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Abstract 

 Mycobacterial infection leads to the formation of characteristic immune cell 

aggregates called granulomas. In humans and animal models, tuberculous granuloma 

formation is accompanied by dramatic remodeling of host vasculature which ultimately 

benefits the infecting mycobacteria, suggesting the bacteria may actively drive this host 

process. First, we sought to identify bacterial factors that promote granuloma 

vascularization. Using Mycobacterium marinum transposon mutants in a zebrafish 

infection model, we revealed the enzyme Proximal Cyclopropane Synthase of alpha-

Mycolates (PcaA) as an important bacterial determinant of host angiogenesis. We found 

that PcaA-modified trehalose dimycolate, an abundant glycolipid in the mycobacterial 

cell wall, drives activation of host VEGF signaling and subsequent granuloma 

vascularization. To facilitate our continuing investigation of granuloma dynamics, we 

next sought to expand and improve upon the transgenic tools for studying macrophages 

in the zebrafish model. I describe two such tools: i) the macrophage-specific zebrafish 

mfap4 promoter, which allows long-term in vivo visualization and manipulation of 

macrophages during mycobacterial infection, and ii) the first zebrafish transgenic line 

with constitutive, ubiquitous Cas9 expression, as well as a transgene design capable of 

generating sgRNAs using macrophage-specific promoters. These tools allow 

CRISPR/Cas9 gene editing in vivo in the zebrafish in a macrophage-restricted manner. 
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1. Introduction  

Mycobacterium tuberculosis (M. tuberculosis), the causative agent of the disease 

tuberculosis (TB), has infected humans for millennia. M. tuberculosis infections have been 

identified in skeletal tissue of mummified human remains from ancient Egypt, and 

contemporary descriptions of the disease as well as recently discovered molecular 

evidence point to its persistence throughout recorded human history [1, 2]. TB remains 

an enormous global health burden today, with an estimated 1.7 billion people harboring 

infections of M. tuberculosis [3]. While the majority of those infected carry the disease in a 

latent, asymptomatic state, and 5-15% will go on to develop active disease at some point 

in their lifetime. Millions of new cases of active TB are reported every year, with over 10 

million new cases and 1.6 million deaths estimated for 2016 alone [3]. Effective 

treatments are available, but complete eradication of the infection requires that multiple 

antibiotics be taken consistently for several months to years, often with unpleasant and 

harmful side-effects [4]. The sheer volume of cases combined with non-standard or 

insufficient treatment regimens has exacerbated the emergence of multi-drug resistant 

and extremely drug resistant strains of M. tuberculosis (MDR and XDR, respectively) [5, 

3]. 

Because treatments directly targeting this pathogen have such high potential to 

lead to resistant strains, it has been proposed that modulation of the host immune 

response concurrent with antibiotic treatment could increase treatment efficacy and 
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reduce treatment time, while minimizing the potential for the development of resistance 

[6-9]. The study of the biological processes underlying the host/pathogen interactions 

unique to mycobacterial infection are therefore critical for identifying therapeutic targets 

for pharmacological intervention aimed at the host. 

1.1 Overview of the Disease Pathogenesis of TB 

M. tuberculosis is in many respects a unique human pathogen. There exists no 

consistent and transmissible non-human reservoir, indicating that this pathogen has 

extensively co-evolved with humans over a prolonged period of time [10]. Additionally, 

the vast majority of infections (85-95%) move directly into a subclinical stage which can 

persist asymptomatically for decades and may never become active during the lifetime 

of the infected individual [3]. M. tuberculosis is exquisitely adept at subverting the 

immune response of the host, countering the early sterilization efforts of leukocyte first-

responders and persisting despite subsequent recognition and attack by the adaptive 

immune response [11].  

1.1.1 Early Infection and Granuloma Formation 

Infection begins when an uninfected individual is exposed to M. tuberculosis 

through close contact with an individual with active disease. Transmission occurs most 

often through coughing or sneezing of the infected individual and subsequent inhalation 

by the new host, initiating infection [11]. Upon inhalation, the bacteria become lodged in 

the alveoli of the lung, where they are recognized and phagocytosed by professional 
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phagocytes including macrophages, neutrophils, and dendritic cells, with alveolar 

macrophages being the primary cell type initially mediating this response [11, 12]. 

Following entry into the host macrophage via phagocytosis, M. tuberculosis arrests 

phagosome maturation, preventing acidification and fusion with lysosomes [13-15]. 

Much attention has been given to the molecular mechanisms by which phagosome 

maturation and trafficking is perturbed, with mycobacteria-derived lipids, secreted 

proteins, and even inorganic small molecules like ammonia being identified as 

contributing to this phenomenon [16, 14]. 

Notable among the proteinaceous virulence factors employed by M. tuberculosis 

is the ESX-1 secretion apparatus. Secretory machinery and secreted effectors contained 

within the ESX-1 locus are crucial for pathogenicity in immunocompetent hosts, as 

evidenced by the attenuating effect of the RD1 genomic deletion first described in the 

Bacillus Calmette-Guerin (BCG) vaccine strain of M. bovis [17-19]. M. bovis is a 

pathogenic species of mycobacteria very closely related to M. tuberculosis and causes a 

TB-like disease in cattle; the loss of this genomic region through serial passage in vitro in 

the laboratory yielded a strain that was largely incapable of persisting in vivo in an 

immunocompetent host [20]. An analogous genomic deletion eliminating the ESX-1 

operon in M. tuberculosis recapitulates the attenuation observed for BCG, confirming this 

locus as critical for virulence [21]. These findings are bolstered by the revelation that an 

independent attenuated strain of M. tuberculosis, H37Ra, exhibits diminished expression 
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of genes within the ESX-1 locus including the highly immunogenic early secreted 

antigen target 6kD (ESAT-6) and culture filtrate protein 10kD (CFP-10) [22]. 

Effectors of the ESX-1 secretion apparatus are implicated in pathogenesis 

through their activity in arresting phagosome maturation and subsequent fusion with 

lysosomes. Active ESX-1 secretion confers pathogenic mycobacteria with the ability to 

disrupt the structural integrity of host membranes in a manner dependent on direct 

contact with the bacteria [23, 24]. This allows cytosolic access of pathogen-derived 

proteins, lipids, and nucleic acids [18, 25]. Translocation of mycobacteria into the cytosol 

late in infection has been shown to be ESAT-6 dependent, and is associated with 

mycobacterial virulence [26, 27]. Cytosolic sensing of these pathogen-associated 

molecular patterns (PAMPs) leads to pathogenic inflammation and can induce necrosis 

through inflammasome activation and a potent, prolonged Type-I interferon response as 

infection persists [28, 29]. 

After subverting or arresting intracellular sterilization pathways normally 

employed by macrophages, mycobacteria begin to proliferate within the phagosome. 

Infected macrophages then begin to undergo transcriptional reprogramming, initiating a 

process similar to the mesenchymal-to-epithelial transition seen during tumor formation 

in many cancers: infected macrophages aggregate and interdigitate, forming 

intercellular adhesions characteristic of epithelial cells (i.e., adherens junctions, tight 

junctions, and desmosomes) [30-32]. Recruitment of additional infected or uninfected 
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macrophages results in the formation of a nascent mycobacterial granuloma. This dense 

aggregate of cells becomes heavily vascularized, with subsequent stages characterized 

by lymphocyte recruitment and caseating necrosis at the center of the structure [11]. 

Rupture of the necrotic core of a granuloma releases infectious bacteria into the airway 

facilitating the infection of a new host. Despite the fact that the granuloma forms an 

effective barrier between live mycobacteria and surrounding host tissue, it is 

increasingly being recognized as a structure that benefits the pathogen. Evidence is 

accruing that pathogenic mycobacteria actively promote the formation of and influence 

this structure, utilizing the granuloma as a protected bacterial reservoir and central hub 

from which the pathogen may disseminate [33-36]. 

1.2 Granuloma Vascularization During Mycobacterial Infection 

1.2.1 Overview of Angiogenesis in Vertebrates 

The term angiogenesis refers to the development of a complex, branching 

network of blood vessels from existing vasculature. Angiogenesis is of fundamental 

importance to a wide range of biological processes in vertebrates such as proper 

embryonic development, wound healing after ischemic injury, and vascularization 

during tumor-associated vascularization [37]. Extensive vascularization is a 

characteristic feature of the mycobacterial granuloma formation as well, and while the 

molecular mediators of angiogenesis during granuloma vascularization have recently 
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begun to be elucidated, much remains unknown about the genesis of this process in 

mycobacterial disease [38-41]. 

The general regulatory pathways involved in angiogenesis are extremely well 

conserved among vertebrates, and the study of this process in animal models has 

yielded much insight into the molecular mechanisms regulating the development of new 

vascular networks from existing vessels [37]. The process of angiogenesis begins with 

vessel dilation, resulting in increased vascular permeability and leakage of plasma and 

proteins into the extracellular matrix surrounding the endothelial cells of the vessel wall. 

Blood vessel dilation occurs largely in response to nitric oxide (NO), a small molecule 

mediator produced by a family of enzymes called nitric oxide synthases (NOS) [42]. 

Resting endothelial cells are capable of generating NO through the action of 

constitutively produced endothelial NOS (eNOS), but NO may also be generated in 

response to inflammatory stimuli [37]. Cytokines (e.g., IFNg, TNFa) and PAMPs are 

capable of eliciting production of induced-nitric oxide synthase (iNOS) in a variety of 

cell types including cells of the immune system such as mast cells, monocytes, and 

macrophages [43, 37, 44, 45]. 

Increased concentration of NO stimulates transcriptional upregulation of 

Vascular Endothelial Growth Factor (VEGF), mediating increased vascular permeability 

[46]. In the case of stereotypical angiogenesis in the absence of underlying pathology, 

this vascular permeability is tightly regulated. Angiopoietin-1 (Ang1) and its endothelial 



 

7 

cell receptor Tie2 antagonize the vessel dilation process, helping to prevent total loss of 

structural integrity during angiogenesis [47, 48]. Another member of the angiopoietin 

family, Ang2, aggregates at sites of new vessel formation, facilitating growth by 

antagonizing Tie2 signaling [49]. The secretion of a family of enzymes known as matrix 

metalloproteinases (MMPs) leads to the degradation of extracellular matrix and 

endothelial cell-cell contacts, preparing the vessels and immediately surrounding tissue 

for vessel sprouting and growth [50]. 

