, including Pseudomonas aeruginosa (Brannon et al., 2009; 

Clatworthy et al., 2009; Phennicie et al., 2010; Walters et al., 2010). Here, we carry out 

high-resolution intravital recordings of calcium signaling in migrating neutrophils in 

whole, live vertebrates. Analysis of calcium dynamics using light-sheet microscopy 

reveals calcium enrichment at the leading edge of migrating neutrophils, rather than the 

classical model of highest calcium levels at the uropod (Wei et al., 2012). We describe a 

tool to perturb calcium dynamics in a cell-specific and controllable manner that has 

broad application for other immune cells. Cell-specific expression of a 
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pharmacologically inducible calcium channel enables temporal and spatial regulation of 

calcium influx in live animals. We find that regulated neutrophil calcium flux is required 

for neutrophil migration and that calcium enrichment at the leading edge can help direct 

polarized migration. These approaches provide a platform for direct in vivo observation 

and manipulation of calcium dynamics in specific immune cell populations. 

2.3 Results  

2.3.1 In vivo detection of leading-edge calcium enrichment in 
migrating neutrophils 

To examine in vivo calcium dynamics during neutrophil recruitment, we coupled 

light-sheet microscopy with transgenic zebra- fish lines expressing the genetically 

encoded calcium indicator GCaMP3 specifically in neutrophils. We expressed GCaMP3 

specifically in neutrophils using the LysC promoter and generated Tg(LysC:GCaMP3) 

transgenic animals (Hall et al., 2007; Meijer et al., 2008; Oehlers et al., 2015; Tian et al., 

2009). We amputated a small segment of the caudal fin, a well-established injury assay 

for inducing a local inflammatory response and robust neutrophil recruitment (Figure 

2A) (Henry et al., 2013). We employed light-sheet fluorescence microscopy to image 

intracellular calcium with high spatial and temporal resolution in live animals 3 days 

post-fertilization (3 dpf) (Ahrens et al., 2013). To avoid artifacts associated with cell 

movement, we performed ratiometric imaging in animals that carried both GCaMP3 and 

a cytoplasmic red fluorescent protein, both driven under the same neutrophil-specific 

promoter, Tg(LysC:GCaMP3; LysC:dsRed) (Figure 2A). Ratiometric analyses of 
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neutrophils migrating toward the wound site revealed fluctuations in calcium across the 

migrating cells through time (Figures 2B and 3; Movie S1, part 1). In contrast to previous 

ex vivo observations in neutrophils (Laffafian and Hallett, 1995), but similar to 

observations in a macrophage model (Evans and Falke, 2007), the zone of highest 

calcium enrichment was consistently observed at the leading edge of migrating 

neutrophils in vivo (Figures 2C, 2D, and 4). The middle of the cell generally displayed 

the lowest calcium, and the lagging edge had transient instances of high calcium, but 

overall showed only slightly elevated calcium levels that did not reach those of the 

leading edge (Figures 2C, 2D, and 4). Stationary cells from these same animals failed to 

show any consistent subcellular calcium enrichment patterns over time (Figure 5; Movie 

S1, part 2). Thus, elevated calcium concentrations at the leading edge are a notable 

feature of migrating neutrophils in vivo. 
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Figure 2: Calcium is enriched at the leading edge of migrating neutrophils in vivo. 

(A) Illustration of a caudal fin amputation (red dotted line) in double transgenic 3 dpf 
larva and the field of view imaged with light-sheet microscopy (red box). White arrow 
indicates fin amputation and the white box highlights the neutrophil in the still frames 
in (B). Scale bar is 50 µm. (B) Maximum-intensity projections from time-lapse 
experiments with light-sheet fluorescence microscopy follow a single neutrophil 
migrating toward the caudal fin wound from Tg(LysC:GCaMP3; LysC:dsRed) larva, 
displaying image data from each channel captured sequentially (GCaMP3 or dsRed) and 
the resulting ratiometric image (GCaMP3/dsRed). The arrow indicates the overall 
direction of the cell’s movement toward the wound at the caudal fin. t=0 corresponds to 
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approximately 40 min post wounding. The scale bar is 10µm. (C) Summary graph 
displays the time-averaged calcium activity profile across the length of a migrating 
neutrophil (normalized to 100 units at each frame, with 0 at the “back” of the cell and 
100 at the “front” of the cell relative to the direction of migration). Each individual 
neutrophil is graphed in black (n=15 gathered from 4 independent imaging sessions, 
each with a different animal) with the mean profile in red, bound by the dashed red 
lines indicating the 95% confidence intervals. See also Figures 3-5, and Movie S1. 

 

Figure 3: Calcium-activity profiles from a migrating neutrophil in Figure 2. 
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(A) The migrating cell was sectioned into 25 parts across its length (1-100 units), such 
that L=4 (the upper left hand box) displays the average GCaMP3/dsRed signal (y axis) 
across time (x axis, minutes) within the lagging edge of the cell and L=100 corresponds 
to the leading edge of the migrating cell. This profile corresponds to the cell images in 
Figure 2. (B)  Example of defining cell length at time t for ratiometric quantitation from 
Experimental Procedures. The red line indicates the direction of motion (direction of red 
arrow), passing through the centroid of the cell (blue circle). The back of the cell is 
distance d = 0 on the line and front of the cell is d = 100. Calcium expression from all 
points in the cell is mapped to the nearest point on the line. 

 

Figure 4: Detailed analysis of calcium-activity profile from a migrating neutrophil in 
Figure 2. 

The top image of a cell illustrates how the boxes L=4, 20, 36, 52, 68, 84, and 100 from 
Figure 3 were rotated, stretched, and magnified to highlight the enriched calcium flux at 
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the leading edge, and to a lesser extent the lagging edge over time. The y axis is time 
(min) and the x axis is the GCaMP3/dsRed ratio oriented such that the turquoise line 
shows a visual threshold of the ratio at 15 and the dark-blue line shows a visual 
threshold of the ratio at 10. The time-lapse ratiometric cell images on the left correspond 
approximately to the time axis on the calcium activity profiles to provide a visual 
readout of the quantified signal graphed adjacently. 

 

Figure 5: Calcium signal is evenly distributed in stationary cells in contrast to 
migrating neutrophils. 



 

61 

 (A) Still frames from time-lapse microscopy of a stationary neutrophil migrating after a 
caudal fin wound from a 3 dpf Tg(LysC:GCaMP3; LysC:dsRed) larva, displaying the 
fluorescent images from each channel captured sequentially (GCaMP3 or dsRed) and the 
resulting ratiometric image (GCaMP3/dsRed). t=0 corresponds to approximately 40 min 
post wounding. The scale bar is 10µm. (B) Summary graph displays the time-averaged 
calcium activity profile across the length of a stationary neutrophil (normalized to 100 
units at each frame, with 0 at the “back” of the cell and 100 at the “front” of the cell 
relative to the direction of the caudal wound). Each individual neutrophil is graphed in 
black (n=11 gathered from 5 independent imaging sessions) with the average profile in 
red, bound by the dashed red lines indicating the 95% confidence intervals. (C) Calcium 
activity profiles from stationary neutrophil in (A). The stationary cell was sectioned into 
25 parts across its length (1-100 units), such that L=4 (the upper left hand box) displays 
the average GCaMP3/dsRed signal (y axis) across time (x axis, minutes) within the left-
most (distal to wound) edge of the cell and L=100 corresponds to the right-most 
(proximal to wound) edge of the stationary cell. 

2.3.2 Neutrophils exhibit whole-cell calcium flux at wound sites and 
during phagocytosis 

Neutrophils from Tg(LysC:GCaMP3) larvae also exhibited dramatic whole-cell 

calcium flux once they reached a distance of ~50 mm from the wound. To analyze 

calcium flux during recruitment, we carried out ventral fin wounding assays (Figure 

6A). Neutrophils migrating toward the wound exhibited whole-cell calcium flux more 

often as they approached the site of injury compared to nearby neutrophils that were 

stationary (Figures 6B and 6C; Movie S2). The duration and frequency of wholecell 

calcium signals were variable among the migrating neutrophils, lasting from ~30 s to 

well over 1 min. Calcium signaling has also been implicated in phagocytosis and 

ensuing downstream responses (Nunes and Demaurex, 2010). We infected 

Tg(LysC:GCaMP3) larvae with fluorescently labeled P. aeruginosa and performed high-

speed time-lapse imaging to capture individual phagocytosis events (Brannon et al., 
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2009). We found that larval neutrophils consistently exhibited an increase in intracellular 

calcium (lasting ~20–30 s) upon phagocytosis of P. aeruginosa (Figure 6D; Movie S2, parts 

2–4). These studies highlight the complex nature of calcium signaling in vivo, as we 

observed distinct calcium signaling patterns for each neutrophil activity examined: 

leading-edge enrichment of calcium during migration, long whole-cell pulses of calcium 

influx at close proximity to a wound site, and relatively shorter whole-cell calcium 

pulses upon phagocytosis of P. aeruginosa. 
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Figure 6: Neutrophils undergo whole-cell calcium flux at sites of injury and upon 
phagocytosis of bacteria. 

(A) Cartoon of a ventral fin wound on a 3dpf larva (red notch) and the field of view for 
the epifluorescent imaging sessions (red square). (B) Fluorescent images from a time-
lapse following GCaMP3 expression in a neutrophil migrating toward a ventral fin 
wound from Tg(LysC:GCaMP3) larva. t=0 corresponds to approximately 5 min post 
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wounding. Arrow highlights a single neutrophil as it periodically flashes during 
migration toward the ventral wound. (C) Graph shows average number of whole-cell 
calcium flashes per cell per min during first hour post wounding in migrating 
neutrophils and stationary neutrophils. Error bars are mean ± s.d. ***, p<0.0001 Mann-
Whitney test. (n=15 cells from 5 larvae scored for migrating cells and n=8 cells from 4 
larvae scored for stationary cells). (D) Still frames from time-lapse microscopy capturing 
the calcium flash upon LysC:GCaMP3 neutrophil (green) phagocytosis of P.aeruginosa 
(red). The dotted line surrounds the phagocytic neutrophil in each frame and the arrow 
highlights the bacteria that will be phagocytosed. t=0 corresponds to approximately 30 
min post infection. Scale bars are 10µm. Graphs quantify the increase in relative 
fluorescence intensity from GCaMP3 (F/F0) during phagocytosis of PAO1. (Left graph 
corresponds to the panels above and the center and right graphs correspond to 
additional examples shown in Movie S2, parts 3 and 4, respectively).  See also Movie S2. 

2.3.3 Pharmacological control of calcium dynamics in zebrafish 
neutrophils via expression of a mammalian ion channel  

To assess the functional relevance of these dynamics, we developed a 

generalizable method for directly manipulating calcium in immune cells in vivo. The 

cation channel TRPV1 is highly permeable to calcium, widely studied for its role in 

nociception, and was first identified based on its gating by capsaicin (Caterina et al., 

1997). Administration of capsaicin to transgenic Caenorhabditis elegans expressing 

mammalian TRPV1 in specific sensory neurons can mediate neuronal depolarization 

(Tobin et al., 2002). We used the zebrafish LysC promoter to drive rat TRPV1 (rTRPV1) 

specifically in neutrophils, creating the stable line Tg(LysC:rTRPV1-tdTomato). The critical 

amino acid residues required to confer capsaicin sensitivity to mammalian TRPV1 are 

not conserved in zebrafish, and wild-type zebrafish exhibit no behavioral response to 

capsaicin treatment (Caterina et al., 1997; Graham et al., 2013; Jordt and Julius, 2002). We 

found that intracellular calcium flux was specifically induced in neutrophils from 
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Tg(LysC:rTRPV1; LysC:GCaMP3) larvae treated with capsaicin but was absent if treated 

with vehicle or in control larvae lacking the rTRPV1 channel and exposed to capsaicin 

(Figures 7A and 7B; Movie S3; data not shown). Prolonged capsaicin treatment resulted 

in sustained calcium entry in rTRPV1 positive neutrophils for up to 60 min (Figures 7A 

and 7B; Movie S3, part 2). 
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Figure 7: Regulated calcium flux is required for neutrophil recruitment. 

Time-lapse experiment shows no change in GCaMP3 fluorescence in neutrophils from 
control Tg(LysC:dsRed; LysC:GCaMP3) larvae after addition of capsaicin, and an increase 
in GCaMP3 fluorescence in neutrophils from Tg(LysC:rTRPV1; LysC:GCaMP3) larvae. 
(A) Selected still frames show GCaMP fluorescence in Tg(LysC:rTRPV1; LysC:GCaMP3) 
during extended exposure to capsaicin. t=0 corresponds to approximately 5 min after 
addition of capsaicin. Scale bar is 20µm. (B) Quantification of the relative fluorescence 
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intensity (F/F0) after addition of capsaicin in experiment depicted in (A) (n=5 
neutrophils for each larva). Error bars are mean ± s.d. See also Movie S3. (C-F) 
Tg(LysC:rTRPV1; LysC:GCaMP3) or Tg(LysC:dsRed; LysC:GCaMP3) larvae were wounded 
(C,D) or infected with P.aeruginosa in the hindbrain (E,F) and briefly pulsed with 
capsaicin (CAP) or soaked in ethanol (EtOH) for 2 hr before neutrophil recruitment was 
quantified. The “Recovery” Tg(LysC:rTRPV1; LysC:GCaMP3) larvae were pulsed with 
CAP before wounding, followed by EtOH soak for 2 hr to assess neutrophil recovery 
after capsaicin treatment (C,D). (C) Representative maximum-intensity projections show 
red-fluorescent neutrophils merged with brightfield at 2hr post injury. (E) 
Representative maximum-intensity projections show red-fluorescent neutrophils and 
green-fluorescent P.aeruginosa at 2hr post infection within the hindbrain ventricle 
outlined by white dashes. Scale bars are 100µm. (D,F) Graphs display the number of 
neutrophils recruited for each larva. Error bars are mean ± s.d. ****, adjusted p<0.0001, 
***, adjusted p=0.0002, and *, adjusted p=0.0136, Kruskal-Wallis test followed by Dunn’s 
Multiple Comparison test. Each experiment was carried out at least twice. 

 

2.3.4 Targeted perturbation of calcium flux inhibits neutrophil 
recruitment  

We next developed a pulsed capsaicin delivery protocol that would maximize 

calcium influx while minimizing any potential cell death from prolonged depolarization 

(see Experimental Procedures). We amputated the caudal fin to induce neutrophil 

recruitment and then pulsed with capsaicin or vehicle. 2 hr post-wounding (2 hpw), 

neutrophils in the control groups (Tg(LysC:dsRed) larvae pulsed with capsaicin or 

Tg(LysC:rTRPV1) treated with vehicle) were recruited normally to the wound (Figures 

7C and 7D). However, neutrophils in the Tg(LysC:rTRPV1) larvae pulsed with capsaicin 

failed to reach the wound site (Figures 7C and 7D), suggesting that disrupted calcium 

flux is sufficient to perturb recruitment. We also pretreated Tg(LysC:rTRPV1) larvae with 

capsaicin pulses before amputation and then followed the amputation with a 2-hr 
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treatment in ethanol vehicle. Neutrophils from these pretreated animals exhibited partial 

to full recovery, showing that the suppression of neutrophil recruitment after capsaicin 

treatment is reversible (Figures 7C and 7D). Neutrophil recruitment is associated with 

the immune response to bacterial infection with P. aeruginosa (Deng et al., 2013; Yang et 

al., 2012). We assessed whether the neutrophil-specific rTRPV1 could modulate 

neutrophil recruitment to sites of infection. We infected Tg(LysC:rTRPV1) animals with 

P. aeruginosa in the hindbrain ventricle, an epithelial-lined compartment normally 

devoid of leukocytes, and quantified the number of neutrophils recruited 2 hr post-

infection (2 hpi) (Figures 7E and 7F). Neutrophil recruitment to the P. aeruginosa-filled 

hindbrain was normal in both control groups but severely impaired in capsaicin-pulsed 

Tg(LysC:rTRPV1) larvae (Figures 7E and 7F). Thus, in both sterile inflammation and 

bacterial infection, excess calcium flux through capsaicin-gated rTRPV1 prevents normal 

neutrophil recruitment. 

2.3.5 Generation of a Capsaicin Gradient Drives Directed Neutrophil 
Migration 

We next tested whether the observed calcium enrichment at the leading edge of 

neutrophils could instruct neutrophil movement in vivo. We sought to generate an 

intracellular calcium gradient by producing a directional capsaicin gradient, based on 

potential bias for channel gating on the side of the cell that first experiences an effective 

concentration of ligand (Figure 8A). We embedded Tg(LysC:rTRPV1) larvae in agarose 

and injected capsaicin proximal to the caudal fin. We observed sequential caudal to 
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rostral fluorescence increases in GCaMP3-expressing neutrophils along the tail of 

Tg(LysC:rTRPV1; LysC:GCaMP3) larvae, suggesting that we could generate a gradient in 

the context of embedded larvae (Movie S4, part 1). However, the rapid neutrophil 

depolarization we observed with the high-dose gradient was incompatible with the 

slower time frame of endogenous neutrophil migration. Thus, we developed a lower-

dose capsaicin gradient to attempt to experimentally induce leading-edge calcium 

enrichment in the absence of endogenous stimuli (Figure 8A). The lower-dose capsaicin 

gradient had no effect on neutrophil migration in either control group (Tg(LysC:dsRed) 

plus a capsaicin gradient or Tg(LysC: rTRPV1) plus an ethanol gradient) (Figures 8B and 

9; Movie S4). However, upon exposure to a capsaicin gradient, neutrophils expressing 

the rTRPV1 transgene migrated in a more directed trajectory toward the source (Figures 

8B–8E; Movie S4), in the absence of any other stimulus. In comparison to controls, 

neutrophils in Tg(LysC:rTRPV1) animals traveled greater distances along straighter 

paths toward the highest point source of capsaicin (Figures 8D and 8E; Movie S4, parts 

2– 4). rTRPV1-neutrophils exhibited greater directionality toward the capsaicin gradient, 

but their mean velocities and total distances traveled were similar to those quantified 

from neutrophils in the control groups (Figures 9D and 9E). The similar velocities for 

random and directed neutrophil migration are consistent with previous recordings 

during baseline motility in interstitial tissue compared with chemotaxis toward a wound 

site (Yoo et al., 2010; Yoo et al., 2011)Importantly, when we moved the point source of 
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the capsaicin to the ventral side of the larva, migrating neutrophils were redirected 

toward the new source, illustrating that the capsaicin gradient itself may help to define 

the direction of migration of rTRPV1-expressing neutrophils, even in the absence of any 

other stimuli (Figure 9C; Movie S4, part 5). 