 A complex array of signals appears to be involved in subsequent 

endothelial cell proliferation and migration characteristic of new blood vessel formation 

during angiogenesis. VEGF, in concert with members of the angiopoietin and fibroblast 

growth factor (FGF) protein families, signal through their respective receptors to drive 

blood vessel growth [51]. Many of the signals present at each step of the process are 

either derived from or interact with cells of the immune system, providing links 

throughout the process of angiogenesis to local inflammatory states [37].  

Among the host factors involved in angiogenesis, VEGF is of note with respect to 

mycobacterial disease as a correlation between elevated serum levels of VEGF and active 

pulmonary TB has been reported [52-54]. Also of particular interest to mycobacteria-

related angiogenesis is the relationship between these host factors and macrophages. For 

instance, iNOS is produced in macrophages upon stimulation with mycobacteria or 

purified mycobacterial PAMPs [44, 55]. Macrophages are also known to produce VEGF 
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when stimulated with PAMPs or when conditioned by hypoxia, and are even capable of 

transdifferentiating into endothelial-like cells and incorporating into vasculature if 

induced to overexpress VEGF [56-58]. VEGF expression has also been identified in intact 

macrophages surrounding the inner core of human and rabbit M. tuberculosis 

granulomas, and larval zebrafish exhibit robust angiogenesis during infection with M. 

marinum only when macrophages are present [59, 39].   

1.2.2 Mycobacterial Granulomas Become Hypoxic 

As granuloma formation progresses, the interior becomes increasingly hypoxic 

[60, 61, 39, 40, 62]. Attention regarding this hypoxia has largely focused on its effect on 

bacterial cell wall structure and metabolism due to the tight association between these 

two characteristics and susceptibility or resistance to antibiotics [63-66]. Hypoxia 

appears to be a primary trigger of dormancy for M. tuberculosis, and it has been shown 

through predictive modeling and high-resolution microscopy that a major consequence 

of hypoxia in vitro is an increase in mycolic acid production and a thickening of the cell 

wall [63, 67]. This structural change appears to directly affect cell wall permeability, as 

quiescent M. tuberculosis exhibit a sharp decrease in uptake of antibiotics [65]. Standard 

murine models of infection are limited in the ability to study granuloma hypoxia, as M. 

tuberculosis infections in standard mouse models in the vast majority of cases do not 

form granulomas with the density, organization, or necrosis characteristic of human 

infections [61]. Other mammalian models such as rabbits, guinea pigs, and macaques, 
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however, do form well-organized, hypoxic granulomas structurally similar to those seen 

in humans [62]. Zebrafish too form hypoxic granulomas when infected with M. marinum, 

and this hypoxia is detectable as early as a few days after the formation of the initial 

infected macrophage aggregate representing the nascent granuloma [39].  

1.2.3 Host Processes Associated with Granuloma Vascularization 

The direct effects of hypoxia on the host as well as the host response to hypoxia-

induced changes in the bacteria, however, have received significantly less attention. 

Hypoxia in dense aggregates of tissue like those that occur during tumor growth is 

directly linked with angiogenesis around and within that tissue [68]. Mycobacterial 

granulomas are superficially similar in that they comprise a dense aggregate of hypoxic 

tissue, and the onset of hypoxia is associated with robust vascularization of these 

structures as well. It has recently been shown in the zebrafish that vascularization of the 

mycobacterial granuloma is macrophage-dependent, and that the VEGF pathway is 

engaged. This is evidenced by the use of pharmacological agents to antagonize VEGF 

receptors (VEGFRs) during M. marinum infections of zebrafish larvae and adults. When 

infected zebrafish were treated with the VEGFR antagonist pazopanib, the host 

angiogenic response was inhibited. Vessels proximal to the site of infection appear most 

critical for driving granuloma vascularization, as the new vasculature that ultimately 

surrounds and infiltrates the granuloma is derived from dividing endothelial cells that 

form the adjacent vasculature [39]. 
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1.2.4 Early Vascularization Facilitates Mycobacterial Growth and 
Infection Dissemination 

The new vasculature within the granuloma exhibits abnormal properties that are 

beneficial to bacterial growth and spread. Most notably, these vessels have low 

structural integrity compared to typical vasculature, and are capable of leaking nutrients 

and oxygen present in the blood into the surrounding tissue. It has been proposed that 

this increases bacterial access to oxygen and nutrients, promoting an increased rate of 

growth for the pathogen. Indeed, reducing host angiogenesis during infection by VEGF 

pathway blockade correlates with decreased bacterial burden. It has also been shown 

that these vessels facilitate the spread of the infection to distal sites, as infected 

macrophages have been observed egressing from an established granuloma and 

entering the bloodstream via the nascent vasculature [69, 39].  

Because granuloma vascularization is beneficial to in vivo mycobacterial growth, 

we hypothesized that the pathogen itself may be actively promoting this process by 

activating host angiogenesis pathways. In this work, we identify a mycobacterial cell 

wall lipid, trehalose-6,6-dimycolate (TDM) as a potent inducer of angiogenesis both 

during infection and when introduced in vivo in a purified form. Moreover, we use 

genetic approaches in M. marinum to identify a particular chemical modification to the 

mycolate tails of TDM as critical for its ability to induce angiogenesis, with 

complementary genetic approaches in the zebrafish host to elucidate the host factors 

engaged. Important characteristics of the mycobacterial cell wall, as well as the 
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aforementioned mycolate modifications and their association with mycobacterial 

virulence, are described in detail in the following section. 

1.3 The Mycobacterial Cell Wall 

1.3.1 General Structure 

In addition to the cytoplasmic membrane and peptidoglycan layer characteristic 

of the exterior of nearly all bacteria, mycobacteria possess a secondary barrier commonly 

referred to as the mycobacterial cell wall (Figure 1). This outer membrane comprises 

several unique components that render this and closely related genera especially 

resilient in the face of extreme environmental conditions [70]. Exterior to the 

peptidoglycan is a polysaccharide layer composed of arabinogalactan (AG) which is 

covalently linked to long chain fatty acids known as mycolic acids [71]. This 

arabinogalactan-linked lipid layer also contains a substantial amount of solvent-

extractable free lipids. Multiple lipid classes within this extractable layer have been 

linked to virulence in pathogenic mycobacteria, including lipoarabinomannan (LAM), 

dimycocerosate esters (DIMs) and their phenolpthiocerol-based derivatives (PGLs), and 

mycolic acid-containing glycolipids trehalose mono- and dimycolate (TMM and TDM, 

respectively) [72-75]. Capsule consisting primarily of proteins and polysaccharides 

forms the outermost layer of the mycobacterial cell wall and can be visualized by 

electron microscopy for mycobacteria residing in vivo or when cultured in vitro under 

static, detergent-free conditions [76]. 



 

 

 

 

Figure 1: Schematic representation of the mycobacterial cell wall.
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The outer membrane has extremely low permeability to hydrophilic molecules, 

and represents the first obstacle that must be overcome by any sterilizing agent, 

including reactive oxygen species (ROS) and antimicrobial peptides produced by the 

host immune system. Because of this, destabilization of the cell wall has long been a goal 

for antimycobacterial drug development. Focus on the cell wall has yielded several 

successful antibiotics that are among the current frontline treatments for TB, including 

ethambutol and isoniazid which inhibit arabinogalactan and mycolic acid synthesis, 

respectively [71]. 

1.3.2 Mycolic Acids 

One of the defining features of the mycobacterial cell wall is the high prevalence 

of mycolic acids, which are chemically defined as a-alkyl-b-hydroxy long chain fatty 

acids. They are most commonly anchored to the arabinogalactan layer or other free 

polysaccharides residing in a solvent extractable component of this layer  [77].  

The pool of mycolic acids employed by mycobacteria is structurally complex. 

The basic architecture consists of two aligned fatty acid chains. The shorter a-chain, 

branching from the 2 position with respect to the carboxyl group, is composed of 24-26 

carbons and does not contain any sites for double bonds or other functional groups. The 

longer adjacent chain, known as the meromycolate chain, averages between 40-60 

carbons long. Mycolic acids can be further grouped into a-, keto-, and methoxy- 

subclasses based on the chemical structure of the meromycolate chain. Mycolic acids 
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within the a-mycolate class contain two sites where the meromycolate chain may 

possess a double bond or cyclopropyl group: one proximal site (~20 carbons from the 

carboxyl terminus) and one distal site (~35 carbons from the carboxyl terminus). The 

double bonds and cyclopropyl groups may exist in either a cis or trans configuration. 

The keto- and methoxy-meromycolates contain keto- or methoxy- modifications to the 

distal site of the meromycolate chain, respectively. Variation in the structure and relative 

abundance of the various mycolate species confer different physical properties upon the 

cell wall, including fluidity and permeability [78-81, 77]. 

1.3.3 Trehalose-6,6-dimycolate 

The mycolate-containing glycolipid trehalose-6,6-dimycolate (TDM) is one of the 

most abundant solvent-extractable fractions of the mycobacterial cell wall (Figure 2) [82]. 

TDM has only been identified in the cell walls of Mycobacterium and Corynebacterium 

spp., making it exceedingly rare among bacteria and notably restricted to genera 

represented by species that are pathogenic to humans and animals [83]. Interestingly, 

both pathogenic and nonpathogenic mycobacteria possess TDM within their cell wall, 

which seems contradictory in light of the fact that it is such an important virulence factor 

for virulent species like M. tuberculosis [81]. Investigations into detail beyond simple 

presence/absence of TDM within the cell wall, however, have revealed associations with 

virulent strains. For instance, virulent mycobacteria have large quantities of TDM 

exposed on or near the surface of the outer membrane whereas avirulent strains present 
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Figure 2: Chemical structures of the different TDM isoforms 

From top to bottom: TDM possessing mycolic acids of the alpha-, keto, and methoxy-

mycolate classes. The blue arrow denotes the proximal position functionalized in this 

case with a cis-cyclopropyl group. The green arrows denote the distal position that may 

be functionalized. Depicted are another cis-cyclopropyl group, keto group and methoxy 

group for the alpha-, keto, and methoxy mycolates, respectively. 