 

Figure 8: A capsaicin gradient directs rTRPV1-neutrophil motility. 
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(A) Injecting capsaicin (red) into the surrounding agarose generates an intracellular 
calcium gradient (green) in neutrophils carrying rTRPV1 channels (blue lines). R 
indicates the reference point, defined as the initial point source of the gradient. Three 
experimental groups were imaged: Tg(LysC:dsRed; LysC:GCaMP3) larvae in a capsaicin 
gradient (dsRed+CAP), Tg(LysC:rTRPV1; LysC:GCaMP3) larvae in an ethanol gradient 
(rTRPV1+EtOH), or capsaicin gradient (rTRPV1+CAP). (B) Last frames from Movie S4 
show the tracks of individual neutrophils from each experimental group (quantified in 
D and E) relative to the reference point R at the focal point of the gradient. (C) (x,y) 
coordinates for each neutrophil at every frame tracked within the Tg(LysC:rTRPV1) 
larvae exposed to a capsaicin gradient visually illustrate the directed motion toward the 
source. The track for each cell was normalized such that the starting (x,y) position was 
(0,0) for every cell. The unit of measurement on the axes is microns. One larva from the 
rTRPV1 + CAP group was assessed after exposure to a ventrally-centered gradient along 
the bottom of the animal and the three tracked cells from that animal are highlighted 
with red arrows.  (D,E) Graphs show the final distance traveled toward the reference 
point (D), and straightness ratio (E) for tracked neutrophil. Error bars are mean ± s.d. (D) 
Kruskal-Wallis test followed by Dunn’s multiple comparison test: *, adjusted p=0.0117 
and **, adjusted p value= 0.0075. (E) One-way ANOVA followed Tukey’s multiple 
comparisons test: **, adjusted p value= 0.0052 for dsRed+ CAP versus rTRPV1+CAP and 
**, adjusted p value= 0.0049 for rTRPV1+ EtOH versus rTRPV1+CAP. For each group: 
n≥30 cells from ≥10 larvae. See also Figure 9 and Movie S4. 
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Figure 9: Neither low-dose capsaicin gradient alone nor rTRPV1 transgene alone is 
sufficient to alter neutrophil migratory behavior. 

(A) Cartoon depicting larval orientation. The red box approximates where the tracks on 
the graph below would superimpose onto the larvae analyzed in Figure 8. (B,C) (x,y) 
coordinates for each neutrophil at every time-point tracked. The track for each cell was 
normalized such that the starting (x,y) position was (0,0) for every cell. The unit of 
measurement on the axes is microns. (D,E) Graphs show no difference in the average 
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distance (D) or average velocity (E) for tracked neutrophils amongst all three 
experimental groups.  Error bars are mean ± s.e.m. 

2.3.6 Calcium channels influence directed neutrophil motility 

We next asked, via a reciprocal loss-of-function approach, whether calcium 

influx is required for chemotaxis in vivo. The calcium channel antagonist SKF 96365 

displays activity against multiple calcium channels, including TRP channels and 

voltage-gated calcium channels (Harteneck et al., 2011; Merritt et al., 1990). Application 

of 20 mM SKF 96365 to whole animals after caudal fin amputations compromised 

neutrophil recruitment (Figure 10A). We next modified these experiments, allowing a 

30-min window after injury for chemotactic gradients to be established before applying 

the calcium channel antagonist, a time frame in which neutrophils have already begun 

to migrate toward the wound site ((Niethammer et al., 2009); Movie S5). Neutrophils 

from larvae treated at these later time points were also compromised for recruitment, 

suggesting acute effects of the antagonist on neutrophil directional motility (Figure 10B). 

To determine how limiting calcium influx acutely affects neutrophil behavior in vivo, we 

carried out detailed time-lapse microscopy and tracking in fin-amputated Tg(LysC:GFP) 

larvae. In a result consistent with the capsaicin gradient experiments, neutrophils in SKF 

96365-treated larvae showed normal motility, traveling similar distances at similar 

velocities as control neutrophils (Figure 10C; Movie S5). However, administration of the 

calcium channel antagonist resulted in compromised directionality, with most 
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neutrophils in treated animals exhibiting wandering, undirected patterns of migration 

(Figures 10C and 10D; Movie S5). 

 

Figure 10: Inhibition of calcium channels disrupts neutrophil directionality during 
recruitment. 

(A–D) After caudal fin amputation, Tg(LysC:GFP) or Tg(LysC:dsRed) larvae were 
immediately treated with vehicle alone (control) or 20µM SKF 96365 (SKF), followed by 
quantification of neutrophil recruitment 3 hr post wounding (A, B). (A) Error bars are 
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mean ± s.d. Mann-Whitney test **** p<0.0001 (B) Groups of larvae were placed in control 
treatments for 10, 20, or 30 minutes before replacement of media with SKF for the 
remainder. Error bars are mean ± s.d. One-way ANOVA followed by Tukey’s multiple 
comparisons test ***, p<0.001. Each experiment was carried out at least twice. (C, D) 
Immediately after wounding, larvae were mounted in agarose, immersed with either 
control or SKF, and then imaged with time-lapse microscopy. (C) For the neutrophils 
tracked, graphs show their total distance traveled, average velocity, and straightness 
ratio. Total distance and straightness ratio error bars are mean ± s.d. and average 
velocity error bars are mean ± s.e.m. t-test ***, p=0.0002. For each group: n=8 cells from 
2–3 larvae. (D) Final frames from Movie S5 show the tracks of individual neutrophils 
(quantified in C) near the amputated fin (approximated by the white line). See also 
Movie S5. 

  

2.4 Discussion 

Direct recording of intracellular calcium concentrations [Ca2+]i in migrating 

neutrophils was previously limited to ex vivo analyses (Boucek and Snyderman, 1976; 

Laffafian and Hallett, 1995; Marks and Maxfield, 1990; Sawyer et al., 1985), and 

observations have ranged from transient whole-cell flux to leading-edge calcium 

enrichment to no change in calcium flux at all (Laffafian and Hallett, 1995; Marks and 

Maxfield, 1990; Sawyer et al., 1985). Using light-sheet microscopy and ratiometric 

imaging, we found enrichment of calcium at the leading edge of migrating neutrophils. 

This description is different from the high-resolution studies on calcium flux patterns in 

cultured chemotactic endothelial cells and fibroblasts, where there is high [Ca2+]i at the 

lagging edge and a low calcium concentration at the leading edge punctuated with 

periodic sparks of localized [Ca2+]i (Tsai et al., 2014; Wei et al., 2009). In vivo analysis of 

neutrophils also showed moderately increased [Ca2+]i at the lagging edge, but the 
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highest calcium signal was found at the leading edge. One unique feature of the 

neutrophils studied here was their fast pace. In vivo, chemotactic neutrophils moved at 

velocities up to 70 times greater than those recorded in the cited cell culture studies with 

other cell types. The leading edge has been molecularly defined by a signaling cascade 

that translates an extracellular chemokine gradient into cytoskeletal rearrangements that 

promote movement (Falke and Ziemba, 2014). Many factors enriched at the leading edge 

of migrating cells also have direct or indirect associations with calcium, including 

phosphoinositide 3-kinases (PI3Ks) and PKCa (Ching et al., 2001; Evans and Falke, 2007; 

Hsu et al., 2000; Vossebeld et al., 1997). PI3K activity has been localized to the leading 

edge of mouse neutrophils in cell culture and in zebrafish neutrophils in vivo, while 

PKCa is enriched at the leading edge of polarized murine macrophages (Evans and 

Falke, 2007; Nishio et al., 2007; Yoo et al., 2010). In macrophages, it has been 

hypothesized that a leading-edge calcium signal plays a role in directional control of cell 

migration (Evans and Falke, 2007; Falke and Ziemba, 2014). The role of calcium 

signaling in immune cell phagocytosis and post-phagocytic vacuole trafficking has also 

generated conflicting results depending on the model system employed (Dewitt and 

Hallett, 2002; Jaconi et al., 1990; Lew et al., 1985; Marks and Maxfield, 1990; Murata et al., 

1987; Nunes and Demaurex, 2010; Sawyer et al., 1985). We have been able to directly 

image these dynamics in vivo. The transient rise in [Ca2+]i as P. aeruginosa is 

phagocytosed is similar to that observed for cultured human neutrophils phagocytosing 
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opsonized antigens (Marks and Maxfield, 1990; Murata et al., 1987). The establishment 

of an in vivo model system for studying calcium dynamics during neutrophil 

phagocytosis should motivate greater understanding of how receptor-mediated 

phagocytosis of bacterial pathogens in animal models compares with cell culture models 

of opsonized antigens. These methods allow in vivo analysis of calcium flux in single 

immune cells for hours at high frame rates. Although many regulators of calcium are 

used broadly in cell culture, they are largely incompatible with administration in a live 

organism. Cell-specific expression of TRPV1 provides a generalizable in vivo method to 

manipulate calcium dynamics in targeted immune cell subtypes. The rTRPV1-capsaicin 

system is pharmacologically inducible, titratable, and relatively sensitive to small 

variations, allowing for in vivo manipulation of subcellular calcium. By applying a low-

dose capsaicin gradient across immobilized zebrafish larvae, neutrophils expressing the 

capsaicin-activated channel rTRPV1 were stimulated to move in the direction of the 

gradient. Asymmetric influx of calcium may be a key event in cell migration and may 

facilitate definition of the leading edge of some chemotactic cells. Additionally, we used 

a pharmacological loss-of-function approach to demonstrate an acute requirement for 

calcium channels in defining neutrophil directionality during an endogenous wounding 

response. Both the gain-of-function and loss-of-function manipulations of calcium influx 

resulted in reciprocal changes in directionality, but overall velocity remained largely 

unaffected, suggesting that leading-edge calcium may be an important component of a 
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neutrophil compass (Falke and Ziemba, 2014). In summary, we have found that, in vivo, 

migrating neutrophils exhibit enriched calcium flux at the leading edge and that this 

pattern of intracellular calcium helps define the direction of movement. In addition, we 

describe a generalizable method for manipulating calcium directly in specific immune 

cells in vivo. The rTRPV1-capsaicin system requires no additional co-factors or prior 

knowledge of the functional endogenous calcium channels, thereby making it widely 

applicable as a method of interrogating the role of calcium signaling in many different 

cell types in whole animals. 

2.5 Experimental Procedures  

2.5.1 Zebrafish Strains 

All zebrafish husbandry and experimental protocols were performed in 

compliance with policies approved by the Duke University Institutional Animal Care 

and Use Committee. The transgenic lines Tg(LysC:GCaMP3xt1) and Tg(LysC:rTRPV1-

tdTomatoxt4), were made by injecting transposase mRNA (25ng/µl) (from p3T3, 

transcribed with MEGAscript T3 kit, Life Technologies) and Tol2 containing DNA 

constructs (50ng/µl) into single cell embryos (background, *AB). The constructs were 

assembled with Tol2kit reagents and Gateway Cloning methods (Life Technologies) 

(Kwan et al., 2007b). The 5’ LysC promoter element has been previously described (Hall 

et al., 2007; Oehlers et al., 2014). The middle elements were generated via PCR 

amplification of plasmids containing GCaMP3 (Tian et al., 2009) or rat TRPV1 (rTRPV1) 
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(Grandl et al., 2010) using primers containing attB1 and attB2 sites and recombining into 

pDONR 221, and the 3’ elements were tdTomato (for rTRPV1 construct) or SV40polA 

(for GCaMP3 construct) in pDONR P2R-P3. The destination vector was pDestTol2pA2. 

Tg(LysC:dsRednz50) and Tg(LysC:GFPnz117) have been described elsewhere (Hall et al., 

2007).  

2.5.2 Timelapse Imaging 

All solutions used with live embryos were diluted in filtered fish water (from 

Aquaneering fish system, pH, electrolyte balanced). Embryos were cleaned in 0.5% 

hypochlorite solution (Fisher SS290), and transferred to phenylthiourea (PTU) (0.03g/L 

final concentration) at 24hpf to facilitate fluorescence imaging by preventing 

pigmentation. Tg(LysC:GCaMP3) larvae were imaged at 2 days post fertilization (dpf) for 

bacterial infection experiments and all other transgenic larvae were imaged at 3 dpf. For 

microscopy, larvae were anesthetized in 0.016% Tricaine (MS-222) and immobilized in 

1% low melting point agarose (Fisher BP165) and imaged through no. 1.5 coverslip in 

the bottom of a 35mm petri dish (MatTek) on an inverted Zeiss axio observer Z1 (20x 

objective, 0.645 µm/pixel) or inverted Nikon TE-2000U (20x objective, 0.32µm/pixel). 

Phagocytosis was captured by caudal artery injection of bacteria and immediate imaging 

in agarose. Ventral fin wounding and caudal tail wounds were carried out with a sterile 

no. 11 miltex razor in tricaine anesthetized larvae and imaged immediately or several 

hours post wounding as determined by the experiment.  
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Light-sheet fluorescence microscopy experiments were carried out with a 

SiMView microscope using specimens embedded in 1.0% low melting point agarose and 

immobilized with 0.016% tricaine (Tomer et al., 2012). Fluorescence was detected with 

Nikon 16x detection objectives and Orca Flash 4.0 sCMOS cameras (Hamamatsu), 

providing a lateral pixel size of 0.41 µm. Three-dimensional image stacks were recorded 

for a ~50 µm deep volume, using piezo-stepping of the detection objective and 

galvanometer scanning of the light sheet with a z-spacing of 5.0 µm (Ahrens et al., 2013). 

Two-color imaging was performed by rapid, sequential acquisition of GCaMP3 and 

tdTomato channels, using a temporal sampling of 2 seconds for the entire imaging 

volume and both color channels.  

2.5.3 Infections/bacterial preparation 

Pseudomonas aeruginosa (PAO1) carrying a constitutively expressed mCherry or 

GFP plasmid was grown in LB media or LB agar plates supplemented with carbenicillin 

(200µg/ml) as previously described in (Brannon et al., 2009). Briefly, PAO1 cultures were 

grown to an OD600 of 0.6-0.8 before injecting approximately 50-100 CFU into the 

hindbrains or caudal artery (with trace amount of phenol red to follow injection). 

Approximate CFU for injected bacteria was counted by carrying out an identical 

injection directly onto agar plates supplemented with the appropriate antibiotic.  
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2.5.4 Quantification of calcium flashes and ratiometric analyses 

Light-sheet microscopy images were analyzed using maximum projections with 

background fluorescence subtracted. The signal in the green channel was multiplied by 

a constant factor to generate a positive ratio for the GCaMP3/dsRed ratiometric analysis. 

Individual cells were masked using the Imaris tracking function and subsequently 

setting all pixels outside the mask to zero for both the red and green fluorescent 

channels before undergoing additional analyses as detailed below. 

2.5.4.1 Quantification of calcium profile 

Quantification of the intra-cellular calcium distribution is complicated by the fact 

that the cell changes shape over time. This makes it difficult to identify a ‘back’ and a 

‘front’ for the cell. We use the path of the cell over time to identify the direction of 

motion and the orientation of the cell. The path of the cell is estimated as 

, where c(t) is the centroid of the cell at time t. The orientation of the 

cell is estimated as , i.e. the direction of the tangent to the motion 

path at time t. Calcium expression within the cell at time t, C(t), is quantified by the ratio 

image . The two-dimensional expression R(t) is mapped to 

a line running through the centroid of the cell c(t), in the orientation θ(t) by mapping 

points (x,y) within the cell C(t), using the formula 

                    (1.1) 
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Where Pθ is the projection matrix mapping points (x,y) to the aforementioned 

line. We normalize the distance d along the line to be 0 at the rear of the cell and 100 at 

the front of the cell (Figure 3B).  

The calcium expression profile R(d,t) can be visualized in time (Figure 3) or space 

(Figure 2C). For Figure 2C, we calculate a time-averaged spatial profile: 

, where T is the number of time points imaged. The advantage of 

this quantification is that it allows us to map the calcium expression of cells of different 

shapes and sizes, which were observed for different lengths of time, to a common spatial 

co-ordinate system (Figure 2C). The calcium expression of each cell is a 1-d curve, which 

can then be averaged across cells as: , where is the spatial 

profile of the i-th cell. Similarly, we can quantify inter-cell variation by calculating the 

standard deviation across cells as: . These 

means and SDs can then be used to construct a pointwise 95% confidence band for the 

average spatial profile as: 

                           (1.2) 

     2.5.4.2 Quadratic modelling and inference of profile shapes 

 For a more descriptive comparison, we fit a quadratic model to the average calcium 
activity profiles, of the form: 
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        (1.1) 

Where Ri(d) is the average calcium profile for cell i at a position d along the 

length of the cell (l = 0 is rear and l = 100 is front). The coefficient, aj denotes the mean 

value of the profile at the middle of the cell (d = 50), bj denotes the trend of the profile 

along the length of the cell and cj denotes the curvature of the profile. A positive 

curvature implies a convex curve (like a cup) while a negative curvature implies a 

concave curve (like an arch), while 0 curvature implies a linear curve. The quadratic 

model appears to fit a number of the profiles quite well, which is reflected in median R2 

values above 80% for both stationary and mobile cells. We analyzed the estimated 

curvature values separately for mobile and stationary cells. For mobile cells, the mean 

curvature across all cells was 1.55, with a 95% confidence interval of (0.98, 2.13). The null 

hypothesis of the mean curvature for mobile cells being 0 is rejected with a p-value = 

0.00006 using a one sample t-test. For stationary cells, the mean curvature across all cells 

was -0.02, with a 95% confidence interval of (-1.43, 1.40). The null hypothesis of the 

mean curvature for stationary cells being 0 cannot be rejected with a p-value = 0.98 using 

a one sample t-test. We can thus conclude that the average spatial profile of calcium 

expression of a mobile neutrophil cell has a convex shape, i.e. elevated at the front and 

rear and lowest in the middle. For stationary cells, since there is no preferred direction of 

motion, the average spatial profile of calcium expression is approximately constant all 

through the cell.  

( ) ( ) ( ) ( )250 50i j j j jR d a b d c d d= + − + − +ε
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For Figure 2D, cells were demarcated by mapping all points within the cell, using 

a standardized scale of 0 to 100 for the cell length, with 0 being the lagging edge and 100 

being the leading edge, along the principal axis of the cell's motion.  The average activity 

of all these points, with a length greater than 80, was averaged across all time points, 

and then calculated to get the average activity for the leading one-fifth of the cell. The 

average activity for the lagging one-fifth of the cell was analogously calculated. These 

two numbers were differenced within each cell to yield the distribution in the box plot. 

We tested the hypothesis that the average difference was positive using a one sample t-

test.   This analysis was also repeated using one-third of the leading and lagging edges 

as well. 

Whole-cell calcium flashes from ventral wounded 3dpf Tg(LysC:GCaMP3) larvae 

were quantified by manually scoring cells that displayed an obvious increase in green 

fluorescence during the time-lapse session. The number of flashes for each cell was then 

divided by the total time the cell was observed. Whole-cell calcium flashes associated 

with phagocytosis in Tg(LysC:GCaMP3) larvae were assessed by analyzing multiple 

imaging sessions, counting phagocytosis as occurring if the bacteria became trapped and 

moved with the immune cell in subsequent frames.  

2.5.5 Capsaicin treatments and measured calcium flux response 

10mM capsaicin (Sigma) stock was made in ethanol and stored at 4°C and fresh 

dilutions were prepared for each experiment such that the final ethanol concentration 
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was 1.4% to help maintain solubility; the final capsaicin concentration was 20µM. To 

record and measure calcium flux in Tg(LysC:rTRPV1) animals after treatment with 

capsaicin, anesthetized larvae were mounted in ~50-100µl 1% low-melt agarose, 

followed by addition of 3ml of 20µM capsaicin before starting the multi-position time-

lapse sessions as quickly as possible. To measure the change in GCaMP3 fluorescence 

over time (Figure 6 and Figure 7), the fluorescence intensity for each neutrophil was 

quantified by measuring the mean fluorescence intensity within a region of interest 

(ROI) that fit inside the neutrophil being tracked. The background fluorescence was 

subtracted from each mean ROI measurement (F) at each timepoint and at the first frame 

of the time lapse (F0). For Figure 7, a few of the time points for the Tg(LysC:rTRPV1) 

were averaged from fewer than 5 cells because some cells went out of focus or migrated 

out of the field of view during the time-lapse.  

For wounding/PAO1 infection experiments, larvae were subjected to treatment 

with vehicle alone (1.4% ethanol) or repeated 10 min pulses in 20µM capsaicin, followed 

by 30 min recovery sessions in 1.4% ethanol for up to 2 hr post wounding or post 

hindbrain injections with PAO1. Capsaicin pulsing was chosen to maximize the amount 

of time the neutrophils would experience high intracellular calcium levels before 

channel desensitization or induction of cell death. To control for capsaicin-mediated cell 

death during extended periods of calcium influx, one group of Tg(LysC:rTRPV1) larvae 

was pulsed with 20µM capsaicin for 2 hours before caudal fin wounding and then 
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soaked in 1.4% ethanol for 2 hr before quantification of neutrophil recruitment to the 

caudal wound. Quantification of neutrophil recruitment was carried out in anesthetized 

larvae by counting the number of fluorescent neutrophils within 100µm of the caudal fin 

wound or within the hindbrain ventricle.  

2.5.6 Generating capsaicin gradient and subsequent quantification of 
cell movement 

Anesthetized 3dpf larvae were mounted in MatTek dishes in 100µl of 1% low-

melt agarose as described previously and arranged in parallel to each other. The 

injection needle was placed approximately 500µm away from the most distal point of 

the mounted larvae such that the needle would go into the agarose, but not touch the 

bottom of the MatTek dish (see Figure 8A). Approximately 0.5µl of low-dose capsaicin 

(100µM) or high-dose capsaicin (1mM, only used in Movie S4 part 1 for proof of 

principle) (in 1.4% ethanol and phenol red to visually track the injection) was injected 

into a straight line perpendicular to the mounted larvae (with the exception of Movie S4 

part 5 in which capsaicin was injected in parallel with the mounted larva). After 

capsaicin injection, the larvae were immediately imaged using time-lapse fluorescent 

microscopy, as previously described, but with no additional liquid media added on top 

of the agarose. The larvae were imaged with a 5x objective (2.58µm per pixel), 

approximately every 10 seconds for 1.5 hours, with z resolution set to 15-20µm per 

section, for 50-120µm total as dictated by larval mounting conditions.  
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Each larva was carefully inspected for any tissue tearing or wounds from a 

brightfield z-stack taken before each time-lapse, and eliminated from quantification if 

they were found to carry any wounds. Cells were manually tracked from maximum-

projections of time-lapses (tracking every 5th frame, or every 50-60sec) using MTrackJ 

(ImageJ). For each animal, a reference point, R, was selected outside of the caudal fin to 

approximate the center of the injected gradient. Cells were selected for tracking if they 

displayed motility and were located proximal to the caudal fin. “Distance traveled 

toward R” (D2R) was calculated by subtracting the final distance to R from the initial 

distance to R for each tracked cell. “Straightness ratio” was calculated by dividing the 

final D2S (Euclidean distance from start point to current point) by the final Len (total 

length traveled), such that “1” indicates the cell traveled in a straight line and a 

straightness ratio closer to “0” indicates a more circuitous, meandering route. “Total 

distance” (Len) was calculated by MTrackJ as the total length traveled. “Average 

velocity” (average v) was calculated by MTrackJ.  

2.5.7 SKF 96365 treatments and analyses 

10mM SKF 96365 (Cayman Chemical) stock was made freshly in DMSO for each 

experiment with 1mg aliquots.  The final working concentration was 20µM SKF 96365 in 

0.5% DMSO in fish water and the control solution was 0.5% DMSO in fish water.  

Experiments were carried out at 3dpf using either Tg(LysC:dsRed) or Tg(LysC:GFP) for 

each experiment.  Fin amputation, neutrophil quantification, and time-lapse experiments 
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with control or SKF 96365 treatments were carried out similarly to those described for 

“Capsaicin treatments and measured calcium flux response,” except that treatments 

were constant (no pulsing), and neutrophil recruitment was measured 3 hours post 

wounding and the amputated larvae were imaged with a 5x objective (2.58µm per 

pixel), approximately every 30 seconds for 1hr, with a z-resolution of 48µm total.  

Tracking neutrophil migration patterns was carried out similarly to that described for 

“Generating capsaicin gradient and subsequent quantification of cell movement,” except 

that cells were tracked every 30 seconds in this group of experiments.
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3. Whole Animal Chemical Screening Identifies 
Modulation of P2RX7 as a Host- Directed Strategy for 
Control of Mycobacterial Infection 

The work described in this chapter is unpublished at the time of submission. The authors 

are Molly A. Matty, Daphne R. Knudsen, Rebecca W. Beerman, Mark R. Cronan, Rafael E. 

Hernandez, and David M. Tobin 

Mycobacterium tuberculosis (Mtb) is the leading worldwide cause of death due 

to a single infectious agent. Existing anti-tuberculous therapies require long treatment 

times and have led to and been complicated by the emergence of multi-drug resistant 

Mtb strains. Host-directed therapies have been proposed as an orthogonal approach, but 

few have moved into clinical trials. Here we use a whole-animal screening platform in 

zebrafish to identify FDA-approved compounds that reduce mycobacterial burden 

through direct modulation of the host immune response. Our 1200 compound in vivo 

screen identified the inexpensive, safe, and widely-used drug clemastine as a novel host-

directed therapy. We find that drug activity depends on potentiation of the purinergic 

receptor P2RX7, previously implicated in TB susceptibility in human populations. 

Intravital light sheet microscopy of calcium dynamics during infection revealed that 

clemastine promotes macrophage calcium transients in a p2rx7- dependent manner and 

that downstream inflammasome signaling is required for the host-protective effect of the 

drug. Finally, using a novel granuloma explant model, we find that clemastine is 
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effective as a host-directed therapy in established infections and within the complex 

granulomas that are the hallmark of TB. 

3.1 Rationale and Background 

Tuberculosis killed approximately 1.7 million people in 2016, with more than 10 

million new active cases (WHO, 2017). The continued difficulty in treatment arises, in 

large part, from long and relatively complex treatment regimens, currently requiring at 

least 6 months of treatment with multiple antibiotics (WHO, 2017). Failures in treatment 

and poor patient adherence have driven the emergence of drug-resistant strains that 

present further therapeutic and public health challenges. Host-directed therapies (HDTs) 

are a new conceptual approach designed to enhance host-mediated clearance of bacteria 

or limit immunopathology rather than targeting bacterial processes directly (Clatworthy 

et al., 2018; Hawn et al., 2013). By targeting host processes, HDTs present an orthogonal 

approach to existing antibiotics. Notably, they avoid the danger of commonly arising 

bacterial mutations that eliminate binding of the drug to a bacterial target. Although a 

number of potential HDTs for tuberculosis (TB) have been identified in cell culture-

based models and directed animal studies, few have advanced to clinical trials 

(Clatworthy et al., 2018; Hawn et al., 2013). 

The complex lifestyle of Mtb renders this pathogen particularly amenable to host- 

directed therapies at multiple points in its lifecycle, providing a number of druggable 

host targets (Stanley et al., 2014; Sundaramurthy et al., 2013). Once inside host 
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macrophages, Mtb evades and exploits macrophage- specific defense mechanisms, 

induces formation of characteristic aggregates called granulomas, and can persist in the 

face of an active immune response (Philips and Ernst, 2012). Virulent mycobacteria 

actively evade a number of cell-autonomous defense pathways (Philips and Ernst, 2012); 

mycobacteria inhibit phagolysosome fusion, manipulate cell death pathways for their 

own survival (Srinivasan et al., 2014), and mediate resistance to oxidative stress (Nambi 

et al., 2015). In addition, pathogenic mycobacteria reside within specialized host 

structures called granulomas, a unique host niche in which bacterial populations are 

recalcitrant to killing due to changes in bacterial physiology as well as reduced immune 

cell and antibiotic access (Dartois, 2014). Most broad screens for host-directed therapies 

have been limited to cell culture. While providing insight into cell-autonomous activities 

of potential host-directed drugs, cell culture platforms lack the multicellular interactions 

and complex environment present during mycobacterial disease in vivo. 

Zebrafish are natural hosts of Mycobacterium marinum, one of the closest 

relatives of the Mtb complex (Tobin and Ramakrishnan, 2008). M. marinum and Mtb 

share conserved virulence loci and induce similar host immune responses and 

pathology, including the formation of granulomas (Cronan and Tobin, 2014). Genes 

identified in zebrafish as determinants of mycobacterial disease progression are also 

associated with disease severity and outcome in humans (Cronan and Tobin, 2014). 
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Because zebrafish larvae are optically transparent, both pathogen and host can be 

imaged in vivo in a natural host. M. marinum infection of larval zebrafish recapitulates 

key aspects of tuberculosis pathogenesis (Cronan and Tobin, 2014). In addition, the 

zebrafish larva’s small size and relative permeability to small molecules allow for 

chemical genetic screening in the context of whole animals (MacRae and Peterson, 2015).  

3.2 Results  

Here, we use the zebrafish-M. marinum model to perform a chemical screen for 

host-directed therapies against mycobacterial infection using a library of 1200 FDA-

approved compounds. We identify a number of host-directed therapies that show in vivo 

efficacy against mycobacterial infection. Among these is clemastine, a well-tolerated, 

broadly available, FDA-approved drug. We find that clemastine acts in vivo to enhance 

mycobacterial control via potentiation of the purinergic receptor P2RX7, previously 

implicated in TB susceptibility in human populations. Using light sheet microscopy, we 

find that clemastine-induced potentiation of P2RX7 drives increased calcium transients 

within infected macrophages in vivo. P2RX7-dependent bacterial control depends on 

inflammasome activation, suggesting that enhancement of inflammasome signaling in 

macrophages in vivo promotes mycobacterial restriction. Finally, using a novel 

granuloma explant model, we show that clemastine-mediated potentiation of P2RX7 is 

an effective host-directed therapy in the context of granulomas from established 

mycobacterial infections. 
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3.2.1 An in vivo chemical screen uncovers six novel HDTs for 
mycobacterial infection 

To identify novel host-directed therapies that reduce mycobacterial burden in 

vivo, we screened the 1200 FDA-approved drugs of the Prestwick Chemical library using 

zebrafish larvae infected with fluorescent M. marinum (Figure 11a). Three larvae per well 

in a 96-well format were each infected with ~150 CFU of M. marinum and maintained for 

5 days at a 5 µM concentration of each compound. We evaluated the efficacy of each of 

the 1200 compounds in reducing bacterial growth by measuring mycobacterial 

fluorescence in whole animals over the course of a 5-day infection. Quantitation of 

fluorescence from a stable, constitutive promoter provides a validated measure of 

bacterial burden in zebrafish larvae (Takaki et al., 2013). 

From the initial screen, we identified 51 compounds that reduced mycobacterial 

burden in vivo. In a secondary screen of these potential hits, we found that 23 of the 51 

compounds identified resulted in reduced bacterial burdens in a second set of in vivo 

infections, and these 23 compounds were selected for further analysis. To distinguish 

between drugs that directly target bacteria and those that have host-dependent effects, 

we treated M. marinum cultures with each compound and monitored bacterial growth. 

Three compounds, each previously reported to have antimicrobial activity, exhibited 

direct anti-mycobacterial activity at the concentrations tested (Figure 12a-d), validating 

our ability to recapitulate the effect of known anti-tubercular drugs in an in vivo model. 
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Because of the potential for host-directed therapies to provide new approaches to 

TB treatment, we focused on the class of drugs with host-dependent activity. 

Compounds that reduced bacterial burden in vivo but not in culture were tested from a 

second, independent source and in larger cohorts. Of the 19 potential host-directed 

compounds, nine resulted in consistently reduced bacterial burdens in three 

independent in vivo experiments but had no effect on bacterial growth in axenic culture 

(Figure 11b and Figure 12). Thus, these nine drugs met all criteria for host- dependent 

therapies effective in reducing burden in whole animals over five days of infection. One 

of the nine, prothionamide, appeared to be host-dependent at the concentration tested 

but not host directed (Figure 11b and Figure 12); prothionamide is a pro-drug that can 

be metabolized into active forms by both bacteria and host (Nishida and Ortiz de 

Montellano, 2011). Another known antibiotic, sulfamethazine was not effective at 5 µM 

in broth culture, but was effective in vivo, suggesting altered metabolic state or 

concentration within a whole animal. Thus, the whole animal drug screening approach 

was able to identify antibiotics that are effective in vivo but might be missed in screens of 

axenic cultures (Table 4). 
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Figure 11: An in vivo zebrafish chemical screen identifies six novel host-
directed therapies. 

(a) Schematic of chemical screen. 1200 compounds in the Prestwick Library were 
screened at a concentration of 5 µM in 0.5% DMSO for substantial reductions in bacterial 
burden. Three larvae were placed in each well and imaged at five days post- infection. 
(n) denotes number of hit chemicals confirmed or found at that step. Mm=Mycobacterium 
marinum (b) Hits from chemical screen, determined to reduce bacterial burden compared 
to DMSO control. All drug concentrations are 5µM in 0.5% DMSO. Bacterial burden, by 
fluorescence, is normalized to DMSO control for each experiment. Data shown is 
representative of three experiments with n>15 animals for each experiment. Error bars 
are SD. *represents previously identified host-directed drug, **represents pro-drug. (c-j), 
Chemical structures of drugs identified as reducing bacterial burden. 
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Table 4: Summary of identified compounds. 

Compounds with blue background are host-directed and compounds in red are known 
anti-infectives. * represents previously identified host-directed compounds, ** represents 

pro-drug. 

 

Of the remaining eight compounds we identified as likely to be host-directed 

therapies (Figure 11c-j), two drugs, desipramine and chlorpromazine, have been 

described previously as potential HDTs; both are proposed to act through inhibition of 

acid sphingomyelinase, which has been implicated in necroptosis and mycobacterial 

infection in zebrafish (Roca and Ramakrishnan, 2013). To the best of our knowledge, 
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none of the six remaining compounds had previously been considered as a potential 

host-directed therapy for mycobacterial infection. We chose to focus on the most potent 

of these, clemastine, an inexpensive, widely-available, over-the-counter anti-histamine. 

 

Figure 12: An in vivo zebrafish chemical screen identifies three directly 
antimycobacterial compounds. 

(a-d) Mm:tdTomato bacterial broth culture grown in the presence of compounds 
identified from the chemical screen at 5 µM in 0.5% DMSO (shades of blue), 0.5% DMSO 
as a vehicle control (green) or 200 µg/mL isoniazid (red). Previously known 
antimicrobial agents are in purple. **represents a pro-drug. 

3.2.2 Clemastine is a host-directed compound that requires host 
macrophages to reduce bacterial growth 

We found that clemastine consistently reduced mycobacterial growth in vivo over 

the course of a five-day infection (Figure 13a, b). The effect was dose dependent (Figure 

13c), and at a concentration of 5 µM resulted in a ~60% reduction in burden by 5 days 

post- infection (dpi). At 5 dpi, there were fewer total infection foci, and areas of infection 
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were smaller (Figure 13b). In axenic culture, clemastine had no effect on bacterial growth 

at concentrations up to 50 µM, although at higher concentrations that were toxic to 

larvae (100 µM), there was some reduction in bacterial growth in culture (Figure 13d). 

Thus, clemastine functions to reduce bacterial burden in whole animals in a host-

dependent manner. 

Clemastine’s mechanism of action was unlikely to be attributable to its anti- 

histamine activity. Of the forty antihistamines in the Prestwick Chemical Library, only 

one other, trimeprazine, was initially identified as a hit, and was not validated in 

secondary screening. In addition, diphenhydramine, another antihistamine of the same 

family as clemastine, had no effect on bacterial burden (Figure 14a). Thus, we 

hypothesized that clemastine’s host-directed antimycobacterial activity was due to a 

distinct effect of the drug unrelated to its antihistamine activity. 

 Macrophages are central host cells in mycobacterial infection in humans and 

animal models, including zebrafish (Clay et al., 2007; Philips and Ernst, 2012). To test 

whether clemastine acts via macrophages to reduce bacterial burden, we treated infected 

animals lacking macrophages with clemastine. Mutations in the gene encoding the 

myeloid transcription factor Irf8 result in an absence of larval macrophages, due to a 

failure to generate macrophages from myeloid precursors (Shiau et al., 2015). In irf8 

mutants, similar to other macrophage- deficient animals, bacterial burdens are higher, 

with extracellular bacterial growth (Pagan et al., 2015). We found that clemastine was 
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ineffective in irf8-deficient animals (Figure 13e, f), suggesting that clemastine’s action 

requires functional macrophages. 