 

very little TDM on their exterior [84]. High-resolution chemical studies have also 

revealed variability of mycolic acid structure between species of mycobacteria, and 

differences began to emerge between mycolic acids employed by pathogenic or 
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nonpathogenic mycobacteria including chain length and functionalization of the mycolic 

acid tails [80, 81]. 

Being among the most abundant and mobile mycolic acid-containing cell wall 

components, TDM has received much attention as a virulence factor of M. tuberculosis. 

Indeed, it has been shown that addition of purified TDM in trans can restore the ability 

of delipidated M. tuberculosis to inhibit fusion of the phagosome to the lysosome [74, 85]. 

The specificity of TDM to perform this function has been investigated as well, by 

comparison to the TDM precursor trehalose monomycloate (TMM). Beads coated with 

TDM retained characteristics of early endosomes after phagocytosis for a longer period 

of time that beads coated with TMM [86]. In vitro biochemical studies implicate the 

formation and presence of TDM micelles in the ability to inhibit membrane fusion. TDM 

self-assembles into micelles when in aqueous suspension, and has been hypothesized to 

exist in this form on or near the surface of mycobacteria in vivo [87, 88]. A direct cytoxic 

effect is observed when TDM is structured as a monolayer at the interface of a 

hydrophobic and hydrophilic solvents, demonstrating the ability to denature proteins 

and damage cell membranes on contact [89-92]. The activity of the monolayer has been 

hypothesized to be biologically relevant at the stage of caseating necrosis in the 

granuloma, where high concentrations of TDM exist within an increasingly lipid-rich 

environment [93]. 
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1.3.4 Cellular Detection of TDM 

Renewed interest in the study of TDM has revealed several mechanisms by 

which this glycolipid may be detected by the host, and as a result multiple host 

pathways through which TDM may exert biological activity during infection. The 

myeloid cell-specific c-type lectins MCL and Mincle have been identified as sensors of 

TDM [94, 95]. MCL is constitutively expressed on the cytoplasmic membrane and is 

present on the membranes of phagosomes, whereas Mincle is induced following 

exposure to inflammatory stimuli, including PAMPs such as LPS and cytokines such as 

IFN-g, IL6, and TNF-a [94]. These receptors signal by recruitment of FcRg, which 

contains an immunoreceptor tyrosine-based activation motif (ITAM). Phosphorylation 

of the ITAM recruits spleen tyrosine kinase (Syk), which activates the Card9/Blc10/Malt1 

complex, leading to NFkB activation and production of a complex cytokine profile 

including both pro- and anti-inflammatory mediators [96-98]. The ability of TDM to act 

as an adjuvant in vivo appears dependent on these receptors, as MCL knockout mice 

exhibit reduced Mincle expression and a diminished response from both the innate and 

adaptive arms of the immune system upon exposure to TDM [98]. 

TDM has also been shown in cell culture to activate Toll-like receptor 2 (TLR2) in 

concert with a class A scavenger receptor known as macrophage receptor with 

collagenous structure (MARCO). MARCO mediates close association of TDM to TLR2 

on macrophages, eliciting activation and subsequent NFkB activation. TLR4 has also 
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been shown to mediate a transcriptional response to TDM-coated beads, but to a lesser 

extent. Interactions between TDM and MARCO/TLRs produce a primarily pro-

inflammatory cytokine response [99]. Of note is the convergence of all of these pathways 

on activity of the adapter protein Myd88. Both TLR2 and TLR4 signal through Myd88, 

while MCL and Mincle expression on the surface of the cell have also been shown to be 

Myd88-dependent [99, 100]. The promiscuity of TDM for various host receptors coupled 

with variation in the timing of expression and transcriptional response elicited by each 

receptor suggests the possibility of a highly complex biological activity that varies in 

space and time. Especially in the dynamic context of mycobacterial infection in vivo, 

interactions between host cells and TDM and the biological phenomena that result from 

these interactions remain ill-defined.  

1.3.5 Cyclopropanation of TDM Mycolic Acids as a Virulence Factor 

Aspects of TDM structure that are largely restricted to pathogenic mycobacteria 

have been identified as well. It has been shown that mycolates from H37Rv and M. 

avium contain cylcopropyl groups at the proximal position of the meromycolate chains, 

whereas that position in nonpathogenic species such as M. smegmatis and M. chelonae 

contains a double bond [81]. An enzyme responsible for catalyzing the addition of the 

cyclopropyl group to that position, PcaA, was knocked out in the M. bovis bacillus 

Calmette-Guérin (BCG) vaccine strain as well as H37Rv M. tuberculosis. Loss of this 

enzyme prevented cis-cylcopropyl addition at this position, with a concomitant 
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reduction in the relative abundance of TDM containing mycolic acids of the a-mycolate 

class. In both cases, mycobacteria lacking these cell wall modifications exhibited an early 

growth defect and a reduction in the pro-inflammatory cytokine response from the host 

[101-103].  

The two possible stereoisomers of cyclopropanation at this position (cis or trans) 

elicit different immunological responses from the host. While loss of cis-

cyclopropanation yields a hypoinflammatory response, loss of the trans configuration 

through knock-out of the cmaA2 gene resulted in a hyperinflammatory response, 

characterized by increased macrophage infiltration into the infected area and an increase 

in pro-inflammatory cytokines and cell death [104, 105]. Taken together, these data 

indicate that functionalizing this position through the addition of a cis-cyclopropyl 

group confers novel biological activity for pathogenic mycobacteria compared to non-

pathogenic species. Thus, not only the presence of TDM but also the balance of various 

TDM species appear critical for full virulence of pathogenic mycobacteria. 

Cyclopropanation of TDM and its effect on the anigogenic activity either as a 

purified substance or as in association with mycobacteria in vivo during infection is the 

primary focus of this work. I utilize the  marinum/zebrafish model of mycobacterial 

disease, described in detail in the next section, to show that loss of PcaA in M. marinum 

abrogates the ability of the pathogen to induce robust host angiogenesis around 

infection foci. Using purified TDM from M. bovis and mycolic acid-containing 
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glycolipids (MAGs) from wildtype and pcaA mutant M. marinum, I demonstrate that 

TDM alone is a potent inducer of angiogenesis in vivo, and that the proximal cis-

cyclopropyl modification to mycolic acids is required for this activity.  

1.4 The Mycobacterium Marinum/Zebrafish Model of TB 

1.4.1 M. marinum Disease Pathogenesis in Zebrafish Recapitulates 
Human TB Pathology 

Mycobacterium marinum (M. marinum) is one of the most closely related 

mycobacterial species to the M. tuberculosis complex. As a natural pathogen of 

ectotherms, it is capable of causing disease in amphibians and fish, persisting in 

freshwater and marine environments through infection of these animals as well as 

single-cell protists [106]. M. marinum is also known to cause opportunistic infections of 

humans. These infections are usually confined to exposed extremities, as growth of M. 

marinum is suboptimal at temperature above 33°C. Despite this restriction, M. marinum 

infections in humans result in granulomas and histologically very similar to M. 

tuberculosis granulomas [107, 108].  

Multiple susceptible ectotherm hosts have been used to study mycobacterial 

infection using M. marinum, including Drosophila; fish such as zebrafish, medaka, and 

goldfish; leopard frogs; and the amoeba Dictyostelium [109-113]. Of these, the zebrafish 

has emerged as the most advantageous host in which to perform in vivo studies with M. 

marinum in a vertebrate. Most importantly, gross disease pathogenesis very closely 

mimics that of human M. tuberculosis infections [114]. Larval zebrafish are especially 
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useful for dissecting the initial innate immune response to pathogenic mycobacteria, 

with active macrophage populations observable as early as 24 hours post fertilization 

(hpf) and a neutrophil population arising by 48 hpf [115]. The optical transparency of the 

larva at this stage offers a unique opportunity to study host/pathogen interactions at the 

cellular and subcellular level in vivo and in real time. Upon injection into the larval 

zebrafish, M. marinum bacilli are phagocytosed by host macrophages. In a manner 

similar to M. tuberculosis infections in mammalian systems, M. marinum is capable of 

delaying phagosome maturation as well as tolerating the subset of phagosomes that do 

become acidified [116]. The bacteria begin to replicate, as infected and uninfected 

macrophages begin to aggregate, interdigitate, and epithelialize [31, 117]. As the nascent 

granuloma begins to form, host angiogenesis begins to occur resulting in vascularization 

through and around infected tissue [39]. Granulomas in adults also present 

characteristics typical of human M. tuberculosis granulomas. Inner necrotic cores full of 

extracellular bacteria are surrounded by layers of epithelial-like macrophages [31, 114]. 

Although more sparsely distributed around the granuloma than in mammalian/M. 

tuberculosis granulomas, lymphocytes have been shown to be critical for granuloma 

stability in zebrafish M. marinum infections, with rag1-/- SCID-like zebrafish exhibiting 

severe disease susceptibility [118, 114].  

Genetic loci implicated in susceptibility to mycobacterial disease have been 

modeled in the zebrafish as well, with findings that have translated directly to human 
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M. tuberculosis infections. A forward genetic screen in the zebrafish identified a mutation 

within the promoter region of the Leukotriene A4 Hydrolase (lta4h) locus that resulted 

in susceptibility to severe disease. Analysis of this locus in human cohorts confirmed the 

importance of this gene in susceptibility to mycobacterial disease, with heterozygosity at 

this locus in humans being associated with protection from severe forms of disease 

caused by M. tuberculosis and M. leprae [119]. Together, these data demonstrate a 

remarkable conservation for host/microbe interactions between zebrafish/M. marinum 

and humans/M. tuberculosis. 

1.4.2 Modeling Angiogenesis in the Zebrafish During Infection 

Zebrafish larvae are commonly infected with M. marinum intravenously into the 

posterior cardinal vein, initiating a systemic infection distributed across tissue along and 

immediately adjacent to the vein itself, heart, and dorsal aorta. These sites within the 

larva have a high density of vasculature during normal anatomical development, 

obscuring any vasculature that might be induced by infection [120]. The trunk of the 

larva, however, is much better suited to the study of angiogenesis during infection. The 

trunk is vascularized by a series of largely parallel intersegmental vessels in the 

ventral/dorsal orientation, connected perpendicularly by the dorsal aorta and dorsal 

longitudinal anastomatic vessels [39]. This configuration results in a stereotypical 

crisscross pattern of vasculature along the entire trunk of the larva, with relatively large 

avascular spaces in between. Introducing mycobacteria into this region still results in 
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macrophage recruitment, phagocytosis of the bacteria, and granuloma formation. 

Angiogenesis can then be easily observed as new vessels sprout from existing, proximal 

vasculature into the avascular space occupied by the nascent granuloma. These vessels 

form a three-dimensional network throughout and surrounding the infection focus, and 

are visualized via EGFP fluorescence using a transgenic zebrafish line that expresses 

EGFP using the promoter for the zebrafish vegfr2 locus (flk1) [120]. All larval zebrafish 

infections characterized in this work utilize the trunk infections described above. 

In a similar manner to mycobacterial infection, small molecules may be assessed 

for angiogenic potential. In this work, mycobacterial lipids including trehalose-6,6-

dimycolate (TDM) purified from M. bovis as well as mycolic acid-containing glyocolipid 

cell wall fractions from M. marinum (MAGs) are introduced into the zebrafish larva via 

dissolution in Incomplete Freund’s Adjuvant (IFA) and microinjection into the trunk of 

larval zebrafish. Immediately after injection, the hydrophobic solution spreads out along 

the trunk in a single, continuous line perpendicular to the intersegmental vessels. The 

line then breaks up spontaneously and coalesces into individual spherical droplets ~25-

100µm in diameter. Angiogenesis in response to these compounds can be observed as 

nascent vessels sprouting from existing vasculature, tracking toward and growing 

around the droplets. 
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1.5 Genetic Tools for Studying the Zebrafish Immune System 

The utility of the zebrafish as a model organism for studying mycobacterial 

infection is readily apparent from the aforementioned studies involving comparative 

disease pathogenesis and functional consequences of granuloma vascularization. The 

zebrafish continues to provide insight into mycobacterial disease, including the 

identification of susceptibility determinants that readily translate to and inform 

treatment of human cases of TB. Additionally, the zebrafish makes accessible hitherto 

intractable biological questions regarding granuloma-related mycobacterial disease 

pathogenesis, most recently with the revelation of a mesenchymal to epithelial-like 

(MET) transcriptional reprogramming in infected macrophages underlying granuloma 

epithelialization [31]. These studies are made possible through the use of an ever-

expanding repertoire of genetic tools that enable the visualization and manipulation of 

discrete cell populations throughout the entire body of the fish in vivo and in real-time. 

1.5.1 Tol2 Transgenesis 

One of the major advantages of the zebrafish as a model system is its genetic 

tractability. Shortly after the inception of zebrafish as a model organism, an active 

transposon known as Tol2 was discovered in the genome of medaka, a related fish of the 

teleost lineage [121]. Use of mRNA coding for the transposase enzyme derived from this 

transposon concurrent with transgenes flanked by minimal Tol2 recognition sites 

allowed for extremely efficient integration of exogenous DNA into the zebrafish genome 
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[122]. Transgenes may be derived from both bacterial artificial chromosome (BAC) or 

plasmid architecture, allowing for facile transgene construction and maintenance using 

traditional cloning and bacterial culture methods. To initiate transgenesis, zebrafish 

embryos at the single cell stage are co-injected with DNA containing the transgene of 

choice and Tol2 transposase mRNA. Injected larvae can then be studied immediately 

thereafter, as many will express the transgene in a mosaic fashion due to integration in 

some cells but not others after the embryo begins to divide. Injected larvae may also be 

raised to adulthood and then cross with wildtype fish, resulting in a subset of the 

progeny that will possess the integrated transgene within the genome of every cell. 

1.5.2 Tissue-specific Transgenes 

Zebrafish transgenesis has been used primarily to visualize discrete tissue types 

or cell populations by driving fluorescent protein expression using tissue-specific 

promoters. The collection of transgenic tools of this type is vast. For this work, the most 

relevant transgenes include those that allow for visualization or manipulation of 

macrophages, endothelial cells, and the VEGF pathway. Leukocyte promoters in the 

zebrafish were identified from genes that became transcriptionally silent upon knock-

down of pu.1, a transcription factor required for the development hematopoietic 

development of myeloid cells [123]. Candidate genes were confirmed by assessing the 

tissue specificity of mRNA expression of these genes. The first macrophage-specific 

promoter was derived from the mpeg1 locus [124]. The promoter from the mfap4 locus 
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also drives macrophage-specific expression and exhibits increased expression stability 

during mycobacterial infection compared to the mpeg1 promoter [125]. The mfap4 

promoter is described in detail in this work. One additional macrophage-specific 

promoter exists, derived from the irg1 locus, and is largely silent until induction by 

inflammatory stimuli such as LPS or M. marinum [126]. 

Vasculature within the zebrafish is easily visualized using a transgene in which 

EGFP expression is driven by the kdrl (referred to hereafter as flk1) promoter. The flk1 

locus in the zebrafish encodes a zebrafish receptor for VEGF (VEGFR2), and robustly 

labels blood vessels in the fish [120]. Transgenes are not limited to expressing only 

fluorescent proteins. One such transgene, utilizing the zebrafish heat shock-inducible 

promoter hsp70l, drives a dominant-negative form of the VEGF receptor ligand and 

pathway activator Vegfaa. Upon incubation at elevated temperatures, this gene is 

induced globally throughout the fish and results in antagonism of the VEGF pathway 

[127]. Transgenesis is therefore an invaluable tool for the study of the zebrafish, allowing 

unprecedented spatiotemporal assessment and manipulation of biological processes 

within a vertebrate host.  

1.5.3 CRISPR/Cas9 in the Zebrafish 

In-depth analysis of the genetic basis for any biological phenomenon requires the 

ability to manipulate the expression of the gene or genes in question. To study the 

importance of candidate pathways or genes in contributing to a given phenotype, it is 



 

27 

often ideal to evaluate the system in the context of a deficiency of that pathway or gene. 

The CRISPR/Cas9 gene editing system has greatly improved the ease and precision with 

which this principle can be applied. The components of the system were originally 

discovered as a variant of a bacterial adaptive immune response to foreign DNA. DNA 

sequences from invading double-stranded DNA (i.e., plasmids or phages) are 

incorporated into the bacterial chromosome [128]. Transcription of this array results in 

short RNAs (crRNAs) that bind to another, invariant RNA (tracrRNA) and complex 

with the Cas9 protein, resulting in an RNA-guided nuclease. The RNA possessing the 

target sequence directs the complex to the correct site on the target genome through the 

formation of a RNA/DNA duplex. If the target site possesses the correct protospacer-

associated motif (PAM), both strands of the target DNA are cleaved. For Streptococcus 

pyogenes Cas9, the PAM is “NGG”, where N is any base and G is guanine [129, 130].  

For use in gene editing of model organisms, this system has been simplified by 

fusing the crRNA and tracrRNA into a single short guide RNA (sgRNA) [128]. These 

sgRNAs can be generated via in vitro transcription, and co-injected with purified Cas9 

or Cas9-encoding mRNA into single-cell zebrafish embryos [131-135]. Double-stranded 

breaks in the zebrafish genome at this stage are usually repaired by the error-prone 

process of non-homologous end joining (NHEJ), which often results in small insertions 

or deletions and concomitant frameshift mutations [136]. Therefore, genes can be 

inactivated by targeting zebrafish sequences within these genes possessing a PAM. 
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Assuming a neutral or only mildly deleterious effect on reproductive fitness, edited 

alleles will be inherited in a Mendelian fashion and large populations of putative knock-

out lines can be rapidly generated. Targeting of loci involved in pigmentation have been 

used to demonstrate the efficacy of this system in zebrafish, with edited larvae partially 

or completely lacking melanin deposition [137]. 

Tissue-specific use of the CRISPR/Cas9 system has been described for many 

model organisms, including mice, zebrafish, Xenopus laevis, and C. elegans [138-141]. 

The most common approach utilizes U6 snRNA promoters to ubiquitously drive sgRNA 

expression, while at the same time a separate tissue-specific promoter drives Cas9 

expression resulting in convergence of both components only in the tissue of choice 

[138]. This work outlines the first approach for achieving tissue-specific CRISPR/Cas9 

activity in macrophages, which have thus far been intractable with respect to this 

expression system. The mfap4 and irg1 promoters demonstrate the ability to express 

tissue-specific sgRNAs using a cis-acting ribozyme approach, and concurrent expression 

of a globally-expressed Cas9 achieves macrophage-restricted gene editing activity [142].  

To facilitate the use of this system, I have developed a highly-efficient, single-day 

cloning protocol to load multiple sgRNAs into a standardized, macrophage-specific 

transgene cassette. Assembly requires only two primer pairs used in two short, 

sequential PCRs, and linearization of the vector backbone by digest with a single 

restriction enzyme. I have also generated an independent transgenic zebrafish line in 
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which expression of a zebrafish codon-optimized Cas9 is driven by the zebrafish 

Ubiquitin B promoter, providing robust expression independent of tissue type. This 

transgenic line has proved stable over several generations, and when combined with the 

macrophage-specific sgRNA expression mediates efficient cleavage of target sites within 

the genomes of macrophages. 

1.6 Summary of Work Presented 

The dissertation comprises the elucidation of a novel virulence function for the 

mycobacterial cell wall lipid trehalose-6,6-dimycolate, as well as a series of transgenic 

tools that I have developed for the zebrafish to facilitate temporally controlled, tissue-

specific reverse genetics for the study of mycobacterial infection. First, I utilize an M. 

marinum mutant lacking the enzyme PcaA to demonstrate that TDM possessing alpha 

mycolates with proximal cis-cyclopropyl modifications is required for robust 

vascularization of the mycobacterial granuloma. Using both the mutant M. marinum 

strain as well as purified TDM, I show that TDM-induced vascularization is dependent 

on activation of the VEGF pathway. I show that the ability of TDM to engage the VEGF 

pathway is relevant to infection outcome, as the expression of an inducible, genetically-

encoded VEGF antagonist abrogates the ability of TDM to induce angiogenesis, leading 

to less bacterial growth during infection. 