We next took advantage of the ability to perform high-resolution, longitudinal 

imaging in the zebrafish to understand how clemastine alters mycobacterial infections 

within macrophages in vivo. The zebrafish infection model enables quantitation of 

intracellular growth in vivo through direct enumeration of bacterial burden and 

replication in individual macrophages (Takaki et al., 2013). Host mutants that are 

compromised for macrophage restriction of intracellular growth result in higher 

numbers of bacteria per macrophage, while bacterial mutants attenuated for 

intracellular growth exhibit reduced bacterial numbers within each macrophage (Takaki 

et al., 2013). We used a cerulean fluorescent M. marinum strain to infect the zebrafish 

transgenic line Tg(mfap4:tdTomato)xt12 (Walton et al., 2015), in which macrophages are 

fluorescently labeled red, and quantified intracellular bacterial growth during 

clemastine treatment (Figure 14b). Clemastine treatment for 24 hours reduced the 

number of bacteria per macrophage by ~30%, suggesting that clemastine enhances 

control of mycobacterial infection at the level of individual infected macrophages 

(Figure 13g). Clemastine did not alter the total number of macrophages per fish (Figure 

14c). To distinguish between growth restriction and a microbicidal effect, we performed 

long-term live imaging, focusing on individual macrophages. Clemastine-treated 

animals showed loss of bacterial fluorescence within macrophages, while control-treated 
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animals did not, suggesting that clemastine enhances the microbicidal activity of 

macrophages (Supplementary Videos 1 and 2, Figure 14d). Together, these findings are 

consistent with a macrophage- dependent mechanism in which macrophage-induced 

mycobacterial killing is enhanced upon clemastine administration. 

Pathogenic mycobacteria can limit acidification of the phagosome, creating a 

replicative niche within macrophages (Rohde et al., 2007). We sought to determine if 

clemastine increased the acidification of mycobacteria-containing phagosomes. The 

reporter aprA’::gfp has been used to probe acidification in mycobacteria (Abramovitch 

et al., 2011). The promoter of aprA is pH- inducible and drives expression of GFP only 

under acidic conditions (pH < 6). 

Simultaneous visualization of the inducible GFP and mCherry expression from 

the constitutive promoter smyc (smyc’::mCherry), allows visualization of the 

acidification state of bacteria in vivo. We measured the ratio of green fluorescence to red 

fluorescence in M. marinum aprA’::GFP,smyc’::mCherry infections in vivo and observed 

that clemastine did not increase the proportion of bacteria that induce the aprA reporter 

(Figure 14e), indicating that clemastine likely does not act through increased rates of 

phagosome acidification. 
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Figure 13: Clemastine activity is host-dependent, dose-responsive, and 
requires macrophages. 

(a) Bacterial burden per animal assessed by Mm:tdTomato fluorescence five days 
post infection (dpi) after treatment with 0.5% DMSO vehicle or 5 µM clemastine. Red 
dots denote the corresponding image shown in b. Representative of five experiments. 
(b) Representative images from experiment in 2a (red dots). Mm:tdTomato infection 
treated with 0.5% DMSO vehicle or 5 µM clemastine in 0.5% DMSO. Scale bar is 500 µm 
(c) Quantification of Mm:tdTomato fluorescence at 5 dpi in zebrafish larvae treated with 
increasing concentrations of clemastine. (d) Mm:tdTomato bacterial broth culture grown 
in the presence of increasing concentrations of clemastine, compared to 0.5% DMSO, 1% 
DMSO, no vehicle (--), and 200µg/mL isoniazid. (e) Bacterial burden of wildtype and 
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heterozygous siblings or irf8st95 mutants, which lack macrophages, treated with 0.5% 
DMSO or 5µM clemastine. Red dots indicate animals in (f). Representative of four 
independent experiments. (f) Representative infections from irf8st95 mutants and 
wildtype/heterozygous siblings from each treatment group in e, 5 dpi. (g) Number of 
bacteria per macrophage during treatment with 0.5% DMSO or 5 µM clemastine, 1 dpi. 
Each dot represents the mean number of intracellular Mm:mCerulean bacteria inside each 
infected macrophage at 24 hpi of Tg(mfap4:tdTomato)xt11, infected with with ~50 c.f.u. 
Representative of three independent experiments. (a, g) two-tailed, unpaired t-test. Error 
bars are SD (c) One-way ANOVA with Tukey’s multiple comparison test. Post-test for 
linear trend, P<0.0001. (e) Kruskal-Wallis ANOVA for unequal variances with Dunn’s 
multiple comparisons text  (a,c,e) Error bars are s.d. (g) Error bars are s.e.m. 
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Figure 14: Macrophage function and number during clemastine treatment. 

(a) Bacterial burden per animal assessed by Mm:tdTomato fluorescence five days post-
infection after treatment with 0.5% DMSO or 5 µM diphenhydramine. (b) Example 
images from quantification in Figure 13g. Bacteria are Mm:mCerulean and macrophages 
Tg(mfap4:tdTomato)xt12 are false colored in magenta, maximum intensity projection of 5 z 
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stacks of 10 µm. Scale bar is 100 µm. White arrows mark bacteria that are present in both 
timeframes, and yellow arrows mark individual bacteria that disappear during the 
timelapse. (c) Number of infected macrophages per fish. Each dot represents the total 
number of infected macrophages from experiment in Figure 13g. (d) Stills from 
Supplementary videos 1 and 2, scale bar is 100 µm. Maximum intensity projection of 4 
z-stacks of 15µm.  (e) Ratio of green to red fluorescent bacteria from 
Mm:aprA’::GFP,smyc::mCherry infection (~50c.f.u) in wildtype zebrafish larvae over the 
course of a 5-day infection during treatment with 0.5% DMSO or 5 µM clemastine. (a, c): 
Two-tailed t-test. All error bars represent s.d. 
 

3.2.3 Clemastine enhances calcium transients in infected 
macrophages and is dependent on P2RX7 

P2RX7 is a ligand-gated ion channel activated by extracellular ATP, which is 

found at sites of infection and injury (Di Virgilio et al., 2017). In cell culture, clemastine 

has been previously reported to potentiate human P2X7 receptor (P2RX7) activity 

(Norenberg et al., 2011). We hypothesized that, in vivo, clemastine’s effect on 

mycobacterial infection burden might occur through potentiation of zebrafish P2rx7. In 

humans, mice, and fish, P2RX7 is highly expressed in immune cells (Di Virgilio et al., 

2017; He et al., 2013). P2RX7 activation results in increased calcium influx and potassium 

efflux, and activation can be monitored by measurements of intracellular calcium levels 

(Norenberg et al., 2011). 

Using CRISPR/Cas9-based targeting, we isolated two different alleles predicted 

to abolish the second transmembrane domain of zebrafish P2x7 receptor (P2rx7) (Figure 

15a-b). Both alleles (p2rx7xt26 and p2rx7xt28) result in frameshifts in exon 10 and predicted 

stop codons upstream of the second transmembrane domain, suggesting that both 
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alleles are functional nulls (Smart et al., 2003). We then examined whether these 

mutations affected calcium dynamics and responsiveness to clemastine. 

To examine clemastine’s effect on macrophage calcium dynamics in vivo, we 

generated the zebrafish transgenic line Tg(mfap4:GCaMP6F)xt25 in which the genetically 

encoded calcium indicator GCaMP6F is driven by a macrophage-specific promoter 

(Chen et al., 2013; Walton et al., 2015). We used light sheet microscopy in whole animals 

to examine macrophage calcium dynamics in vivo after infection and clemastine 

treatment. We found that both infected and uninfected macrophages in the caudal area 

underwent stereotypical calcium flashes (Figure 15d) at ~ 0.1 flashes per minute (Figure 

15a). Administration of clemastine enhanced the frequency of these macrophage calcium 

transients more than two-fold in infected cells (Figure 15c and Supplementary Videos 3-

6). 

Given the known role of P2RX7 as a calcium channel, we next tested whether the 

enhancement of calcium transients we observed with clemastine in vivo was dependent 

on P2rx7. We crossed the macrophage calcium reporter line into the p2rx7xt26 background 

(p2rx7xt26;Tg(mfap4:GCaMP6F)xt25) and quantified calcium transients in macrophages 

within whole animals by light sheet microscopy (Supplementary Videos 7-8); we 

observed no differences in calcium dynamics between wildtype and p2rx7 mutant fish at 

baseline (Figure 16b). In infected animals, clemastine increased the number of flashes 

per cell per minute in wildtype animals, but this effect was abrogated in p2rx7 mutants 
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(Figure 15c). To test if this effect was specific to infected cells, we examined calcium 

transients in uninfected cells from infected animals. We found that clemastine does not 

significantly increase calcium transients in uninfected cells in infected fish, although 

some increase was observed (Figure 16c.) These findings suggest that clemastine’s 

enhancement of calcium transients in infected cells may occur through potentiation of 

P2rx7. 

 

Figure 15: Clemastine increases frequency of macrophage calcium transients in 
a p2rx7-dependent manner. 

(a) Schematic of P2X7 receptor, based on human structure, with CRISPR target site in 
exon 10 denoted with a star. (b) CRISPR/Cas9-mediated lesions in p2rx7 include a 5 base 
pair deletion (p2rx7xt26) and a 2 base pair deletion (p2rx7xt28) leading to a premature stop 
codon in exon 10 of the zebrafish p2rx7. Red bar denotes p2rx7xt26 and blue bar denotes 
WT fish. (c) Quantification of calcium flashes observed with lightsheet microscopy in 
Tg(mfap4:GCaMP6F)xt25 and p2rx7 xt26;Tg(mfap4:GCaMP6F)xt25 infected with ~50 c.f.u 



 

107 

Mm:tdTomato. Each dot represents the number of flashes observed in a single infected 
macrophage in an animal during a 30-minute time-course during treatment with 0.5% 
DMSO or 5µM clemastine, 4-5 hpi, n>3 fish for each group. All cells counted were 
visibly infected with Mm:tdTomato and scoring performed blind to genotype or 
treatment. (d) A representative calcium flash, stills from a lightsheet video in an 
untreated Tg(mfap4:GCaMP6F)xt25 larva infected with Mm:tdTomato. Scale bar is 25 µm. (c) 
Kruskal-Wallis ANOVA for unequal variances, Dunn’s multiple comparison test. All 
error bars are s.d. 
 

 
Figure 16: Lightsheet video quantification reveals calcium dynamics in 

macrophages. 

(a) Enumerated calcium flashes in 6 independent, uninfected Tg(mfap4:GCaMP6F)xt25 
larvae. (b) Enumerated calcium flashes per cell per minute in Tg(mfap4:GCaMP6F)xt25 and 
p2rx7 xt26;Tg(mfap4:GCaMP6F)xt25 untreated, uninfected larvae. The blue line represents 
wildtype animals and the red line represents p2rx7 mutants. (c) Enumerated calcium 
flashes from uninfected cells from animals infected with Mm:tdTomato (~50c.f.u), treated 
with 5 µM clemastine or 0.5% DMSO in Tg(mfap4:GCaMP6F)xt25 and p2rx7 

xt26;Tg(mfap4:GCaMP6F)xt25 larvae. The blue line represents wildtype animals and the red 
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line represents p2rx7 mutants. (a) One-way ANOVA with Tukey’s multiple comparison 
test. All error bars are s.d. (b) Unpaired t-test with Welch’s correction for unequal 
standard deviations. (c) Kruskal-Wallis test for unequal variances, with Dunn’s multiple 
comparison test. 
 

3.2.4 Clemastine’s anti-mycobacterial activity is dependent on p2rx7 

Having established a dependence of clemastine-enhanced calcium flux on p2rx7, 

we next sought to determine if the accompanying reduction in bacterial burden was also 

p2rx7-dependent. Using p2rx7xt26 and p2rx7xt28 mutant larvae and wildtype siblings, we 

tested clemastine’s effect on bacterial burden over the course of a five-day infection. 

p2rx7 mutants did not show significant differences in overall bacterial burden (Figure 

17a). However, clemastine consistently reduced burden in wildtype animals but failed to 

reduce bacterial burden in p2rx7 mutants (Figure 17a-b, Figure 18a). In a complementary 

set of experiments, we examined clemastine’s effect in the presence of the P2RX7 

inhibitor KN-62 (Gargett and Wiley, 1997). Treatment of infected animals with KN-62 

similarly rendered clemastine less effective, consistent with our genetic data (Figure 

18b). Thus, both the altered macrophage calcium dynamics and reduction in bacterial 

burden were dependent on functional P2rx7. 
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Figure 17: The effect of clemastine on bacterial burden is p2rx7 dependent.  

(a) Quantification of Mm:tdTomato fluorescence area intensity at 5 days post infection 
(dpi) in wildtype and p2rx7xt26  larvae trated with 0.5% DMSO or 5µM clemastine, 
infected with ~100-150 c.f.u. Blue bar denotes wildtype larvae and red denotes p2rx7 xt26 
mutants. Red dots denote the corresponding image shown in b. Representative of 11 
independent experiments, with >15 fish per group. (b) Representative fish from each 
treatment group in 4a 5dpi. Blue bar labels wildtype *AB fish; red bar labels p2rx7xt26. 
Scale bar is 500 µm. (a) Kruskal-Wallis test for unequal variances, Dunn’s multiple 
comparison test. All error bars are s.d. 

 

 

Figure 18: Clemastine requires functional P2rx7 to reduce bacterial burden in 
vivo. 



 

110 

(a) Combined experiments testing clemastine’s efficacy in wildtype and p2rx7 larvae. 
Each dot is the average bacterial burden for each treatment group, normalized to the 
experiment’s wildtype DMSO-treated group. Bacterial burdens per experiment are 
color-coded (e.g. all blue dots are from the same experiment). Circles represent 
experiments performed with the p2rx7xt26 allele, squares represent experiments 
performed with the p2rx7xt28 allele, and triangles represent experiments performed with 
transheterozygous p2rx7xt28,xt26 larvae. The blue line represents wildtype animals and the 
red line represents p2rx7 mutants (b) Bacterial burden per animal assessed by 
Mm:tdTomato fluorescence 5dpi after treatment with 0.5% DMSO, 5 µM clemastine, 50 
µM KN-62, or co-treated with clemastine and KN-62. (a) Row-matching One-way 
ANOVA with Geissor-Greenhouse Correction, Tukey’s multiple comparison test. Error 
bars are s.e.m. (b) Kruskal Wallis ANOVA for unequal variances, Dunn’s multiple 
comparison test, error bars are s.d. 

 

3.2.5 Clemastine requires inflammasome activation and cytosolic 
sensing 

As a key second messenger, calcium is required for a variety of in vivo processes 

that may lead to increased microbicidal activity, including endosomal trafficking 

(Fairbairn et al., 2001) and inflammasome activation (Ferrari et al., 2006; Murakami et al., 

2012). We have shown that clemastine enhances calcium signaling in infected 

macrophages in vivo in a p2rx7-dependent manner. This ion exchange is thought to 

promote activation of the inflammasome, which can result in killing of intracellular 

pathogens (Ferrari et al., 2006; Franceschini et al., 2015; Moreira-Souza et al., 2017). In 

cell culture, P2RX7 activation enhances mycobacterial killing in an ATP-dependent 

manner (Placido et al., 2006). Pathogenic mycobacteria have been reported to both 

activate and limit inflammasome activation (Briken et al., 2013). 
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Activation of inflammasomes is dependent on cytosolic sensing of PAMPs or 

DAMPs (Lamkanfi and Dixit, 2011). Pathogenic mycobacteria secrete a variety of effector 

proteins that access the host cytosol, presumably through pores in the phagosomal 

membrane; cytosolic access is dependent on the specialized secretion system ESX-1 

(Conrad et al., 2017; Koo et al., 2008; Manzanillo et al., 2012; Wassermann et al., 2015). 

Because P2RX7 signaling has been closely linked to inflammasome activation, we sought 

to investigate if cytosolic access is required for clemastine’s effect. Mycobacteria lacking 

the RD1 region, which encompasses the ESX-1 type VII secretion system, fail to engage 

cytosol- based host responses (Abdallah et al., 2011; Dorhoi et al., 2012; Volkman et al., 

2004). We infected zebrafish with an M. marinum strain lacking the RD1 region (∆RD1) 

(Volkman et al., 2004) and asked whether clemastine retained efficacy in the absence of 

engagement with the host cytosol. In contrast to its effect on wildtype M. marinum, 

clemastine had no effect on burden in the ∆RD1 mutants (Figure 19a and Figure 20a). 

As expected, M. marinum ∆RD1 mutants were attenuated during infection, and 

displayed reduced burden at later timepoints. We therefore wanted to rule out the trivial 

explanation that clemastine’s effect was merely dependent on burden. In order to test 

whether clemastine is effective when ∆RD1 mutants and wildtype bacteria are at equal 

levels of infection, we turned to early infection timepoints, when bacterial burden is 

equivalent (Volkman et al., 2004). During the first 24 hours of infection, clemastine 

reduced the number of WT bacteria per macrophage (Fig 13d and Figure 20b) but failed 
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to reduce the number of bacteria per macrophage in the ∆RD1 infection (Figure 20b). At 

this timepoint, the bacterial burdens are equal across groups and there are similar 

numbers of infected macrophages (Figure 20c-d). These data are consistent with a model 

in which clemastine efficacy requires a host defense pathway dependent on cytosolic 

engagement. 

 

Figure 19: Clemastine efficacy requires inflammasome signaling. 

(a) Quantification of bacterial burden of Mm:Wasabi and MmΔRD1:Wasabi in wildtype 
larvae treated with 0.5% DMSO or 5µM clemastine, 5 dpi. Representative of three 
independent experiments. Red dots denote the animals represented in Figure 19b. (b) 
Quantification of bacterial burden of Mm:tdTomato in pycard/asc mutants and 
wildtype/heterozygous siblings after 0.5% DMSO or 5µM Clemastine treatment, 5dpi. 
Each dot represents an individual animal’s bacterial burden. Representative of three 
independent experiments. Blue (WT) and purple (asc mutants) dots denote 
representative larvae in Figure 21a. (a, b) One-way ANOVA with Tukey’s multiple 
comparison test. All error bars are s.d. All animals were infected and scored blindly and 
genotyped post hoc. 
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Figure 20: Clemastine does not enhance microbicidal macrophage activities in 
Mm∆RD1 infections. 