Second, I describe a transgenic tool based on the promoter region of the mfap4 

locus that allows in vivo visualization and manipulation of zebrafish macrophages. 
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Importantly, I demonstrate that this promoter allows for robust, stable transgene 

expression during larval infections with M. marinum. 

Last, I describe the first instance of a macrophage-specific CRISPR/Cas9 

transgenic system for use in vivo in the zebrafish. This includes the development of a 

functional Cas9 transgenic zebrafish line with stable, ubiquitous expression across 

multiple generations, as well as a ribozyme-based approach to expressing sgRNAs from 

a macrophage promoter-derived transcript. For the latter tool, I have designed a 

standardized, one-day cloning strategy capable of loading a complete, Tol2-accessible 

transgene with two independent sgRNAs. 

2. Cyclopropane Modification of Trehalose Dimycolate 
Drives Granuloma Angiogenesis and Mycobacterial 
Growth During Infection Through VEGF Signaling 

2.1 Introduction 

Upon entry into the lung, Mycobacterium tuberculosis (M. tuberculosis) is initially 

phagocytosed by host macrophages. Pathogenic mycobacteria evade the initial 

antimicrobial response through a variety of mechanisms, and infected and uninfected 

macrophages form characteristic aggregates that mature into tightly organized 

structures called granulomas [11, 143]. As these hallmark structures of tuberculosis (TB) 

progress, macrophages undergo a striking process of epithelialization, in which 

interdigitated macrophages begin to express epithelial modules [31]. The resulting 

environment on one hand provides a spatially restricted focus of infection and on the 
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other becomes a niche that infecting mycobacteria have adapted to and can exploit [31, 

143, 64]. 

In addition to the immune cell reprogramming observed in mycobacterial 

infections, stromal cells proximal to the forming granuloma also undergo characteristic 

alterations. Notably, analysis of human clinical specimens and a number of animal 

models reveal induction of VEGF family members by granuloma macrophages and 

extensive granuloma vascularization [144-146, 39, 147]. Consistent with the interplay 

between angiogenesis and hypoxia that has been extensively studied in tumor biology, 

mycobacterial granulomas in both animal models and humans can develop hypoxic 

regions  [38, 148, 39-41]. Notably, mycobacterially-induced angiogenesis at the 

granuloma has been shown to promote bacterial growth in vivo; nascent blood vessels 

associated with the granuloma may provide oxygen and nutrients, and can create a 

permissive replication niche for the bacteria within [144, 69, 39]. Pharmacological 

modulation of host processes induced during granuloma formation, including 

granuloma-associated angiogenesis and vascular permeability results in improved host 

outcomes in animal models of infections [69, 39, 147]. Given the advantage provided to 

the pathogen by vascularization, this host response may be actively promoted, 

enhanced, or accelerated by bacterial determinants during infection. 

Mycolic acids are present in the cell walls of certain Actinomycetes and have been 

associated with virulence for human and animal pathogens from genera such as 
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Mycobacterium and Rhodococcus [78, 149]. Of the mycolic acid-containing lipids, 

trehalose-6,6-dimycolate (TDM) is particularly abundant within the outer cell wall of M. 

tuberculosis [150]. TDM has been described as a potent adjuvant, and implicated in a 

number of aspects of mycobacterial disease pathogenesis, including limitation of 

phagosome/lysosome fusion among others [86, 93, 74, 151, 152]. Studies of host 

recognition of TDM have implicated diverse cell surface proteins, including Toll-like 

receptors, lectins, and scavenger receptors [99, 153, 97, 94]. Thus, TDM may act through 

multiple signaling pathways as a major modulator of the host immune response to 

mycobacteria. To date, however, relatively little attention has been paid to the 

angiogenic potential of TDM, although TDM is sufficient to induce angiogenesis in a rat 

corneal model [154]. 

TDM is essential for bacterial viability, but genetic interrogation of these lipids is 

still possible. A variety of non-essential chemical modifications to the mycolic acid tails 

of TDM offer the possibility of studying in vivo infection phenotypes [104, 102]. Free 

TDM within the cell wall of Mycobacteria comprises a heterogeneous pool characterized 

by mycolic acids with variably functionalized meromycolate chains. The three major 

classes of mycolic acids (a, keto, and methoxy) incorporate double bonds or cyclopropyl 

groups into the proximal position of the meromycolate chain and either double bonds, 

cyclopropyl groups, ketones, or methoxy groups into the distal position [79]. 
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Notably, functionalization at the proximal position with a cyclopropyl group is 

associated with pathogenic species of mycobacteria; the mycolates from M. tuberculosis, 

M. avium, M. ulcerans, and M. marinum contain cylcopropyl groups at this position, 

whereas those of nonpathogenic species such as M. smegmatis and M. chelonae possess a 

double bond [80, 81]. Additionally, an enzyme that catalyzes the addition of cis-

cyclopropyl groups to the proximal end of mycolic acids of the a-mycolate class, PcaA, 

has been implicated in virulence [102]. In murine models, pcaA mutants display an in 

vivo growth defect as early as one week post-infection, concomitant with a reduced pro-

inflammatory cytokine response from macrophages [102, 103]. However, the influence of 

these mycolic acid modifications on granuloma-associated angiogenesis has not been 

examined. 

We have previously utilized the zebrafish/Mycobacterium marinum (M. marinum) 

model of infection to study angiogenesis during mycobacterial infection and granuloma 

formation [39]. The zebrafish is a natural host to M. marinum, a close relative of the M. 

tuberculosis complex [106]. Disease pathogenesis of M. marinum infections in zebrafish 

closely resembles that of human TB, from macrophage aggregation and epithelialization 

to the formation of necrotic and hypoxic granulomas [31, 117, 39, 106, 119]. Using M. 

marinum mutant strains, we demonstrate that PcaA-mediated modifications to TDM are 

required to elicit a robust angiogenic response during mycobacterial infection. We 

describe in vivo growth defects for pcaA mutants that coincide with the onset of 
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granuloma vascularization. Furthermore, we demonstrate that the growth advantage of 

wildtype over pcaA mutants is VEGF dependent. Together, these data identify a novel 

role for TDM in angiogenesis-driven mycobacterial expansion via VEGF induction and 

identify the proximal cis-cyclopropyl modification of mycolic acid tails as crucial for 

TDM-mediated angiogenesis. 

2.2 Results 

2.2.1 PcaA Deficiency Leads to Defects in Host Angiogenesis 

We had previously found that M. marinum granulomas elicit robust angiogenesis 

during mycobacterial infection, and that pharmacological antagonism of this response 

reduces overall infection burden and dissemination [39]. These findings suggested that 

specific mycobacterial determinants might actively promote or accelerate infection. To 

visualize vasculature within larval zebrafish, we used the Tg(kdrl:egfp)s843 transgenic line 

(hereafter referred to as Tg(flk1:eGFP), which labels all vasculature in the fish with EGFP 

[120]. Vasculature in the larval trunk forms a stereotypical pattern around the somites 

(Figure 3A). After infection with M. marinum, analysis of granulomas that form in the 

trunk provide a ready and quantifiable measure of angiogenesis in live animals (Figure 

3B). 

As we had previously found that host angiogenesis benefits infecting 

mycobacteria, we hypothesized that specific bacterial factors directly promote 

angiogenesis. The lipid-rich mycobacterial cell wall is a key interface between pathogen 
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and host, and a number of lipid species have been identified that modify the host 

immune response [155]. The most abundant of these is TDM, a lipid known to interact 

with diverse host immune pathways. Deletion of the M. tuberculosis pcaA gene results in 

bacteria with an atypical pool of cell wall mycolic acids. Namely, these mutants lack 

proximal cis-cyclopropyl a-mycolates and exhibit reduced proportions overall of both 

free a-mycolates and TDM of the a-mycolate class [102, 103]. Despite these alterations to 

the cell wall, DpcaA M. tuberculosis remain viable during infection. We hypothesized that 

disruption of M. marinum pcaA gene would confer similar cell wall alterations without 

compromising pathogen viability, providing an opportunity to probe the importance of 

TDM in granuloma-associated angiogenesis.  

Using a defined M. marinum transposon library, we isolated two independent 

transposon mutants in the M. marinum pcaA gene (C. Cosma and L. Ramakrishnan). The 

mutants, designated pcaATn28776 and pcaATn20324, both possessed transposon insertions 

approximately 10% of the way through the open reading frame. In pcaATn28776, transposon 

insertion occurred between codons 33 and 34, whereas in pcaATn20324 the insertion 

occurred within codon 33. Transposon orientation in the two strains was opposite that of 

the other, confirming that these two strains are derived from independent insertion 

events.  

 We constructed versions of each transposon strain constitutively expressing the 

mCerulean fluorescent protein and compared the observed vascularization in the 
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transposon mutants with a wildtype control strain using the Tg(flk1:egfp) zebrafish 

transgenic line. Both of the independent pcaA mutants exhibited severe defects in 

granuloma-associated vascularization (Figure 3B).  The decreased angiogenesis in the 

pcaA mutants was readily apparent from the outset of vascularization in paired wildtype 

infections, at approximately 4 days post-infection (dpi) (Figures 3B, 3C) and persisted at 

later timepoints (Figures 3B, 3D, 3E). Importantly, this phenotype was readily 

complemented through expression of PcaA in the transposon mutant pcaATn28776 using a 

constitutive-expressed promoter (Figure 3D).  Granulomas formed normally in the pcaA 

mutants. Notably, differences in granuloma-associated angiogenesis became apparent at 

3 days post-infection, the earliest timepoints for which vascularization could be 

observed in wildtype infections, suggesting that the lack of vascularization might be 

dependent on an early and direct interaction of TDM with the host immune system. 