(a) Representative animals from the red dots in Figure 19b. Animals were infected with 
Mm:Wasabi (~50 c.f.u.) and Mm:ΔRD1:Wasabi (~50 c.f.u.)  and treated with 0.5% DMSO 
or 5 µM clemastine, 5dpi. Scale bar is 500 µm. (b) Number of Mm:Wasabi or 
MmΔRD1:Wasabi bacteria per macrophage during treatment with 0.5% DMSO or 5 µM 
clemastine, 1dpi. Each dot represents the average number of Mm:Wasabi bacteria inside 
the macrophages of Tg(mfap4:tdTomato)xt12 of a zebrafish larva. Representative of 3 
experiments. (c) The total number of intracellular bacteria per fish in the caudal tissue at 
1dpi. Each dot represents the total number of counted bacteria per fish. (d) Number of 
infected macrophages per fish. Each dot represents the total number of infected 
macrophages per fish (b) Kruskal-Wallis ANOVA for unequal variances, Dunn’s 
multiple comparison test (c, d) One-way ANOVA with Tukey’s multiple comparison 
test. All error bars are s.d. 
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Given the requirement for cytosolic access, the p2rx7 dependence, and the link to 

inflammasome activation, we next directly tested whether inflammasome activation 

might be required downstream of P2rx7 activation to promote mycobacterial restriction. 

We focused on the common adaptor ASC, which is required for inflammasome 

assembly in humans, mice, and zebrafish (Lamkanfi and Dixit, 2014) (Kuri et al., 2017). 

We generated asc mutant zebrafish (zebrafish gene name pycard) using TALEN 

technology and generated a 14 base pair deletion in the first exon of the zebrafish asc 

orthologue (Figure 21a) resulting in a premature stop codon. As in mice, ASC-deficient 

animals do not exhibit dramatically increased susceptibility to mycobacterial infection 

(Figure 19b). Animals had similar burdens at 5 dpi, number of foci of infection and 

displayed no gross differences during mycobacterial infection (Figure 21b). However, 

we found that while clemastine reduced burden in wildtype siblings, it was ineffective 

in zebrafish asc mutants (Figure 19b). These results are consistent with a model in which 

inflammasome activation may be limited during infection with pathogenic 

mycobacteria, but enhancement can lead to increased bacterial killing. 



 

115 

 

Figure 21: Clemastine requires inflammasome components to reduce bacterial burden. 

(a) TALEN-mediated lesions in pycard, the zebrafish orthologue of asc, to generate a 14 
base pair deletion in exon 1, known as ascw . (b) Representative infected animals 5 days 
post infection from purple and blue dots in Figure 20b. Blue bar represents wildtype 
animals and purple bar represents ascw infected with Mm:tdTomato. Scale bar is 500 µm. 
 

3.2.6 Clemastine is effective in established infections 

We next examined whether clemastine was an effective host-directed therapy in 

established infections and whether it could function therapeutically in more complex, 

established granulomas. Adult zebrafish granulomas share key features with human 

Mtb granulomas, including a caseous necrotic core and a tight epithelialized layer that 

alters bacterial physiology and may restrict access to drugs (Cronan et al., 2016; Swaim 

et al., 2006). To directly examine clemastine’s efficacy in mature, established 
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granulomas, we made use of a novel granuloma explant model, termed Myco-GEM 

(M.R.C., M.A.M., and D.M.T., submitted). Briefly, adult animals are infected and 

granulomas are dissected and cultured 2-4 weeks post-infection. Because adult zebrafish 

are not optically transparent, this explant approach allows live visualization of 

granuloma and bacterial dynamics within a mature, established granuloma. Upon multi-

day treatment with clemastine, we found limitation of mycobacterial burden relative to 

vehicle control granulomas, suggesting that clemastine has efficacy both in established 

infections (>2 weeks post infection) and in the context of a mature granuloma (Figure 

22a, b). As we had observed in the larval model, clemastine was ineffective in 

granulomas from p2rx7 mutants (Figure 22a, b, Figure 23a, b). 
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Figure 22: Clemastine reduces bacterial growth in granuloma explants. 

(a) Representative granuloma explants treated with 5 µM clemastine or DMSO from 
wildtype or p2rx7xt26 adult animals (2 weeks post-infection) at zero days post treatment 
(dpt) and 5 dpt. Animals were infected with ~300 c.f.u Mm:mCerulean.  Blue line denotes 
granulomas from wildtype adult fish and red line denotes granulomas from p2rx7xt26 
adult fish. Images are maximum intensity projections of spinning disk confocal images, 
15 steps of 10µm. DIC and Mm:mCerulean channels are merged. (b) Quantification of 
Mm:mCerluean fluorescence area and intensity of each granuloma explant 5dpt 
normalized to its bacterial load at 0dpt. (b) Kruskal-Wallis ANOVA for unequal 
variances, Dunn’s multiple comparison test. All error bars are s.d. 
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Figure 23: Clemastine reduces bacterial growth in granuloma explants in a P2rx7-
dependent manner. 

(a) Combined experiments testing clemastine’s efficacy in granulomas from wildtype 
and p2rx7 adult zebrafish infections. Each dot is the average bacterial burden at 5 days 
post treatment (dpt) for each treatment group, normalized to the experiment’s wildtype 
fish treated with DMSO. Bacterial burdens per experiment are color-coded (e.g. pink 
dots are all from the same experiment). Squares represent granulomas from p2rx7xt28 

adult infections and circles represent granulomas from p2r7xt26 adult infections. The blue 
line represents wildtype animals and the red line represents p2rx7 mutants. (b) 
Quantification of Mm:mCerluean fluorescence area and intensity of each granuloma 
explant at 5 dpt. This experiment contains the granulomas in Figure 22a. (a) Row-
matching One-way ANOVA with Geissor-Greenhouse Correction, Tukey’s comparison 
test. Error bars are s.e.m. (b) Kruskal-Wallis ANOVA for unequal variances, Dunn’s 
multiple comparison test. Error bars are s.d. 

 

3.3 Discussion 

One of the major causes of TB mortality is mycobacterial resistance to killing by 

standard antibiotics. Humans require multi-drug regimens and prolonged duration of 

treatment for active disease, increasing the risk for inadequate or discontinued 

treatments and the emergence of antibiotic resistance. Multi-drug resistant strains 
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(which require 9-24 months of treatment, including use of an injectable agent) were 

responsible for an estimated 480,000 new TB cases in 2014, with an estimated treatment 

failure rate of 46% (WHO, 2017). Thus, new treatment strategies are urgently needed. 

We performed a 1200 compound chemical genetic screen of FDA-approved 

drugs for host-directed therapies against mycobacterial infection using a whole animal 

platform. As FDA approved compounds, drugs identified using this approach have the 

potential to move quickly into the clinic. Indeed, the most promising compound 

identified in our screen, clemastine, is inexpensive, widely available, and has few known 

safety risks. Clemastine recently showed promise in a clinical trial for patients with 

multiple sclerosis (Green et al., 2017). 

The screen identified known antibacterial compounds, confirming the ability of 

our screen to reflect in vivo human biology (Ahuja et al., 2012). One drug previously 

identified as a potential host-directed therapy in the zebrafish model (Roca and 

Ramakrishnan, 2013) also emerged from our screen (Table 4). We did not uncover the 

frontline antibiotics for mycobacterial disease from the chemical screen, but that is likely 

because the dose at which we screened (5 µM) is lower than the concentration required 

for antibiotic efficacy in whole animals (Takaki et al., 2012). 

We identified clemastine as the most efficacious host-directed therapy in our 

screen. Clemastine is clinically used as an over-the-counter antihistamine, is safe and 

well tolerated but its in vivo anti-mycobacterial activity appears unrelated to its 
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antihistamine activity. Of the forty antihistamines in the Prestwick Chemical Library, 

only one other was found to reduce bacterial burden and made it beyond the first pass 

of the screen. Many FDA-approved drugs are small molecules with unknown 

moonlighting activities; thus, it is not surprising that clemastine’s relevant target for 

anti-mycobacterial action appears to be a second non-canonical target. 

That target, P2RX7, has been implicated in modulating the host response both to 

mycobacterial infection and inflammasome activation. P2RX7 activation is involved in a 

variety of inflammatory and immune processes (reviewed in (Di Virgilio et al., 2017; 

Miller et al., 2011)). Polymorphisms in the P2X7 receptor associate with TB susceptibility 

in humans, (Li et al., 2002) (Wu et al., 2014) and functional changes contribute to TB 

pathogenesis in cell culture models but have given divergent results in different mouse 

models (Amaral et al., 2014; Myers et al., 2005; Santos et al., 2013). Here, rather than a 

loss of endogenous function or activity, clemastine’s proposed mechanism of action 

suggests that enforced or enhanced P2RX7 activation may contribute to host 

mycobacterial killing. In larvae, we did not observe differences in infection burden in 

p2rx7 mutants. 

Potentiation of an ATP-responsive channel rather than constitutive activation 

represents a more nuanced approach to enhancing the host immune response and may 

avoid problems associated with excessive or inappropriate macrophage activation; 

constitutive signaling through the P2X7 receptor might be detrimental to host cell 
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viability and inflammatory state(Feng et al., 2016). In contrast, potentiation of P2RX7 -- 

activation by lower levels of ATP at sites of infection through allosteric non-competitive 

binding (Norenberg et al., 2011) -- is a unique strategy that allows localized activation of 

P2RX7 but likely does not result in constitutive stimulation. Using calcium imaging and 

light sheet microscopy, we found that uninfected cells from infected animals did not 

exhibit increased calcium transients during clemastine treatment, suggesting that 

clemastine’s action may be specific to sites of infection. Our findings are consistent with 

a model in which loss of P2rx7 signaling has no detrimental effects, but enhancement of 

signaling at the site of infection via P2rx7 can lead to mycobacterial killing. 

We used a novel transgenic zebrafish line to directly visualize calcium dynamics 

within infected and uninfected macrophages. Clemastine increases calcium transients in 

infected animals in a P2rx7-dependent manner. The calcium flashes we observe in 

macrophages in living animals via light sheet microscopy (lasting ~10-20 seconds) are 

faster than those described in cultured clemastine-treated human monocyte-derived 

macrophages (lasting a few minutes) (Norenberg et al., 2011), but were performed in 

vivo in the context of a whole animal. The calcium dynamics of the zebrafish 

mycobacterium-infected macrophage (average of 3-6 flashes/cell per hour), are similar to 

what has been seen in infected Drosophila macrophages (Beerman et al., 2015; Weavers 

et al., 2016). 
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P2RX7 activation has been strongly linked to inflammasome activation (Di 

Virgilio, 2007). To test this as a possible mechanism, we examined clemastine’s effect in 

inflammasome- deficient animals, lacking ASC. Consistent with findings in mice, the 

ASC mutant had no significant differences in mycobacterial burden (Dorhoi et al., 2012; 

Mayer-Barber et al., 2010). However, clemastine’s anti-mycobacterial effects depended 

completely upon ASC. Thus, inflammasome activation through P2RX7 potentiation may 

enhance mycobacterial killing. The multiple ways in which pathogenic mycobacteria 

engage with inflammasomes may include both activating and inhibitory mechanisms 

(Briken et al., 2013; Mayer-Barber et al., 2010), but, in this case, enhancement of 

activation leads to improved host control of mycobacterial infection. 

Clemastine is effective both in larval infections and in established adult 

infections. Using a granuloma explant model, we found improved control of 

mycobacterial infection, suggesting therapeutic efficacy in established infections and 

within complex granulomas, a key aspect of mycobacterial disease in humans. These 

findings suggest that modulation of the P2RX7/inflammasome axis is a promising 

avenue for host-directed therapies against mycobacterial infection in human disease. 

Further understanding of the mechanistic basis for P2RX7-mediated mycobacterial 

control, as well as ways in which inflammasome activation can be modulated during 

infection, may lead to new approaches to host-directed therapies for tuberculosis. 



 

123 

3.4 Experimental Procedures 

3.4.1 Animal Handling and Maintenance 

All zebrafish procedures and husbandry complied with policies by the Duke 

University Institutional Animal Care and Use Committee (protocol #A122-17-05). Eggs 

were collected from in-tank spawning and kept in 1X E3 medium (5mM CaCl, 178µM 

KCl, 328 µM CaCl2, 400 µM MgCl2 in dH2O) at 28.5°C. Pigmentation was prevented 

using 1- phenyl-2-thiourea (PTU; Sigma Aldrich; 45 µg/mL), beginning treatment at 1 

dpf. Unless otherwise noted, all zebrafish are in the *AB wildtype strain. 

3.4.2 Transgenic Lines 

The transgenic line Tg(mfap4:tdTomato)xt12 and Tg(mfap4:tdTomato-CAAX)xt6 have 

been previously described(Walton et al., 2015). irf8st95 mutant zebrafish are described 

elsewhere (Shiau et al., 2015). Creation and validation of the tnf:gfp line, 

(TgBAC(tnfa:GFP)pd1028) has been previously described (Marjoram et al., 2015). The 

transgenic line Tg(mfap4:GCaMP6F)xt25 was made by injecting Tol2 transposase mRNA 

and tol2-containing DNA constructs into zebrafish embryos at the one cell stage. The 

constructs were assembled with Tol2kit reagents and subsequent Gateway Cloning 

(Invitrogen) (Kwan et al., 2007a). The 5’ element containing the mfap4 promoter, has 

been previously described (Walton et al., 2015). The middle element GCaMP6F was 

generated by PCR amplification of the GCaMP6F coding region from the Addgene 

plasmid #40755 using primers containing attB1 and attB2 sites followed by 
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recombination into pDONR221. The 3’ element was SV40polA in pDONR P2R-P3. The 

destination vector utilized was pDestTol2pA. 

3.4.3 Generation of Zebrafish Lines Possessing p2rx7 Loss-of-
Function Alleles 

Loss-of-function alleles of p2rx7 were generated by targeting the sequence 5’- 

GGTTTGATGTGATGGTGTTTGG-3’ in exon 10 using CRISPR/Cas9 genome editing. 

The gRNA in vitro transcription template was generated as described previously (Jao et 

al., 2013).  Briefly, single-stranded DNA oligos 5’-GGTTTGATGTGATGGTGTT-3’ and 

5’- AAACAAACACCATCACATCAA-3’ were annealed and inserted into the 

T7cas9sgRNA2 vector(Jao et al., 2013). The resulting plasmid was linearized with BamHI 

(New England Biolabs), purified, and 400 ng was used as a template for in vitro 

transcription using the T7 MEGAshortscript kit (ThermoFisher). gRNAs were co-

injected with Cas9 mRNA into single cell *AB, wildtype embryos. CRISPR/Cas9-

mediated mutations were determined by HRMA62 and Sanger sequencing. Two alleles 

were maintained: a five base pair deletion p2rx7xt26 and a T to A transversion with a two 

base pair deletion, p2rx7xt28. Both mutations cause a premature stop codon in exon 10 

(Figure 15 a, b). The p2rx7 mutant lines were crossed into Tg(mfap4:GCaMP6F)xt25 , 

Tg(mfap4:tdTomato)xt12, and Tg(mfap4:tdTomato-CAAX)xt6 and subsequently homozygosed 

in each transgenic background. Homozygous p2rx7 mutants were viable and exhibited 

no apparent anatomical or fertility defects. asc/pycard loss-of-function alleles were 

generated by TALEN-mediated targeting(Dahlem et al., 2012) of pycard exon 1, resulting 
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in a 14 base pair deletion in the PYRIN domain to generate pycardw216 (Figure 21a). pycard 

mutant animals are viable as adults and of similar in size and fecundity. 

3.4.5 Bacterial Preparations 

Wild type Mycobacterium marinum (M. marinum) constitutively expressing a 

fluorescent protein (tdTomato, mCerulean, or Wasabi) and a Hygromycin resistance 

cassette driven by the msp12 promoter were grown to late log phase (OD600 =0.8) at 

33°C in liquid 7H9 complete media (Middlebrook 7H9 base (Difco)) supplemented to a 

final concentration of 10% OADC (50g/L BSA, 0.5% oleic acid, 20g/L dextrose, 8.5g/L 

NaCl), 0.05% Tween-80), and 50ug/mL Hygromycin B. M. marinum ΔRD1 was a gift 

from Lalita Ramakrishnan (Volkman et al., 2004). Bacteria were prepared into single cell 

suspensions, as described (Takaki et al., 2013). Single-cell suspension aliquots were 

diluted to approximately 1x108 cfu/mL in 5µL 7H9 media + OADC and were stored at -

80°C long-term and diluted in 7H9 to an appropriate concentration prior to injection. 

3.4.6 Bacterial Broth Growth Assay 

Wild type M. marinum expressing tdTomato was grown to OD600 = 0.8 and then 

diluted 1:10 in 7H9 complete media supplemented with 50ug/mL Hygromycin B in 15 

mL culture tubes (Falcon). The bacterial culture was supplemented with 0.5% DMSO 

(MPI), 200µg/mL Isoniazid (Sigma-Aldrich, cat #), or 5µM of each chemical and grown 

in a 33°C shaker for 7-8 days. Each day, 100µL of the broth was placed in a cell culture 

96- well microplate plate (GBO #655090) and analyzed with an Enspire 2300 Multilabel 
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Plate Reader (PerkinElmer) for OD600 and fluorescence intensity, with 3 technical 

replicates per sample. The same methods were used for a growth curve in the presence 

of clemastine (Sigma-Aldrich SML0445) for both M. marinum expressing mCerulean and 

M. marinum ΔRD1 expressing tdTomato. 

3.4.7 Larval Zebrafish Infection 

2 dpf larvae were anaesthetized with tricaine (MS-222;Sigma-Aldrich 160µg/ml) 

and injected with fluorescent M. marinum. Single-cell suspension aliquots are diluted in 

7H9 with 0.5% phenol red indicator (Sigma P0290) prior to injection. Between 50-200 

c.f.u. of fluorescent M. marinum were injected using a borosilicate needle (Sutter 

Instruments #BF100-58-10), pulled with a WPI PUL-1000 system (factor setting 0) and 

broken approximately 8mm from the tip. Injections are performed using a FemtoJet 

(Eppendorf) injector. After infection, larvae were recovered in E3+PTU for 4 hours at 

28°C. For examination of mutant phenotypes, infections were performed blind to larval 

genotype. 

3.4.8 Drug treatments 

Four hours post-infection, larvae were transferred to wells containing E3+PTU 

supplemented with the compound being tested. For most studies, larvae were kept in 6- 

well plates (COSTAR #3736) containing E3+PTU supplemented with either 0.5% DMSO 

(MP Bio CAS 67-68-5) or 5µM clemastine fumarate (Sigma-Aldrich SML0445) dissolved 

in 100% DMSO to a final concentration of 0.5% DMSO in each treatment group. 
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Diphenhydramine hydrochloride (Sigma-Aldrich D3630) was dissolved in 100% DMSO 

and diluted to a final concentration of 5 µM. KN-62 (Sigma-Aldrich I2142) was dissolved 

in 100% DMSO and diluted to a final concentration of 50 µM. All drugs were added 

directly to E3+PTU. Whenever agarose was used to mount fish, the same concentration 

of drug was added to the agarose prior to solidification. 