 



 

 

 

Figure 3: pcaA transposon mutant M. marinum form angiogenesis-deficient infection foci
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A. Depiction of the M. marinum injection site within the trunk of a zebrafish 
larva. Brightfield and GFP channels (upper and lower panels, respectively) are shown 
for clarity. The dotted line indicates the approximate area shown for images in (B). Scale 
bar = 500µm. B. Representative images of zebrafish larvae at 4 days post-infection (dpi), 
infected with either wildtype, pcaATn28776, or complemented transposon mutant M. 
marinum. Bacteria are indicated in red, vasculature in green (upper panels) or white 
(lower panels). Blue arrows denote prominent, infection-associated abnormal 
angiogenesis. Length of abnormal vasculature is quantified at 4 dpi for infections with 
pcaATn20324 (C) and 4 and 5 dpi for pcaATn28776 (D and E). At both these time points the pcaA 
mutants show significantly less abnormal vasculature compared to wildtype, whereas 
the complemented strain elicits angiogenesis to the same extent as wildtype M. marinum. 
Representative of greater than 3 independent experiments. Scale bars = 100µm. For 
experiment involving pcaATn20324, ****p<0.0001; Student’s t-test. For all other statistics, 
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; One-way ANOVA with Tukey’s multiple 
comparison post-test.  

 

2.2.2 Purified Mycolic Acid-containing Glycolipids from Wildtype but 
not pcaA Mutant M. marinum Induce Angiogenesis 

Based on the strong genetic requirement for pcaA for robust granuloma 

vascularization, we next asked whether TDM might directly induce angiogenesis in the 

zebrafish model. To perform TDM sufficiency experiments, we developed a method to 

administer highly hydrophobic TDM into the zebrafish trunk, where quantitation of 

ectopic vascularization is readily performed. We found that we could inject mineral oil 

and surfactant (Incomplete Freund’s Adjuvant) alone and generate stable, persistent 

droplets within the larvae at 2 days post-fertilization (dpf). Having established this 

system, we injected vehicle or TDM dissolved in vehicle into the trunks of Tg(flk1:EGFP) 

larvae at two days post-fertilization (dpf) (Figure 4A). At two days post-injection, there 

was little or no abnormal vasculature in the vehicle injected animals (Figure 4B). 
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However, TDM-containing droplets by two days post-injection had substantial 

abnormal vasculature, which was associated spatially with the TDM-loaded droplets 

(Figure 4B). These results suggested that TDM is capable on its own of initiating robust 

angiogenesis and, combined with the genetic mutant data, suggested an endogenous 

and direct role for TDM in granuloma-associated angiogenesis.  

We next sought to determine if the different TDM compositions present within 

the cell walls of wildtype and pcaA mutant bacteria were responsible for the differences 

in the in vivo angiogenic potential between the two strains. We isolated free mycolic 

acid-containing glycolipids (MAGs), which in mycobacteria consist primarily of TDM, 

from the cell walls of wildtype and pcaA mutant M. marinum by overnight extraction 

with 2:1 chloroform methanol followed by precipitation in acetone [156]. 

Importantly, TDM isolated from the M. marinum pcaA mutant exhibited 

differences similar to what has been previously described for the M. tuberculosis pcaA 

mutant [102, 103]. Resolution of the different TDM species by thin layer chromatography 

(TLC) showed a reduced proportion of alpha mycolate-containing TDM relative to keto- 

and methoxy-mycolate TDM (Figure 5). 

We next compared functionally and in vivo the angiogenic activity of wildtype 

purified mycolic acid-containing glycolipids with those isolated from the pcaA mutants. 

Using the same droplet administration method that we had developed earlier, we 

injected the purified MAGs from either strain into separate groups of zebrafish larvae, 
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including purified TDM and vehicle alone as positive and negative controls, 

respectively.  Mycolic acids from wildtype bacteria consistently induced angiogenesis at 

a level equivalent to purified TDM, whereas this fraction from the pcaA mutant failed to 

induce angiogenesis above vehicle control (Figures 4D and 4E).  Thus, the loss of cis-

cyclopropyl-modified mycolic acids abrogates the ability of these lipids to induce robust 

angiogenesis in vivo. 
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Figure 4: Purified TDM and MAGs from wildtype but not pcaA mutant M. 
marinum elicit robust angiogenesis 

A. Representative image of 2 day post-injection zebrafish larvae injected dorsally 
with TDM. The dotted line indicates injection site location and droplet coalescence. Scale 
bar = 500µm. B. Representative images of injections of either vehicle (left) or TDM 
(right). Blue arrows indicate abnormal vasculature (lower panels). Scale bars = 100 µm. 
C. Quantification of the length of abnormal vasculature induced by TDM or vehicle 
alone. TDM results in significantly greater levels angiogenesis than vehicle alone. 
Representative of 3 experiments. **p<0.01, Student’s T-test. D. Representative images of 
larvae injected with vehicle, TDM, wildtype MAGs, or pcaATn28776 MAGs. Blue arrows 
indicate abnormal vasculature. Scale bars = 100 µm. E. Quantification of the length of 



 

 42 

abnormal vasculature induced by MAGs (5mg/ml) isolated from wildtype or pcaA 
mutant M. marinum, with vehicle alone and TDM as negative and positive controls, 
respectively. Both TDM and MAGs from wildtype M. marinum elicit robust angiogenesis 
to similar levels above vehicle alone, whereas MAGs from pcaA mutant M. marinum fails 
to induce angiogenesis above background levels. Data represent an aggregate of 3 
experiments. *p<0.05; **p<0.01; ****p<0.0001; One-way ANOVA with Tukey’s multiple 
comparison post-test. 
 

 

Figure 5: Analysis of TDM from MAGs isolated from wildtype and pcaA 
mutant M. marinum 

A. Thin-layer chromatography of control purified alpha-mycolate TDM from M. 
bovis (Sigma Aldrich), as well as purified wildtype and pcaA mutant MAG isolates. Bulk 
TDM isolated from M. marinum contains the three primary species of TDM (with alpha, 
keto-, or methoxy-mycolates), each appearing as distinct spots on the plate. B. Analysis 
of the fractions of each form contained in each isolate indicates a decrease in the 
proportion of alpha-mycolate TDM relative to methoxy- and keto-mycolate TDM, 
similar to what has been described for pcaA knockout strains of M. tuberculosis.  

 

2.2.3 pcaA mutants fail to engage the VEGF pathway 

We have previously demonstrated that the VEGF receptor ligand Vegfaa is 

induced around sites of infection with wildtype M. marinum, and that pharmacological 
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antagonism of this pathway reduces angiogenesis [39]. Vegfa has been reported to be 

expressed in human granuloma macrophages, where extensive vascularization also 

occurs [144]. Given the requirement and sufficiency of cyclopropanated TDM for 

granuloma-associated angiogenesis, we hypothesized that the non-modified TDM 

present in pcaA mutants might fail to induce Vegfaa. We utilized a transgenic line in 

which the promoter for vegfaa drives GFP (Tg(vegfaa:gfp)) and reflects endogenous vegfaa 

expression pattern (Foglia and Poss, submitted). We infected larvae possessing this 

transgene with either wildtype or pcaA mutant bacteria, and measured GFP signal above 

background as a readout for VEGF pathway engagement. During larval development 

there is activation of the vegfaa reporter in the developing vasculature in a stereotyped 

and relatively low-level pattern throughout (Foglia and Poss, in submitted). However, 

we observed that larvae infected with wildtype bacteria exhibited robust activation of 

this reporter in close proximity to the granuloma (Figures 6A and 6B).  In contrast, 

larvae infected with pcaA mutant bacteria failed to induce any signal above the 

developmental expression level, although structured granulomas formed well (Figures 

6A and 6B). These data implicate PcaA-modified TDM in specifically promoting Vegf 

activation in the mycobacterial granuloma, and suggested a likely host pathway 

engaged by TDM. 

 



 

 44 

 

Figure 6: pcaA mutants fail to induce vegfaa transcription. 

Representative images of Tg(vegfaa:GFP) zebrafish larvae at 4dpi infected with 
either wildtype (left) or pcaA mutant M. marinum (right). Blue arrows denote areas of 
robust GFP signal above background, indicating vegfaa promoter activity as a readout 
of VEGF pathway induction. Larvae infected with pcaA mutant bacteria fail to induce 
any signal above background, which is suggestive of a failure to robustly engage the 
VEGF pathway during infection. Scale bars = 100µm B. Quantification of GFP signal 
above background for wildtype and pcaA mutant larval infections. Representative of 3 
independent experiments (median value for fluorescent signal above background for 
pcaA mutant infections = 0). **p<0.01; Student’s t-test. 

 

2.2.4 Genetically-encoded, inducible blockade of the VEGF pathway 
abrogates TDM-induced angiogenesis 

Based on our previous work linking Vegf induction and angiogenesis during 

mycobacterial infection as well as the failure of pcaA mutants to induce the vegfaa 

reporter, we tested whether TDM-induced angiogenesis was functionally dependent on 

Vegf signaling in vivo. We utilized a validated transgenic zebrafish line that allows for 

inducible inhibition of Vegfa signaling; here a dominant-negative form of vegfaa is 

driven directly from a heat shock-inducible promoter (Tg(hsp70l:dn-vegfaa)) [127]. We 

crossed this line to the Tg(flk1:EGFP) line, and GFP-positive larvae were selected from 
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the resulting progeny. The presence or absence of the dominant-negative vegfaa 

transgene remained unknown until individual sibling larvae were genotyped and all 

other data had been collected.  

To test a requirement for Vegf induction in TDM-induced angiogenesis, larvae 

were injected with TDM at 2 dpf, and imaged at 2 days post-injection. To induce the 

transgene, we subjected he larvae to heat shock once immediately prior to TDM injection 

and once the following day. Larvae possessing the Tg(hsp70l:dn-vegfaa) transgene 

showed dramatically reduced TDM-induced angiogenesis compared to sibling heat-

shocked larvae without the transgene, both in terms of length of abnormal vasculature 

(Figure 7A) and overall frequency (Figure 7C). These data indicate that blocking VEGF 

pathway activation in a genetically-encoded, pathway-specific manner is sufficient to 

largely abrogate TDM-induced angiogenesis. Also of note was the observation that even 

if all animals lacking abnormal vasculature entirely are removed from the analysis, the 

presence of the Tg(hsp70l:dn-vegfaa) transgene still correlates with reduced 

vascularization, suggesting a dose-response effect (Figure 7B). Because the dominant-

negative form of vegfaa functions by competitively antagonizing the receptors for native 

vegfaa [157, 158], this spectrum of phenotype robustness strongly suggests that the 

Vegfaa induced by TDM in vivo directly drives the observed angiogenesis. 
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Figure 7: Blockade of VEGF pathway activation abrogates TDM-induced 

angiogenesis. 

Zebrafish larvae possessing the Tg(hsp70l:dn-vegfaa) transgene were used in 
conjunction with the Tg(flk1:EGFP) transgene to antagonize VEGF pathway activation 
and visualize levels of vascularization, respectively, in response to TDM. A. 
Quantification of abnormal vasculature at 2dpi for larvae with and without the 
Tg(hsp70l:dn-vegfaa) transgene. Angiogenesis was significantly less robust in the group 
possessing the transgene, indicating the importance of VEGF activation in TDM-induced 
angiogenesis. **p<0.01, Student’s t-test. B. Quantification of abnormal vasculature only 
when the phenotype was present (non-zero values). Analysis of this subset still shows a 
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strong correlation between reduced angiogenesis and presence of the transgene. 
**p<0.01, Student’s t-test. C. Comparison of the frequency of the presence or absence of 
abnormal vascularization between larvae with or without the Tg(hsp70l:dn-vegfaa) 
transgene. The frequency of abnormal vasculature being present is markedly reduced in 
the group possessing the transgene. **p<0.01, Fisher’s exact test. 

 

2.2.5 pcaA Mutant Growth Defects Coincide with Angiogenesis and 
Can Be Complemented Genetically and in trans 

To examine the link between compromised angiogenesis and reduced bacterial 

growth, we next sought identify with high temporal precision specific periods of growth 

deficiency for the pcaA mutants during infection. Larvae were infected with equal initial 

burdens of either wildtype, pcaA mutants, or the PcaA-complemented strain, and 

infection burdens were assessed at 1, 3, 4, and 5 dpi. Angiogenesis typically coincides 

with the beginning of granuloma formation at 3-4 dpi (data not shown), so angiogenesis 

was analyzed only at 4 and 5 dpi. We observed identical in vivo growth among all three 

bacterial strains between days 1-3, suggesting that altered TDM does not, in this model, 

lead to early differences in the ability of macrophages to restrict infection. Shortly after 

the time that angiogenesis is observed, a significant growth defect emerged at 4 dpi and 

disproportionately widened by 5 dpi for the pcaA mutant strain compared to wildtype 

(Figures 8A and 8C). As expected, we observed the expected decrease in vascularization 

for the pcaA mutant by 4 dpi (Figure 8B). Both the burden and angiogenesis differences 

could be complemented by constitutive expression of pcaA (Figures 8A, 8B, and 8C). 

These findings confirmed that a bacterial mutant with a substantial angiogenesis defect 
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also displayed a reduction in overall mycobacterial burden, consistent with the idea that 

the growth defect observed for the pcaA mutant might be caused by a failure to 

vascularize infection foci.  

 

Figure 8: pcaA mutant M. marinum exhibit an in vivo growth defect. 

A. 5 day time course of zebrafish larvae infected with wildtype, pcaA mutant, or 
complemented mutant M. marinum strains. Bacterial burdens were measured at 1, 3, 4, 
and 5 dpi. All strains demonstrate identical levels of growth between days 1-3. By 4 dpi 
pcaA mutant M. marinum exhibit a reduced growth rate, which persists through 5 dpi. 
The complemented mutant strain exhibits wildtype levels of growth throughout. 
Representative of 3 independent experiments. *p<0.05, One-way ANOVA with 
Dunnett’s multiple comparison post-test. B. Quantification of abnormal vascularization. 
The timing of the growth defect correlates with the onset of robust vascularization for 
wildtype and complemented strain infections but a failure to extensively vascularize 
infection foci for pcaA mutant strain infections. ****p<0.0001, One-way ANOVA with 
Tukey’s multiple comparison post-test. C. Representative images of larvae at 5 dpi 
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infected with each of the M. marinum strains. Wildtype, upper panel; pcaA mutant, 
middle panel; complemented mutant, lower panel. Scale bars = 500µm. 
 

Given the reduced burden of pcaA mutants, we next asked whether the reduced 

angiogenesis was driving reduced burden or vice versa. The temporal dynamics 

described above were most consistent with reduced angiogenesis preceding the 

reduction in overall burden. However, to ensure that the reverse was not the case, we 

took advantage of the inherent variability of infection in this model. We have previously 

identified that wildtype M. marinum infection burden and total length of infection-

induced vasculature are positively correlated [39], and we observed the same correlation 

in this experiment for infections with wildtype or complemented pcaA mutant bacteria 

(Figures 9A, 9C). However, we observed no correlation between burden and 

angiogenesis for the pcaA mutant strain (Figure 9B). This suggested that even 

uncharacteristically high pcaA mutant burdens do not trigger robust angiogenesis. We 

also examined this in greater detail by comparing levels of angiogenesis within the 

largest possible subset of the data in an experiment for which pcaA mutant, wildtype, 

and complemented mutant strains are burden-matched on average. We found that even 

when constrained with similar burdens, pcaA mutant infections were severely 

compromised for angiogenesis compared to both wildtype and complemented strains 

(Figures 9D-F). Together, these analyses support a cause-and-effect relationship in which  
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Figure 9: pcaA Vascularization defects are independent of bacterial burden 

Linear regression of vasculature length vs. bacterial burden for wildtype (A), 
pcaATn28776 (B), and pcaATn28776::pcaA (C). For both the wildtype and complemented pcaA 
mutant strains, a significant positive correlation (F test p<0.05) is observed, whereas for 
the pcaA mutant strain, no correlation is observed (F test p>0.05). The dotted lines 
indicate the data range used for the burden-matched analysis in D-F.  D. A subset of 
larvae at 4 dpi from the 5 day infection time course shown in Figure 5. These data 
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represent the largest possible range within the dataset for which an ANOVA resulted in 
p>0.05, indicating no statistically significant difference in mean burden between any of 
the groups. E. The pcaA mutant infections still show a defect in vascularization 
compared to both wildtype and complemented strains. *p<0.05; **p<0.01; One-way 
ANOVA with Tukey’s multiple comparison post-test. F. Frequency of the presence or 
absence of the abnormal vascularization phenotype. This subset of the data does not 
significantly differ from the frequencies observed in the entire dataset.  
 

the pcaA mutant growth defect is downstream of an inability to induce robust and 

widespread granuloma vascularization. 

Finally, we probed to what degree non-cell-autonomous processes like 

angiogenesis contributed to the burden deficits of pcaA mutants. We reasoned that co-

infection with wildtype and pcaA mutants (labeled with the tdTomato and mCerulean 

fluorescent proteins, respectively) would enable us to distinguish bacterium cell-

autonomous effects of the mutation (for example, any compromised fitness arising from 

alterations of bacterial cell wall structure) from non-cell-autonomous effects relating to 

alterations in host environment. In co-infection experiments, we found that wildtype M. 

marinum could complement both the pcaA angiogenesis and burden deficit in trans 

(Figure 10A-C), consistent a principal role for non-cell-autonomous processes like 

angiogenesis as a basis for the pcaA phenotype. 
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Figure 10: Co-infection with wildtype M. marinum rescues pcaA mutant 

growth defect. 

Larvae possessing the Tg(flk1:EGFP) transgene were co-infected with wildtype 
and pcaA mutant M. marinum. Bacterial burden (A) and length of abnormal vasculature 
(B) were quantified for each larva at 5 dpi. Compared to wildtype infections, larvae 
infected with only pcaA mutant M. marinum exhibited bacterial growth and infection-
induced host angiogenesis defects. However, co-infected larvae exhibited levels of 
angiogenesis similar to larvae infected with wildtype M. marinum alone, with pcaA 
mutant burdens being restored to wildtype levels in these larvae as well. *p<0.05; 
**p<0.01;****p<0.0001; One-way ANOVA with Tukey’s multiple comparison post-test. 
Data shown represent an aggregate of two independent experiments. C. Representative 
images of each infection. Upper panels: Whole-larva merge of brightfield and 
fluorescent channels. Red depicts wildtype M. marinum; blue depicts pcaA mutant M. 
marinum; purple depicts co-localization between the two strains. Dotted lines denote the 
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area shown in lower panels. Scale bars = 500µm. Middle panels: fluorescent channels 
alone, showing infection burden. Lower panels: vasculature. Blue arrows denote 
intersegmental vessel growth characteristic of infection-induced angiogenesis. Scale bars 
= 100µm. 

2.2.6 pcaA Mutants Exhibit a Growth Defect as a Result of a Failure to 
Engage the VEGF Pathway 

Based on these data, we hypothesized that the growth defect observed for the 

pcaA mutant resulted from a lack of vascularized infection foci due to a failure to 

activate the VEGF pathway. We crossed the transgenic lines Tg(flk1:EGFP) and 

Tg(hsp70l:dn-vegfaa) to generate a pool of larvae with or without inducible dn-vegfaa 

expression. We infected these larvae with wildtype or pcaA mutant M. marinum, induced 

dominant-negative vegfaa production on 3 and 4 dpi, and imaged for bacterial burden 

and vasculature at 5 dpi.  

We found that, as expected, there was a significant reduction in both 

angiogenesis (Figure 11B) and bacterial burden for the transgene-induced wildtype 

larvae (Figures 11A and 11C). Although small molecule-based and antibody-based 

manipulation of this pathway has been reported previously in mycobacterial infection, 

these results provided direct genetic evidence that inhibition of Vegf signaling is host-

beneficial in early mycobacterial infection. In contrast, inducible inhibition of Vegfaa 

signaling in the pcaA mutants had no effect on burden (Figure 11A). Thus, in vivo, the 

entirety of physiologically relevant Vegf production during early infection appears to be 

pcaA dependent. Consistent with this result and an efficient transgenic inhibition 

strategy, the infection burden for the transgenic larvae infected with wildtype bacteria 
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was reduced to the level seen in the pcaA mutant infections. These data strongly support 

VEGF pathway activation as advantageous to pathogenic mycobacteria during early 

infection, and also provide evidence that the defects observed for the pcaA mutant are 

due to its inability to activate the VEGF pathway and heavily vascularize infection foci. 