3.4.9 Live imaging and quantification of bacterial burden 

Epifluorescence microscopy was carried out on an inverted Zeiss Observer Z1 

microscope using 2.5X, 5X, or 20X objectives, depending on experiment. Prior to 

imaging, larvae were anaesthetized with tricaine (160µg/ml) and arrayed on a 

microscope slide or embedded in 0.75% low melting point agarose (Fisher BP165) in a 

35mm petri dish (MatTek). Fluorescent area and mean fluorescent intensity were 

quantified using ImageJ64, with thresholds kept constant within each experiment. 

Bacterial burden is presented as the product of area and mean intensity of bacterial 

fluorescence. Granuloma explants were also visualized on a spinning disk confocal 

(Andor) using 10x/0.3 UPlanFl N dry, WD: 10mm, FN26.5, UIS2 objective, acquiring 

images with an Andor Ixon3 897 512 EMCCD, 1.2x auxilary magnification camera. Z 

stacks were taken at 10-15µm, and images are assembled as maximum intensity 

projections using ImageJ64. During image analysis, experimenter was blinded to the 

genotype of the larvae. 
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3.4.10 Lightsheet microscopy 

Lightsheet fluorescence microscopy experiments were carried out on a Zeiss 

Lightsheet Z.1 using a Plan-Apochromat 20X / 1.0 NA Aqueous immersion objective, 

situated with a C.mos PCO.edge camera with 16bit 1920x1920 sensors. One track, 

emission selection: 488/498 (GFP) and 560/571 (tdTomato). Lightsheet thickness was 4.32 

microns with a continuous drive, 1x zoom, dual side illumination. 2 dpf zebrafish larvae 

Tg(mfap4:GCaMP6F)xt25 and p2rx7xt26;Tg(mfap4:GCaMP6F)xt25 were infected as described 

and treated with DMSO or clemastine at 4 hpi. One to two hours post-treatment, larvae 

were placed in 1.5% low- melting point agarose, supplemented with 80 µg/ml tricaine 

and either 0.5% DMSO or 5 µM clemastine fumarate (Sigma-Aldrich SML0445) in a 3mm 

OD glass capillary. A dual-colored z-stack was acquired every 8.8 seconds, collecting 80 

z-steps, using a z- step size of 1µm for 30 minutes. 

Lightsheet videos were projected as maximum intensities and analyzed using 

ImageJ (Rueden et al., 2017).Regions of interest (ROIs) were defined as single 

macrophages that expressed baseline levels of green fluorescence by GCaMP6 and 

flashed at least once over the course of the video. Macrophages outside of the caudal 

hematopoietic tissue were excluded. Only individual flashes were counted, not 

coordinated flashes during which every macrophage, infected and uninfected, 

underwent a calcium flash simultaneously. If the macrophage was not in frame for the 

entire 30 minutes, it was not included in the analysis. Quantitative analyses of 



 

129 

macrophage calcium flashes were performed blind to the treatment type and genetic 

identity of the specimens under observation. 

3.4.11Adult infections and granuloma explants 

Adult zebrafish (>2 months old) were infected as described(Oehlers et al., 2015). 

Briefly, adult fish (>2 months old) were anesthetized by immersion in 100 µg/mL tricaine 

and injected intraperitoneally with 300 cfu of Mm:mCerulean or Mm:tdTomato using 

insulin needles (BD #08290-3284-38). Adult fish were kept in 1L tanks in a dedicated 

infection incubator with light/dark cycles at 28°C, with water changes and feeding every 

day. Two weeks post-infection, granulomas were harvested using a Myco-GEM method 

(M.R.C., M.A.M. D.M.T, submitted). Briefly, after adult fish are euthanized with a lethal 

dose of tricaine, the body cavity is exposed in sterile L15 medium (Gibco #21083-027). 

Granulomas can be dissected out with forceps or gently removed by a glass pipette. 

Granulomas are serially washed in sterile L15 and size-matched for treatment groups. 

The bottom of an optical-bottom 96-well plate (GBO #655090) is covered with 40 µL of 5 

µg/mL Matrigel Matrix (Corning #354262), in L15. Granulomas are embedded in 2.5-

dimensional top media with a final concentration of 5% FBS (Sigma 2442), and 1 µg/mL 

Matrigel matrix (Corning #354262) in L15 as described (M.R.C, M.A.M, D.M.T 

submitted). The top and bottom media are supplemented with either DMSO (0.5%) or 

clemastine (5 µM in 0.5% DMSO). Granulomas are imaged via microscopy at d0 and 5 

days post-treatment (dpt) using epifluorescence microscopy on an inverted Zeiss 
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Observer Z1 microscope and on a spinning disk confocal (Andor). Image acquisition and 

analyses were performed blind to the genotype of the granulomas. 

3.4.12 Prestwick Chemical Library Screen 

The Prestwick Chemical Library (Prestwick Chemical, Illkirch, France) was 

stored at – 80°C at 10 mM and aliquoted manually into 1 mM working stock daughter 

plates in 100% DMSO. The daughter plates were stored at -20°C until used in 96-well 

format. Wildtype zebrafish larvae carrying a TNF reporter transgene 

(TgBAC(tnfa:GFP)pd1028)59 were arrayed in 96-well optical plates (GBO #655090) with 3 

infected and one uninfected fish per well, in 200 µL of E3+PTU and 5 µM of each 

chemical. First and last rows were maintained as 0.5% DMSO controls. Each plate 

contains 80 drugs, with 15 plates in all. Burden was assayed by fluorescence area and 

mean intensity of fluorescent mycobacteria at 5 dpi. Hits were screened again in the 

same format (3 infected fish, one uninfected fish) and drugs that continued to reduce 

bacterial fluorescence area and mean intensity were tested again, with 20 fish per group, 

with DMSO-treated fish as control. 

3.4.13 Genotyping Assays  

All genotyping assays were performed on fin-clips from adult zebrafish or post- 

experiment on whole larval animals, using genomic DNA isolated as described (Meeker 

et al., 2007). p2rx7xt26 and p2rx7xt28 were genotyped via KASP assays (LGC Genomics, 

Middlesex UK). pycard mutant larvae were genotyped using HRMA (Applied 
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Biosystems MeltDoctor HRM #4415440). irf8st95 mutations were genotyped using PCR 

amplification and AvaI restriction digest, as described (Shiau et al., 2015). Additionally, 

HRMA primers were developed to more rapidly genotype irf8st95 mutant fish. All initial 

mutations were confirmed via Sanger sequencing. 

Table 5: Genotyping primers used throughout Chapter 3. 

Gene 
Name 

Forward Reverse 

Pycardw216 

(HRMA) 
5’ AATCGAAAAGC 
TGAAAGACGAG 3’ 

5’ ACTTACATTGC 
CCTGTGTTCCT 3’ 
 

p2rx7xt26, xt28 
(PCR) 

5’ TGCGTGCCAAA 
CATTACACTT 3’ 
 

5’ AGACGTTGTGT 
GGGATGTGG 3’ 
 

irf8st95 

(HRMA) 
5’ CGGCATACTAGT 
GAAGTAAAGG 3’ 
 

5’ CTATAAGCCA 
CTGTTTCAGT 3’ 
 

irf8st95 

(PCR) 
5’ ACATAAGGCGTA 
GAGATTGGACG 3’ 

5’ GAAACATAGTGC 
GGTCCTCATCC 3’ 
 

 

3.4.14 Statistical Analysis 

All statistics were performed using Prism (GraphPad), version 7. 
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4. Concluding Remarks and Ongoing Questions 

4.1 Host-directed therapies for infectious disease: further 
questions 

A common statistic used to discuss the tuberculosis epidemic is “1/3 of the world 

is latently infected with tuberculosis, but only 10% of those people will develop the 

active disease.” While the sheer number of people with the bacilli in their lungs is 

staggering, it may not actually reach 1/3 of the population (Houben and Dodd, 2016) and 

even so, the burden is not evenly distributed across the globe, but rather enriched in 

developing countries and regions with high poverty levels. It is interesting to speculate, 

however, on the 10% of those infected who will develop active disease. Much of this 

activation is due to immune status: illness, aging, diabetes, and immune suppressive 

drugs can all lead to activation. The virulence of the Mtb strain, the initial inoculum, or 

repeat exposure can also contribute to the activation status of the disease (Cohen et al., 

2012). The genetic background of individuals is also a risk factor for active disease, 

where a particular haplotype that is otherwise innocuous leads to enhanced 

susceptibility to tuberculosis (Apt et al., 2017). These genetic differences provide 

molecular hints to what host pathways are targetable for new drugs.  

For example, the stable of literature linking P2X7 polymorphisms to tuberculosis 

suggests that enhancing P2X7 activity may reduce susceptibility to infection. However, 

this avenue of drug discovery leaves out the populations with loss of function or 

reduced function/expression of the target gene. This is exemplified by using 
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dexamethasone to limit the collateral inflammation caused by Mtb, which effectively 

reduces inflammation in patients with TB meningitis (Thwaites et al., 2004). However, 

this host-directed therapy is not effective in individuals with variants in LTA4H, leading 

to an even more weakened inflammatory response (Tobin et al., 2012).  

4.1.1 Host-Directed Off-Target Effects  

If the host target is innately compromised due to host genetics, a host-directed 

therapy may not work. At their worst, host-directed therapies may cause collateral 

harm. Even when identified from already-existing compounds, off-target effects of 

HDTs must be explored prior to use in humans, especially if dosing is different from its 

previous use. Altering host immune status is tricky and requires a fine balance. For 

example, rheumatoid arthritis drugs enhance susceptibility to tuberculosis (Keane et al., 

2001) while HAART therapy may lead to TB-IRIS (Friedland, 2009). Future host-directed 

therapies should be tested in whole animals for toxic effects and altered expression of 

key cytokines.  

We know that antibiotics have a huge effect on the natural microbes in and on a 

patient. Would host-directed therapies have a large effect on the microbiome? In our 

system, the zebrafish are colonized conventionally and therefore have a ‘natural’ 

microbiome. Would a drug still be effective in an animal with an altered or deficient 

microbiome? Would harmless commensal microbes trigger activity? If a host-directed 

therapy were to be fully developed for use in humans, it would be interesting to 
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consider not only the effect of the drug on the microbiome, but also the effect of the 

microbiome on metabolism of the drug. Zebrafish could be used to examine these 

microbiome-based questions, as zebrafish can be raised germ-free (Rawls et al., 2004) 

and are amenable to exploring the microbiome. 

4.1.2 Host-Directed Goals for Clemastine 

In Chapter 3 we propose the use of host-directed therapies for the treatment of 

mycobacterial infection. One of the main goals of HDTs is their potential to shorten 

treatment time and improve efficacy against multi-drug resistant bacteria. However, 

these two parameters have not yet been tested. We can test time to sterility in the larval 

or adult zebrafish infection model during co-treatment with suboptimal doses of 

antibiotics. Drug resistant M. marinum could be generated from prolonged exposure to 

sub-therapeutic doses of frontline antibiotics and subsequently injected into adult or 

larval models. This infection would begin to model some of the complexity of drug-

resistant infections in humans.  

4.1.2.1 Specificity of Clemastine  

Clemastine potentiates host P2RX7 to induce assembly of the inflammasome. 

Other pathogenic organisms inhibit inflammasome assembly/activation (Lamkanfi and 

Dixit, 2011; Taxman et al., 2010) and could ostensibly be killed through clemastine-

mediated processes. Others have shown that treatment with clemastine reduces bacterial 

burden of Coxiella burnetii, Legionella pneumophila, and Rickettsia conorii in THP-1 cells 
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(Czyz et al., 2014). It is reasonable to believe that clemastine treatment in this model 

could be using the same mechanisms we have found in our in vivo model. C. burnetii 

inhibits the host inflammasome to create a replicative niche within macrophages (Cunha 

et al., 2015), while L. pneumophila flagella promote inflammasome activation which leads 

to intracellular killing (Molofsky et al., 2006; Shin and Roy, 2008). Activation of 

inflammasomes could enhance macrophage microbicidal activity for these pathogens. 

Table 3 provides a list of the most recent pathogens used in zebrafish infection models; 

many of these pathogens could be tested for clemastine efficacy.  

While most of the burden of tuberculosis infection is found in the lungs, Mtb can 

disseminate to nearly any site. Many of these distal sites are more difficult to treat due to 

penetration of frontline antibiotics. It would be interesting to explore the potential for 

clemastine to reduce bacterial burden in distal infection sites, which can be modeled in 

our model through infections in the hindbrain, otic vesicle, or trunk. These sites have 

fewer resident macrophages and may more accurately represent extrapulmonary TB 

infections.  

Clemastine has a fairly small but consistent effect on mycobacterial burden in the 

fish model at the doses tested. The effect size, half a log to a log reduction, is similar to 

or higher than Vitamin D, another potential host-directed therapy (Liu et al., 2007). It 

would be unexpected to see a host-directed monotherapy significantly affect a slow-

growing bacteria over the course of a few days. Despite the seemingly small difference, 
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clemastine may be additive in conjunction with antibiotics, which we have preliminarily 

tested (Figure 30).  

4.1.2.2 P2X7 as a host-directed target  

Due to the genetic links between P2X7 and tuberculosis susceptibility (Table 1), 

studies have been performed in cell culture and in mouse models, with varying 

outcomes (Table 6).  Two mutant mouse models exist and they each have different 

infection outcomes, depending on infection route, dosage, and strain. However, due to 

splice variants, these mice may not be true knockouts. The GlaxoSmithKline-generated 

mouse has a lacZ transgene in exon 1 (Sikora et al., 1999). However, there is a functional 

splice variant found in humans that is missing this whole first exon, suggesting that the 

mouse model may also have this functional variant with a downstream start site. Cells 

from these mice have been found to exhibit P2X7-specific responses (Taylor et al., 2009).  

The Pfizer-generated mouse may also harbor functional splice variants within some 

tissues (Nicke et al., 2009; Solle et al., 2001). Therefore, findings with these two mouse 

models need to be carefully interpreted. Using the GSK mice, P2X7 activation induces 

BCG killing, but perhaps through cell-death independent mechanisms involving 

phagolysosome fusion (Fairbairn et al., 2001), while the Pfizer P2X7 knockout mouse 

either fails to control infection (Santos et al., 2013), has no effect (Myers et al., 2005), or 

has reduced bacterial burden (Amaral et al., 2014; Bomfim et al., 2017).  
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In appendix A, I will show related findings in pr2x7 knockout zebrafish: 

apoptosis may be induced, but it may not be the mechanism through which p2rx7 

mediates bacterial killing. The mutation in p2rx7 that I generated is close to the ATP 

binding site (Gu et al., 2004) and likely is a knockout. The larval zebrafish knockout 

shows no enhanced susceptibility to infection, which is not surprising given the breadth 

of findings in other models.  Most studies link loss of P2X7 signaling to decreased 

mycobacterial killing, although our model of activity is not directly linked to loss of 

P2X7, but rather activation of the channel. In cell culture, addition of extracellular ATP 

enhances mycobacterial killing in a P2X7-dependent manner, indicating that activation 

of the channel has potential as a host directed therapy.  

Table 6: Understanding the link between P2X7 activity and mycobacterial 
killing.  

Highlighted publications with major finding related to P2X7 inhibition or 
activation and model used.  

Citation Model Used Finding  
(Lammas 
et al., 
1997) 

Human 
macrophages 
infected with BCG  

3mM eATP induces apoptosis and kills 
intracellular BCG, some human monocyte 
derived macrophages respond poorly to eATP 
and is correlated with inability to clear BCG 
infection.  

(Fairbairn 
et al., 
2001) 

BMDMs, RAW, 
and J774a.1 mouse 
macrophages 
infected with BCG  

After stimulation with 3mM eATP P2X7-/- mice 
(Glaxo) are not capable of killing BCG. ATP-
mediated BCG killing was dependent on 
phagolyososme fusion  

(Saunders 
et al., 
2003) 

Human monocyte 
derived 
macrophages 
(control and 1513 

Macrophages from 1513 AàC homozygous 
individuals do not undergo ATP-mediated 
apoptosis or BCG killing. Human 
polymorphisms may affect mycobacterial 
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SNP) infected with 
BCG  

outcome. 

(Fernando 
et al., 
2005) 

Macrophages from 
humans with SNPs 
in P2RX7 infected 
with BCG  

Three SNPS in the coding region of P2RX7 
(1513AàC, 1729TàA, 946GàA) lead to loss of 
P2X7 expression and ATP-mediated ethidium 
uptake and bacterial killing. 

(Myers et 
al., 2005) 

P2X7-/- (Pfizer) 
mice infected with 
low dose aerosol 
Mtb Erdman.  

No difference between P2X7 -/- and WT mice 
was observed early in infection or out to 100 
days post infection. Slightly higher levels if IFN-
gamma was produced in the P2X7-/-  

(Biswas et 
al., 2008) 

THP-1 cells and 
monocyte-derived 
macrophages 
infected with BCG 

ATP induces autophagy (LC3 processing) 
within 30 minutes of exposure in a P2RX7 and 
Ca2+-dependent manner. Autophagy enhances 
lyosomal fusion.  

(Santos et 
al., 2013)  

RAW 264.7, 
C57BL/6 and 
P2X7R-/- (Pfizer) 
mice infected with 
H37Rv retro-
orbital injection 

ATP treatment (3mM and 5mM) reduces CFU of 
H37Rv in RAW cells. High-dose infection 
increases expression of P2X7 in lungs. P2X7-/- 
mice have increased bacterial burden in the 
lungs but not the spleens (4 weeks post 
infection).   

(Amaral 
et al., 
2014) 

C57BL/6 and 
P2X7R-/-  (Pfizer) 
mice infected with 
low-dose Mtb1471 
and M.bovis 
MP287/03 

P2X7R-/- mice fared better than WT when 
infected with hypervirulent Mycobacteria, no 
difference with H37Rv. Hypervirulent 
mycobacteria increase necrotic cell death in a 
P2X7-dependent manner.  

(Amaral 
et al., 
2014) 

C57BL/6 or P2X7-/- 
(Pfizer) mouse 
hematopoietic cells  
in irradiated mice 
infected with 
hypervirulent 
mycobacteria 

Mice with hematopoietic cells from P2X7-/- mice 
had reduced bacterial burden and cellular 
necrosis than C57BL/6 chimeras. 

 

4.1.2.2.1 P2X7 off-target effects  
Although I have only focused on the role P2X7 plays in immunity, it is a highly 

pleiotropic receptor with implications in other aspects of health and disease.  P2X7 has 
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been found to be enriched in spinal cords from MS and ALS patients (Yiangou et al., 

2006), which is interesting given the results of recent clinical trials for clemastine in 

patients with multiple sclerosis. P2X7 activation results in inflammatory response, with 

both beneficial and detrimental effects. For example, extracellular ATP in tumor 

microenvironments induces cell death (Ghiringhelli et al., 2009), but P2X7 activation 

exacerbates graft-vs-host disease. (Wilhelm et al., 2010) and increased endotoxic shock 

and brain damage after sepsis (Savio et al., 2017; Yang et al., 2015). Additionally, P2X7 

antagonism has been shown to reduce the effects of rheumatoid arthritis, perhaps 

through a reduction in Th17 response (Fan et al., 2016). Modulation of P2X7 is yet 

another example of the requirement for balanced inflammation during health and 

disease. If clemastine is moved into a clinical trial for tuberculosis, it is important to 

think about the activities of P2X7 on cells other than infected macrophages. Our system 

involves potentiation of P2X7 rather than activation, which may circumvent some of the 

non-mycobacterial effects of P2X7 activity.   

4.1.2.2.1 P2X7 in bones and extrapulmonary tuberculosis 
Table 2 summarizes the effect of host P2X7 receptor polymorphisms on 

susceptibility to tuberculosis. Three of the studies linked the 1513 Aà C polymorphism 

to extra-pulmonary tuberculosis. Given these links, we speculate that enhancing P2X7 

activity through clemastine treatment may reduce dissemination of Mtb to 

extrapulmonary sites. Dissemination is easily studied in the zebrafish model, where we 

can generate a local infection (rather than a systemic infection in Chapter 3) and observe 
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dynamics of macrophages from the infection site. We can observe recruitment to the 

infection site (as with Pseudmonas aeruginosa in Chapter 2) and subsequent shuttling of 

the macrophages to distal sites. Interestingly, mice lacking P2X7 have reduced bone 

mineral density and altered osteoclast dynamics (Wang et al., 2018). Could these two 

observational phenomena be linked? We have tools available to study osteoblast and 

osteoclast dynamics in vivo (Saelens, in preparation)(Knopf et al., 2011). Crossing these 

lines to the p2rx7 mutant lines may be useful to explore the dynamics of bone 

tuberculosis, a form of disseminated TB.  

4.1.3 Limitations of the zebrafish as a host 

The zebrafish-M. marinum infection is a validated model for investigated human-

Mtb infections, but there are limitations to the comparison. We are still identifying 

orthologs of human genes and at least a few key immune genes are not present in fish, 

including gasdermin D (Li et al., 2017). Additionally, the zebrafish genome underwent a 

duplication event, so many genes have duplicates including two gasdermin E genes, two 

interferon gamma genes, and multiple seemingly redundant caspases (Sieger et al., 2009; 

Wang et al., 2017). Tools for traditional protein analysis in zebrafish are limited, with 

very few antibodies available. The dearth of tools makes studying secreted, processed 

proteins like IL-1B difficult. Current efforts are focused on developing tools for studying 

these and other processes in vivo.  
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We have recently started using the adult infection model in order to generate 

fully formed caseous necrotic granulomas. While these granulomas closely resemble 

human tuberculous granulomas, we lose the optical clarity of the larvae when we move 

into adult fish. We have developed a novel method to extract and culture granulomas ex 

vivo, allowing for manipulation and observation of host and bacterial dynamics in a 

whole granuloma (M.R.C, M.A.M., and D.M.T, submitted). A benefit of the granuloma 

explant model is the ease with which drugs can be added to the media. Adult zebrafish 

are difficult to dose, requiring oral gavage or injection of drugs which complicates 

experimental design and increases stress on the fish during infection experiments. 

Recent techniques have been developed that will allow embedding chemicals in 

zebrafish food (Myllymaki et al., 2018), which will ease treatment, although ensuring the 

animals consume the intended dose may still be difficult.  

4.1.4 Screening for compounds: alternative strategies  

In Chapter 3, I described a chemical screen performed in larval zebrafish infected 

with their natural pathogen, Mycobacterium marinum. Each animal was inoculated in the 

same fashion, in the same genetic background, at the same dose of a single therapy. The 

screen validated the use of infected zebrafish for identifying host-directed therapies and 

opened the door for more intricate screening strategies. The medium-throughput format 

of infected zebrafish larvae would be amenable to a synergy screen in which animals are 

treated with suboptimal doses of antibiotic simultaneously with the screening 
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compounds. A similar high-throughput synergy screen has been performed in cell 

culture, revealing previously unidentified synergies (Ramon-Garcia et al., 2011).  

Zebrafish larvae are highly amenable to chemical screening, while adult 

zebrafish are not, due to their larger size, opacity, and difficulty dosing. The granuloma 

explant model used in Chapter 3 (Figure 22) (and M.R.C, M.A.M., and D.M.T., 

submitted) would be an excellent platform for screening small molecules for efficacy 

against mycobacteria contained within a granuloma. Similar to a 3D model of human 

tuberculosis (Tezera et al., 2017), this screening strategy would uncover compounds that 

can penetrate into the epithelialized cuff of granulomas. However, screening the Myco-

GEM granulomas excludes whole-host effects, including neuro-immune connections 

(Pavlov and Tracey, 2017) or activities dependent on in vivo signaling between cells 

excluded from the granuloma.  

4.2 Calcium Signaling: Further Questions 

Calcium signals observed and recorded with the genetically encoded calcium 

indicator GCaMP in Chapter 2 and Chapter 3 are a rough estimate of the total cytosolic 

calcium in the cells labeled (neutrophils in Chapter 2 or macrophages in Chapter 4). We 

get no information from other cell types. Recently, our lab has generated a ubiquitous 

calcium indicator (Tg(UbB:GCaMP6f)), in which we could measure the changes in 

calcium throughout the whole animal during infection and injury. It will be interesting 
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to determine if the calcium transients or gradients are similar between different cell 

types, especially within the granuloma.  

In Chapter 2, we describe a conditional tool for increasing calcium levels in a cell-

specific manner. If mycobacteria or other virulent microbes alter host calcium dynamics, 

it could be possible to artificially activate or restore the native calcium signaling patterns 

with the conditional tool. Pulsing capsaicin over the course of infection could kill the 

intracellular pathogen by promoting the influx of calcium through the exogenously 

expressed mammalian rTRVP1 channel. Although we are unsure what the direct 

outcome of the calcium transients are, we can speculate that they induce intracellular 

trafficking or antimicrobial processes. For example, calcium signaling  has been linked to 

production of diacylglycerol, which is converted into arachidonic acid (Clapham, 2007). 

Arachidonic acid can be directly antimycobacterial (Duan et al., 2001) and is metabolized 

into inflammatory and anti-inflammatory factors, making it of interest to modulation of 

mycobacterial disease (Hawn et al., 2013). 

4.3 Inflammasome signaling in zebrafish: further questions and 
validations 

We used a new zebrafish line in Chapter 3, asc216, in which the zebrafish Asc 

(Pycard) protein is mutated, ostensibly leading to a failure to assemble inflammasomes. 

We have not carried out profiling of this zebrafish line to ensure that these animals are 

indeed inflammasome deficient. Ongoing work in the lab is validating this line. These 
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strategies will not only validate the asc knockout line, but will also add to the field of 

inflammasome biology and the use of the zebrafish as a model system.  

4.3.1 Caspase-1 activity in fish 

Caspase-a (caspa) is the fish ortholog of Caspase-1, and is required for the activity 

of ASC-dependent inflammasome assembly and subsequent pyroptosis (Kuri et al., 

2017). I have had difficulty distinguishing between apoptosis and pyroptosis using in 

vivo methods in zebrafish, but the activity of inflammasomes can be directly assayed 

using a caspase-1 reporter. FAM FLICA (ImmunoChemistry Technologies) or a similar 

reagent may label active caspase-1 in zebrafish in wildtype but not asc mutants and 

during infection with Mtb and other well-characterized pathogens. Similar fluorescent 

agents have been employed in zebrafish larvae with some success. FLICA has been used 

to examine caspase-1 activity during infection with Mycobacterium abscessus in THP-1 

cells and is sensitive enough to pick up differences between bacterial mutant infections 

(Laencina et al., 2018), suggesting it could be useful to examine the differential activity of 

inflammasomes during wildtype and RD1 mutant M. marinum infections. 

4.3.2 Observing inflammasome ASC specks  

The optical clarity of zebrafish larvae allows us to observe processes in vivo. 

Recently, a new tool was published that allows for the direct observation of ASC puncta 

formation in assembled inflammasomes. This tool was developed by tagging the 

endogenous asc gene with a CRISPR/cas9 mediated knock-in fluorophore (Kuri et al., 
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2017). While the assembly of ASC specks may not directly correlate to an active 

inflammasome, this tool provides us the opportunity to observe the dynamics of ASC 

speck formation (ostensibly assembly of the inflammasome) during infection.  

4.3.3 Adult zebrafish infections and granuloma dynamics  

Mice lacking ASC are not as susceptible to mycobacterial infection as expected; in 

terms of survival and CFU, they fare much better than caspase-1 mutants (Mayer-Barber 

et al., 2010). Our mutant zebrafish larvae have a similar phenotype when infected with 

M. marinum (Figure 19b). However, I suspect that ascw216 mutant adult zebrafish are 

hypersusceptible to M. marinum infection, as they preliminarily die more quickly than 

wildtype siblings (data not shown). I am interested to see if this hypersusceptibility 

alters bacterial load and/or the formation of granulomas. With the granuloma explant 

model, we can examine the dynamics of inflammasome-deficient granulomas and 

further confirm that clemastine requires inflammasome signaling to exert its host-

directed effects. The zebrafish model may provide key insight into inflammasome 

biology during mycobacterial infection from the onset of infection, to granuloma 

formation and even cavitation.  

4.4 Trends in the tuberculosis field: Goldilocks syndrome 

An ongoing trend in the field of mycobacterial disease progression and outcome 

is the theme of balance. We often see divergent results in the literature; these differences 

may be explained away by trivial experimental parameters or may indicate that neither 
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one way or another is fully correct, but that a middle ground is the most biologically 

relevant state. These trends are beyond the scope of my present work, but interesting to 

think about in the future of understanding tuberculosis, especially from the perspective 

of developing host directed therapies, where a fine balance between not enough and not 

too much is critical. In Chapter 1 I described the literature surrounding the fields of 

inflammation through lipid mediators and TNF as well as inflammasome activation 

during mycobacterial infection. Below I will discuss neutrophils as mediators of 

infection with varied effects on mycobacterial infection.  

4.4.1 Neutrophils  

Neutrophils are often associated with negative outcomes during tuberculosis 

infections. Neutrophils are the primary cell type in sputum of patients with active TB 

(Eum et al., 2010). Neutrophils readily phagocytose mycobacteria in culture, but fail to 

destroy virulent mycobacteria (Corleis et al., 2012). In mice, higher numbers of 

neutrophils in the lungs are correlated with severity of infection (Repasy et al., 2015) and 

while present at the site of infection, do not appear to reduce bacterial burden (Gopal et 

al., 2013). In non-human primates infected with Mtb, neutrophil-derived granules are 

correlated with more bacilli within granulomas (Mattila et al., 2015). An unexpected 

outcome of deletion of ATG5 in mouse in leukocytes (inhibiting autophagy) is the 

increased recruitment of neutrophils to the lung during mycobacterial infection. These 

ATG5-deficient animals were hypersusceptible to the infection, though thought to be 
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attributed to the loss of autophagy in those cells. When other autophagy pathway genes 

were knocked out similarly, they did not have such a severe effect on infection (Kimmey 

et al., 2015). Therefore, perhaps neutrophils are the reason for the increased 

susceptibility (Kimmey et al., 2015). Despite this evidence pointing to a negative role for 

neutrophils at the site of mycobacterial infection, neutrophils have also been shown to 

contain mycobacterial disease. There are 10-times more bacteria in neutropenic BALB/c 

mice (Pedrosa et al., 2000) and neutrophils aide in control of mycobacterial burden in 

mice lacking IFN-gamma (Feng et al., 2006).  

In the zebrafish model, neutrophils have been shown to have an 

antimycobacterial effect; without neutrophils, bacterial burdens are higher (Yang et al., 

2012). In the adult zebrafish infection, in which caseating granulomas form, localization 

of neutrophils is correlated with lower bacterial burden. Regions of granulomas that are 

neutrophil deficient have higher bacterial numbers, suggesting that neutrophils are 

exerting an antimycobacterial activity (Cronan et al., 2016). Others have shown that 

neutrophils are only protective in nascent infections (Petrofsky and Bermudez, 1999), 

while others show that neutrophils are only capable of controlling certain subsets of 

mycobacteria (Seiler et al., 2000). Neutrophils may be host beneficial through antigen 

presentation or host detrimental through extensive immune damage (Lowe et al., 2012). 

With these conflicting results, it is worth exploring the role of neutrophils during 

mycobacterial infection from phagocytosis through the development of granulomas. 
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This long timecourse experiment could be achieved in a juvenile zebrafish infection, 

wherein neutrophils and M. marinum are fluorescently labeled and can be monitored in 

vivo.  

4.5 A hypothetical clinical trial: Potential Efficacy and Safety of 
Using Adjunctive Clemastine for in Patients with Pulmonary 
Multi-Drug Resistant Tuberculosis 

This clinical trial has not been performed and is not in any development stage, other than 

a hypothetical learning experience for this dissertation. Most studies need to be done in 

mammalian systems before clemastine should be used in a clinical trial. As such, all wording is 

written in hypothetical language.  

Clemastine is a cheap, safe, widely-used FDA-approved drug. Based on our 

findings in Chapter 3, we believe that clemastine could be a good candidate for moving 

in to a low-risk/high-reward clinical trial. This hypothetical phase II clinical trial is for 

patients with MDR-TB, whose treatment options are minimal and can take to two years 

to complete. There is a real need for drugs to shorten the length of MDR-TB treatments. 

Adjunctive treatment with an immune-modulating host-directed therapy may provide 

enhanced microbial killing and faster sputum conversion time. Using recent clinical 

trials such as the Linezolid XDR-TB study (Lee et al., 2015), Delamanid trial (Gler et al., 

2012), and the etoricoxib intervention [NCT02503839] as models, we would recruit 

patients with MDR or XDR TB. We would treat with two doses of clemastine and a 
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placebo, not altering their antibiotic regimen. Through this study we would determine 

safety, efficacy, and pharmacokinetics of clemastine against tuberculosis.  

4.5.1 Study Description  

With the development of multi- and extensively drug resistant mycobacterial 

strains, new therapeutic strategies are needed. Here we propose to use the host-directed 

drug clemastine to adjunctively enhance microbial killing. Clemastine, an FDA-

approved antihistamine, has been shown to reduce mycobacterial burden in an animal 

model of tuberculosis (Chapter 3). Here we would test the potential effect in humans 

through a pilot study of the efficacy and safety of clemastine as an adjunctive therapy 

for MDR-Tuberculosis. This novel approach has the potential to reduce the treatment 

time, morbidity, and mortality associated with MDR-TB.  

4.5.1.1 Hypothesis 

Virulent mycobacteria exploit and evade the host immune response to form a 

replicative niche within the host, including limiting inflammasome signaling. 

Inflammasome activation is one way the host can eliminate mycobacteria. Clemastine 

enhances inflammasome signaling through P2X7 receptors to kill intracellular bacteria 

residing inside macrophages. Treating patients with clemastine would boost 

inflammasome activation and downstream IL-1B signaling to kill bacteria. We 

hypothesize that clemastine will improve the immune response to TB infection and 
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enhance recovery. Combination therapy of clemastine with frontline antibiotics would 

provide new treatment options for drug resistant tuberculosis infections.  

4.5.1.2 Approach to test hypothesis 

We would use this three-arm double-blinded randomized clinical intervention 

trial for patients starting treatment for MDR-TB. Two arms would receive clemastine at 

different doses and one arm would receive a placebo, all in addition to the standard of 

care. The dose of clemastine used is based on the dose used to reduce mycobacterial 

growth in animal models (5 µM). This is approximately equivalent to 10 mg clemastine 

fumarate in an average adult human. This study would test two concentrations below 

this 10 mg dose because previous animal studies (Chapter 3) did not test oral availability 

of clemastine, but rather whole-animal immersion, where a higher dose may be required 

to penetrate tissues. The doses in the proposed arms are safe in humans, as previously 

tested for FDA-approval as an antihistamine and currently as a remyelination therapy 

(Green et al., 2017; Hildebrandt et al., 1975). Clemastine has been determined safe, with 

sedation as the most common side effect.  

4.5.1.3 Objectives 

To establish the effect of clemastine on pulmonary MDR-TB and tolerability of 

clemastine in patients with pulmonary MDR-TB.  
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4.5.2 Arms and Interventions 

This interventional study would consist of a randomized, double blind, parallel 

treatment. We would also determine safety, efficacy, and pharmacokinetics. Enrolled 

patients (male of female) would be stratified by extent of pulmonary disease. Before 

treatment, patients would receive chest radiographs and be divided into treatment 

groups evenly on the basis of cavitation and bilateral granulomas.  

Table 7: Arms and Interventions for Hypothetical Phase II Clinical Trial for 
treating MDR-TB with Clemastine 

Arm Intervention 
Experimental: Arm #1 
Patients in Arm #1 are given 2.5 mg 
clemastine fumarate twice daily 
(orally) in addition to standard anti-
MDR-TB chemotherapy.  

Drug:  Clemastine 
Host-directed clemastine is 
administered as adjunctive 
therapy, Dose 1: 2.5mg 2x 
daily for 12 weeks  

Standard of care TB treatment  
Experimental: Arm #2 
Patients in Arm #1 are given 5 mg 
clemastine fumarate twice daily 
(orally) in addition to standard anti-
MDR-TB chemotherapy. 

Drug:  Clemastine 
Host-directed clemastine is 
administered as adjunctive 
therapy, Dose 2: 5mg 2x daily 
for 12 weeks 

Standard of care TB treatment 
Placebo Intervention: Patients are 
given placebo twice daily (orally) in 
addition to standard of care TB 
treatment. 

Standard of care TB treatment, 
according to the WHO Guidelines, 
sensitivity profile 
12 weeks  
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4.5.3 Outcome Measures 

4.5.3.1 Primary Outcome Measures 

1. Safety of clemastine, as determined by number of adverse events from day 0 to 

day 84.  

2. Sputum conversion, tested every two weeks. Verified by no growth on three 

subsequent consecutive sputum cultures. Efficacy tested as the proportion of patients 

with negative sputum on solid culture media.  

3. Chest radiographs to assess the extent of granulomatous growth, cavitation, 

and dissemination/reduction between lobes.   

4.5.3.2 Secondary Outcome Measures  

1. Pharmacokinetics for clemastine: time of maximum concentration (tmax), 

maximum concentration (Cmax), area under the curve (AUC) for 0-24 hours. 

Repeat measures every two weeks for 84 days.  

2. Immune studies: Plasma levels of clemastine metabolites, IL-1B, IL-18, IFN-

gamma, TNF-a by ELISA at tmax at weeks 2, 4, and 8.  

3. Weight gain 

4. Changes in drug resistance, by MTBDRsl (Hillemann et al., 2009)  

4.5.4 Eligibility Criteria 

Patients would be considered eligible if they provide written and informed 

consent and were: aged 18 to 64, have microbiologically confirmed pulmonary TB, 
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resistant to treatment with isoniazid and rifampicin. They must have chest radiographic 

confirmation of TB and be able to produce sputum. Male and female patients would be 

accepted, but females must use highly effective birth control.  

Patients would be excluded under the following criteria:  HIV positivity, renal 

impairment, extrapulmonary TB, neuropathic pain disorders (due to potential 

complications from P2X7 activation (Chessell et al., 2005)). Pregnant women would also 

be excluded.   

4.5.5 Conclusions from the hypothetical clinical trial 

Modulation of the host immune response is a new strategy for controlling drug 

resistant (and susceptible) infections. In this clinical trial, we would test whether 

modulation of the immune response at the P2X7/inflammasome axis would be a safe 

and effective way to control MDR-TB infection in humans.   
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5. Conclusions 
Tuberculosis is a deadly disease caused by a complex interaction between host 

and pathogen. Understanding what host processes can be modulated to overcome the 

tools and tricks invoked by Mtb is the ongoing theme of this work. Over the course of 

this project, I ventured down many paths that may become fruitful mechanisms through 

which a host-directed therapy could function. I have only begun to discover the effects 

of the inflammasome and calcium signaling on mycobacterial disease.  The other FDA-

approved drugs uncovered from the screen (Figure 11) may reveal more avenues for 

host-directed therapies.  
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Appendix A 

A.1 The path to a mechanism 

I found P2X7 to be the target of clemastine fairly quickly, based on a literature 

search for off-target effects of clemastine. However, P2X7 activation has been linked to 

many other activities such as autophagy, apoptosis, and production of reactive oxygen 

species (Di Virgilio et al., 2017). In order to find the mechanism through which 

clemastine reduced bacterial burden in a P2X7-dependent manner, I tested most of these 

potential mechanisms either genetically or chemically in the larval fish model. 

A.1.1 Are neutrophils important for clemastine’s effect?  

Neutrophils have  been described to be important during mycobacterial infection 

(Yang et al., 2012), although their role during tuberculosis infections is debated (Section 

4.3.2). P2X7 receptors have been identified on neutrophils and have been shown to 

utilize NLRP3 inflammasome signaling to produce active IL-1B in vivo and in vitro 

(Karmakar et al., 2015). Additionally, neutrophils could be host-beneficial through 

efferocytosis of apoptotic bodies from the site of infection (Martin et al., 2012). Because 

of the known importance of neutrophils at sites of inflammation and injury, I tested the 

effects of clemastine on animals lacking functional neutrophil motility. Animals 

expressing a gain of function CXCR4 mutation resemble human patients with WHIM 

disorder, an immune deficiency disorder associated with neutropenia (Walters et al., 

2010). In these animals, neutrophils cannot migrate effectively and remain within the 
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caudal tissue. With these animals, I sought to answer the question: are neutrophils 

required for clemastine’s antimycobacterial activity? When WHIM zebrafish were 

infected with M. marinum and treated with either DMSO or clemastine, clemastine was 

still as effective as in wildtype controls (Figure 24). This suggests that neutrophils are 

not required to reduce bacterial burden in the zebrafish infection model. However, the 

neutrophils in these animals are still present, they are just unable to move efficiently. If 

the bacteria are nearby a stationary neutrophil, the host cell may still be able to exert its 

effects on the bacteria. More specific tests in truly neutrophil deficient animals should be 

performed.  

 

Figure 24: Clemastine is effective in zebrafish larvae with WHIM disorder. 

Wildtype and WHIM mutant zebrafish larvae 5 days post infection (dpi) are analyzed 
for bacterial area and intensity. One-way ANOVA with Tukey’s multiple comparison 
test.  
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A.1.2 Does clemastine alter autophagy?  

As described in Chapter 1, autophagy is potential mechanism through which 

intracellular bacteria are destroyed by the host. P2X7 activation had been associated 

with altered phagolysosomal processing (Fabbrizio et al., 2017; Takenouchi et al., 2009). I 

sought to test if clemastine required autophagy pathway proteins in order to exert its 

antimycobacterial effect. I received fish with mutations in autophagy machinery (atg5, 

atg7, atg12) from the lab of Lalita Ramakrishnan at the MRC in Cambridge, UK 

(generated by the Sanger Center). I infected atg5 mutant and wildtype sibling larval 

zebrafish with M. marinum and treated them with DMSO or clemastine. Clemastine is 

still effective in atg5 mutants, although to a lesser extent (Figure 25a). This reduction in 

efficacy is likely because atg5 mutant zebrafish have higher bacterial burden and many 

macrophages succumb to infection and die, as indicating by mycobacterial cording. 

Without macrophages, clemastine is ineffective (Figure 13e); therefore, clemastine is not 

effective in animals exhibiting cording phenotypes. Clemastine reduces bacterial burden 

in animals that are not cording, but are still lacking atg5 (Figure 25a, red dots). 

Clemastine protects many animals from cording (Figure 25b).  

Autophagy is often measured using the myosin-light change 3 (LC3) marker, 

which decorates the double membrane of the autophagosome during autophagy and 

other forms of phagocytosis independent of autophagy. Using a zebrafish line, 

Tg(CMV:EGFP-map1lc3b) (He et al., 2009), we can visualize autophagic processing of 
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mycobacteria in vivo (Hosseini et al., 2014). Using this zebrafish line and spinning disk 

microscopy, I further validated that clemastine does not alter autophagic processes 

during mycobacterial infection (Figure 25c, d). Tg(CMV:EGFP-map1lc3b) zebrafish larvae 

were infected and treated with DMSO or clemastine and observed for the first three days 

of infection.  

 

Figure 25: Clemastine does not require autophagy proteins and does no 
enhance autophagic processing. 

A.1.3 Does clemastine alter cell death?  

In my first years of working on this project, I was very keen on the hypothesis 

that clemastine enhanced cell death.  Apoptosis is a mechanism through which 
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intracellular bacteria could be killed, phagocytosed by more professional pathogens, and 

alarm other immune cells through antigen presentation. P2X7 activation has been closely 

linked with cell death (Carss et al., 2013; Surprenant et al., 1996), so I hypothesized that 

apoptosis was likely clemastine’s mechanism of action. I developed a zebrafish line in 

which I could explore the dynamics of cell death in vivo at the same time as TNF-a, a 

cytokine that mediates some forms of cell death. I observed that clemastine enhanced 

cell death (Figure 26a) and hypothesized that it was the mechanism through which 

clemastine reduced bacterial burden. This line, Tg(zUbb:secA5:tdTomato;TNF:GFP)xt24  

utilizes a zebrafish ubiquitous promoter, Ubiquitin B (Mosimann et al., 2011) driving 

expression of secreted annexin V:tdTomato, which forms aggregates around exposed 

phosphatidylserine (Koopman et al., 1994). In figure 26a, clemastine appears to enhance 

apoptotic foci using the transgenic line, but only at the first day post infection. 

While I carried this finding with me for a year, after performing a few follow-up 

experiments, I discovered that this reproducible phenotype may be an epiphenomenon. 

I used long-term timelapse imaging to observe colocalization of secA5 with macrophages 

(Tg(mfap4:lanYFP-caax)) and bacteria during larval infections. While I observed the 

enhanced cell death phenotype, the cells that were dying were not predominantly 

infected macrophages (Figure 26b). It is still possible that the death of uninfected nearby 

cells serves a signal to induce microbicidal activity that would lead to downstream 

mycobacterial killing.  
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Figure 26: Clemastine treatment enhances cell death early in infection, but 
killing of infected macrophages is not enhanced. 

A.1.4 Does clemastine alter TNF expression?  

Tumor Necrosis Factor alpha (TNF-a) was introduced in Chapter 1 as a key 

mediator of mycobacterial disease. It is required to control infection, but too much also 

exacerbates disease (Roca and Ramakrishnan, 2013). I was interested in determining if 

clemastine reduced bacterial burden in zebrafish larvae by altering TNF dynamics for 

host benefit. Using a TNF-a reporter line, TgBAC(tnfa:GFP)pd1028) (Marjoram et al., 2015), I 

monitored the levels of TNF throughout infection and treatment with clemastine, in vivo. 

Even with bacterial burdens controlled, the dynamics of TNF expression are spectacular; 

the range of values is too high to be able to extrapolate meaningful data (Figure 27a, b), 

although clemastine treatment trends toward enhanced TNF expression during the first 

day of infection and treatment (Figure 27a). However, this increase in TNF transcript 

does not persist to later timepoints during infection; qPCR analysis shows that 

clemastine does not enhance expression of TNF-a at 3 days post infection (Figure 27c).  
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Figure 27: Clemastine does not significantly enhance TNF signaling during 
infection with M. marinum. 

A.1.5 Does clemastine enhance reactive oxygen species production?  

Reactive oxygen species (ROS), and to a greater extent reactive nitrogen species 

(RNS) have been shown to enhance microbicidal activity against mycobacteria (Voskuil 

et al., 2011; Yang et al., 2009). P2X7 activation has been linked to production of radicals 

in many immune cell types (Munoz et al., 2017; Wang and Sluyter, 2013) and it may be 

the mechanism through which  P2X7 activation destroys the intracellular pathogen 

Toxoplasma (Moreira-Souza et al., 2017). With these lines of evidence, I sought to 

understand if clemastine treatment enhanced production of ROS, or more specifically if 

clemastine required production of reactive oxygen species to reduce bacterial burden. I 

infected zebrafish larvae and treated them with either carrier, clemastine, N-acetyl 
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cysteine (NAC), or NAC and clemastine. NAC is a well-characterized scavenger of 

reactive oxygen species like hydrogen peroxide (Zafarullah et al., 2003).  I saw a slight 

decrease in clemastine’s efficacy upon co-treatment with NAC (Figure 28a), indicating 

that reactive oxygen species may be important for clemastine’s effect.  

To further test the hypothesis that clemastine required ROS to reduce bacterial 

burden, I wanted to visualize ROS in vivo during infection. I sought to show that 

macrophages or neutrophils at the site of infection were producing more ROS during 

clemastine treatment. I first used a cellROX reagent (ThermoFisher), which is a 

nonfluorescent dye that becomes fluorescent when exposed to ROS. I soaked fish in the 

reagent and saw no penetration into tissues, despite publications claiming that it can be 

used in zebrafish. I also tried using H2DCFDA, which is converted to a fluorescent 

molecule upon oxidation. It had been previously used in zebrafish, but only in a plate-

reader format upon priming with PMA (Goody et al., 2013), which would not indicate 

where the ROS was coming from. Considering the penetration issue, I injected cellROX 

into the caudal vein of 2 dpf fish and observed some penetration and dissemination into 

the tissue. I had hoped to compare the colocalization of the cellROX reagent with in vivo 

macrophage markers and/or bacteria; however, due to concerns about penetration into 

tissues beyond the site of injection, these experiments were forgone, but suggested that 

clemastine may enhance cellROX expression at the site of infection (Figure 28b).  
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To avoid penetration issues, I used flow cytometery to answer these questions, 

staining single cells from infected animals (treated with clemastine or DMSO). These 

cells were sorted for expression of a macrophage transgene (mfap4:tdTomatoxt11), 

fluorescent M. marinum, and CellROX reagent.  With help from Caitlin Murdoch and 

Ted Espenscheid from the Rawls lab, I performed flow cytometry on single cell 

suspensions of zebrafish larvae that had been infected or mock injected, and treated with 

clemastine or DMSO carrier for three days. The results of these experiments were 

unremarkable (Figure 28c- e), which could be due to the small number of brightly 

labeled macrophages within an animal and even fewer infected macrophages in which 

to measure CellROX fluorescence intensity. However, it is still possible that reactive 

oxygen species may be important for clemastine’s effect in vivo, although the direct 

connection remains unclear.  
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Figure 28: Analysis of Reactive Oxygen Species (ROS) upon clemastine 
treatment. 

A.1.6 An alternative hypothesis: neutrophils are important for 
clemastine’s efficacy in vivo at onset of infection  

In Chapter 3 I show that clemastine reduces bacterial burden in a manner that is 

dependent on macrophages, P2X7 signaling, calcium transients, and the inflammasome. 

I speculate that clemastine may also have a role in mediating reactive oxygen species 

and cell death, though perhaps not in macrophages. In Appendix A I describe other 

preliminary data that may indicate that the the effects of clemastine we observe and 

report in Chapter 3 may be a secondary result of neutrophil-derived ROS-mediated cell 

death. Neutrophils likely express P2X7 in zebrafish and humans (Ogryzko et al., 2014; 

Suh et al., 2001) and could also be activated by clemastine. In this parallel model for 
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clemastine activity, neutrophils will respond to the injury and infection first and are then 

activated by the low levels of ATP generated by the cells surrounding the site of 

infection. This P2X7 potentiation will lead to ROS production and subsequent death of 

the neutrophils. The death of these neutrophils occurs early in infection and releases 

more ATP to continue the clemastine-mediated potentiation of macrophage P2X7 at the 

infection site. These macrophages may be better equipped to kill intracellular bacteria 

through inflammasome-mediated processes. Macrophages are necessary for clemastine’s 

effect, but clemastine treatment does not appear to have an effect on mouse 

macrophages infected with M. marinum in vitro (data not shown), indicating that 

macrophages may not be sufficient to eliminate bacteria upon clemastine treatment.  

In order to test this potential augmentation of signaling events we require a tool 

to ablate neutrophils prior to infection. The current neutrophil-specific tools limit 

neutrophil motility rather than activity (Deng et al., 2012; Walters et al., 2010) and cell-

specific ablation tools require antibiotic treatment, confounding infection outcomes 

(Curado et al., 2008). However, in Chapter 2 we describe a cell-specific tool for 

conditional control of calcium in neutrophils using mammalian TRPV1 

(Tg(LysC:rTRPV1:tdTomato)), which is responsive to capsaicin. We can use this tool to 

ablate neutrophils by soaking the animals with a high dose capsaicin for >4 hours and 

keeping them in a low dose of capsaicin during the infection, which will not affect 

bacterial growth (data not shown). If neutrophils are required to augment the signal for 
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enhanced microbicidal activity, we would expect that clemastine would lose efficacy in 

these neutrophil-ablated animals. It is important to note that this alternative hypothesis 

would not negate any previous findings in Chapter 3, but rather position neutrophils as 

a key immune cell during the onset of mycobacterial infection and a potential host target 

for adjunctive tuberculosis therapies.  

A.2 Other questions  

A.2.1 Is clemastine effective in vitro?  

Chapter 3 describes the effects of clemastine in a larval zebrafish model of 

mycobacterial infection, in which early stages of infection can be examined. Clemastine 

is also effective in established infections, within the granulomas that are the hallmark of 

the disease tuberculosis. We have attempted to test clemastine’s effects in cell culture 

models of infection, using both mouse primary (BMDM) and immortalized (J774, RAW 

264.7) macrophages and human-derived THP-1 cells. These studies all indicated that 

clemastine was not effective at reducing bacterial burden in vitro, but the culture 

conditions and assays may not be definitive. From these studies, we see that clemastine 

enhances cell death in nearly all cells tested. Clemastine’s mechanism may require more 

than a monolayer of macrophage-like cells to effectively control mycobacterial burden.   

A.2.2 Why is the P2X7 mutant not hypersusceptible?  

As described in Table 2, some P2X7 mutations enhance susceptibility to 

tuberculosis in humans, but in our zebrafish larval model p2rx7 mutant fish do not 
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exhibit increased burden (Figure 17). In zebrafish, P2x4 is similar to P2rx7 and could 

perform redundant functions during infection (Craigie et al., 2013)(Craigie et al., 

2013)(Craigie et al., 2013)(Craigie et al., 2013). However, in our adult infection model, 

there is slightly enhanced death in p2rx7 mutants compared to wildtype siblings (Figure 

29). I infected animals from a heterozygous incross of p2rx7xt28 2 month old siblings with 

a high dose of M. marinum (1500 c.f.u) intraperitoneally. While the mutant and 

heterozygous siblings die more quickly than wildtype siblings, we are not directly 

testing susceptibility to acquiring active disease. Using the adult infection model, it 

could be feasible to examine the propensity for p2rx7 mutant fish to acquire bacterial 

infections from infected contacts within the tank.  

 

Figure 29: p2rx7 mutant adult zebrafish are hypersusceptible to high-dose (1500 cfu) 
infection. 
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A.2.3 Can clemastine enhance the activity of frontline antibiotics?  

A host-directed therapy should work to improve patient outcomes during co-

treatment with the standard of care. While we have not tested whether clemastine 

shortens time to total clearance of bacteria, we show preliminarily that co-treatment with 

clemastine enhances the activities of sub-optimal doses of isoniazid and rifampin in 

larval zebrafish.  

 

Figure 30: Clemastine enhances the activity of two frontline antibiotics, 
Rifampin (A) and Isoniazid (B). 

A.4 Conclusions  

These assorted data have helped direct the findings in Chapter 3, while 

providing more insight into the other possible, overlapping mechanisms through which 

clemastine reduces bacterial burden in zebrafish infected with M. marinum. On the path 

to the mechanism described in Chapter 3, we have also uncovered a bit more about the 

host-pathogen interaction during mycobacterial infection. Using these tools and others 

discussed throughout Chapter 4, it would be feasible to study the other hits from the 
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chemical screen (Figure 11) to determine their immunological role early in infection and 

in established granulomas.  
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