 

Figure 11: VEGF pathway blockade inhibits in vivo growth of wildtype but 

not pcaA mutant M. marinum infections. 
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A. Bacterial burden of zebrafish larvae with or without the Tg(hsp70l:dn-vegfaa) 
transgene at 5 dpi, infected with either wildtype or pcaA mutant M. marinum. Expression 
of the transgene induces a reduction in wildtype M. marinum burden compared to larvae 
without the transgene. Notably, the average burden is reduced to the level seen in larvae 
infected with pcaA mutant M. marinum. Expression of the transgene had no effect on the 
bacterial burdens of larvae infected with the pcaA mutant strain. *p<0.05; **p<0.01; One-
way ANOVA with Tukey’s multiple comparison post-test. B. Quantification of abnormal 
vascularization during wildtype infections for larvae with or without the Tg(hsp70l:dn-
vegfaa) transgene. Expression of the transgene results in a reduction in infection-
induced angiogenesis. *p<0.05, Student’s t-test. C. Representative images of the 
difference in infection foci vascularization between larvae with the Tg(hsp70l:dn-vegfaa) 
transgene (right panels) and without (left panels). Upper panels: brightfield images of 
the entire larva, with the dotted line depicting regions shown in the lower panels. Scale 
bars = 500µm. Middle panels: merge of vascularization of infection foci.  
 

2.2.7 FcRg is Required for Maximum Angiogenesis in Response to 
TDM 

Because of their known activity in initiating a transcriptional response to TDM, 

we hypothesized that the C-type lectins Mincle and MCL (mammalian genes clec4e and 

clec4d, respectively) were responsible for the signaling that would ultimately lead to 

activation of the VEGF pathway. These two genes have no direct orthologues in the 

zebrafish genome. However, both of these receptors have been shown to require the 

immunoreceptor tyrosine-based activation motif (ITAM) of FcRg (mammalian gene 

fcer1g) to initiate signaling in response to TDM, and the zebrafish genome possesses two 

FcRg paralogues, fcer1g and fcer1gl [96, 98]. Therefore, we chose to initially assess the role 

of the canonical TDM detection pathway in mediating TDM-induced angiogenesis by 

generating CRISPR/Cas9 knockouts of both fcer1g and fcer1gl. 
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We co-injected Cas9 protein and sgRNAs targeting both of these loci into single 

cell embryos of the Tg(flk1:EGFP) transgenic line. Uninjected embryos were used as 

controls. Larvae were injected at 2dpf with TDM or vehicle, and abnormal vasculature 

was assessed at 5dpi. The wildtype larvae exhibit the stereotypical robust angiogenesis 

in response to TDM, whereas the larvae mosaic for FcRg knockouts exhibited no 

angiogenesis above that of the vehicle alone (Figure 12). Larvae were subsequently 

assessed for lesions at both genomic loci via HRMA. Every sgRNA/Cas9-injected larva 

exhibit melt profiles distinct from wildtype, indicating disruption of the target loci (data 

not shown). 

To confirm this phenotype in whole-animal bi-allelic knockout lines, we used the 

same CRISPR/Cas9 mutagenesis approach. After allowing mutagenized larvae to reach 

adulthood, we crossed them to wildtype fish and identified putative loss-of-function 

alleles at the fcer1g and fcer1gl loci in the progeny. These alleles were propagated to 

generate in the F2 generation zebrafish lines in which every animal was heterozygous 

for a loss-of-function allele at the fcer1g locus, the fcer1gl locus, or both loci (see 

Appendix A). We chose to assess fcer1gl-/- animals first, as zebrafish granuloma RNA-seq 

data from our lab identified this paralogue as the more highly expressed of the two (data 

not shown). Adult zebrafish of the Tg(flk1:EGFP) background heterozygous for the 

fcer1glD1 allele were crossed to generate a pool of larvae of all three possible genotypes. 

Larvae were injected with TDM at 2dpf, and abnormal possessing both wildtype alleles  
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Figure 12: FcRg is required for robust angiogenesis in response to TDM 

A. Quantification TDM-induced angiogenesis for wildtype or mosaic FcRg 
knockout larvae. TDM induced robust angiogenesis in the wildtype larvae but was no 
different than vehicle for mosaic knockout larvae. B. Quantification of TDM-induced 
angiogenesis in wildtype, fcer1gl+/D1, or fcer1glD1/D1 larvae. Homozygous knockout larvae 
exhibited a decrease in average length of vasculature produced in response to TDM. C. 
Comparison of the frequency of TDM-induced angiogenesis between wildtype and 
homozygous fcer1gl knockout groups. The homozygous knockout larvae failed to 
exhibit any abnormal angiogenesis at a higher frequency than wildtype larvae. 

  

exhibited robust vascularization was measured at 4dpi. After vasculature measurements 

were recorded, the genotype of each animal was assessed via PCR and restriction digest. 
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Larvae angiogenesis, whereas larvae homozygous for the fcer1glD1 allele had significantly 

less abnormal vasculature (Figure 12). The heterozygous larvae displayed an 

intermediate phenotype, not statistically different from either wildtype or homozygous 

knockout groups. These data indicate that the fcer1gl paralogue is important for the 

ability of TDM to drive angiogenesis. 

Together, these preliminary results implicate one or both FcRg paralogues as 

important for angiogenesis in response to TDM, which in turn suggests an important 

role for the canonical detection pathway involving Mincle and MCL, despite the lack of 

an obvious primary sequence analogue in the zebrafish genome. 

2.3 Discussion 

Pathogenic mycobacteria are capable of both evading the host immune response 

and reprogramming host phagocytes in order to modify their immediate in vivo 

environment into a permissible niche for infection. It is known that granulomas formed 

during M. tuberculosis  infection initially become highly vascularized, and this 

angiogenesis has been shown to facilitate bacterial growth most likely by mitigating 

hypoxia and nutrient deprivation of the granuloma interior where the bacteria reside, as 

well as allowing the infection to spread as bacteria or infected macrophages enter the 

new blood vessels and travel to distal sites [38-41]. This angiogenesis is initiated in a 

macrophage-dependent manner by engaging the VEGF pathway, and blockade of this 

pathway abrogates vessel growth and reduces bacterial fitness [39]. The revelation that 
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the angiogenesis occurring during infection facilitates expansion of bacterial burden 

suggested that this host response may be actively induced by the mycobacteria 

themselves as one of many mechanisms utilized by pathogens of this genus to promote a 

hospitable niche for in vivo growth, dissemination, and persistence. 

We demonstrate in the larval zebrafish model of mycobacterial infection that 

wildtype TDM is critical for initiating a robust angiogenic response, both on its own and 

during infection. When exposed to purified TDM, larval zebrafish exhibit robust 

angiogenesis directed toward the TDM-containing droplets.  We leveraged the unique 

advantages of this model to demonstrate that specific chemical modifications of mycolic 

acids, a unique class of lipids constituting the major component of the outer cell wall of 

mycobacteria, are largely responsible for the early vascularization of infection foci. 

Specifically, we found that cis-cyclopropanation of the mycolic acid tails of trehalose-6,6-

dimycolate is the major angiogenic component of mycolic acid-containing cell wall 

lipids both when purified and during infection. The vascularization elicited by these 

lipids is driven by the VEGF pathway, as blockade of this pathway in a genetically-

encoded, pathway-specific manner abrogates TDM-induced angiogenesis. 

Most notably, loss of these cis-cyclopropanated lipids during infection leads to a 

reduced overall bacterial burden. The pathogen growth deficiency during this period 

appears to be largely if not entirely driven by a defect in VEGF pathway activation after 

granuloma formation, preventing these structures from becoming heavily vascularized. 
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These data indicate that vascularization of mycobacterial granulomas is not merely a 

passive phenomenon driven by the host response to dense, hypoxic cell aggregates. 

Rather, pathogenic mycobacteria actively promote this angiogenesis by expending 

energy chemically modifying a cell wall lipid in a manner that, while not essential for 

minimum viability, nonetheless creates a significant growth advantage in vivo.  

Non-specific tissue damage during granuloma formation has the potential to 

induce angiogenesis, for instance through release of intracellular adenosine or ATP and 

subsequent activation of adenosine receptor A2A, leading to VEGF activation and 

endothelial cell proliferation [159]. However, an explanation based solely on the activity 

of non-specific wound healing pathways in response to ongoing tissue damage is 

inadequate to explain the robust angiogenesis induced by purified TDM or MAGs in 

comparison to vehicle alone, as vasculature formation in response to exposure to these 

agents occurs with an apparent lack of even moderate lasting tissue damage (Figure 2, 

Brightfield panels), and the initial injury due to injection is present in both groups. It is 

more likely that a combination of biological phenomena, such as potentially increased 

cytotoxicity of proximal cis-cyclopropyl TDM in concert with a more robust cell 

receptor-mediated response to the TDM isoform itself mediates TDM-induced 

angiongenesis in vivo. We have preliminary evidence indicating the FcRg is required for 

a maximal angiogenic response to TDM, suggesting that the Mincle/MCL signaling 

pathway is indeed involved in this phenomenon. 
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M. tuberculosis is capable of entering a dormancy phase within granulomas, 

characterized by decreased metabolic activity and slow or absent population growth 

[64]. Triggering host angiogenesis at the outset of infection may be a way for 

mycobacteria to reach maximum growth potential prior to restriction by host immunity. 

By initiating angiogenesis, the pathogen not only increases the delivery of oxygen and 

nutrients, but also generates conduits through which it may spread to distal tissue sites 

to establish a multi-focus infection. Indeed, we observed that larvae infected with pcaA 

mutant bacteria tended to have fewer discrete infection foci compared to infections with 

wildtype or complemented strains (Figure 8).  By increasing initial population size and 

spread, pathogenic mycobacteria will be better equipped to more effectively resist global 

sterilization efforts by the adaptive immune response, and would therefore increase the 

chance of transmission should the disease reenter an active state. 

We have shown here and previously that antagonism of the VEGF pathway can 

be used to reduce bacterial viability during mycobacterial infection [39]. Because TDM 

elicits a host angiogenic response by engaging this pathway, the components of 

upstream of vegfaa induction are attractive targets for further study. Elucidating the 

upstream pathway may yield novel, druggable targets with the potential to synergize 

with antibiotic treatment, with the goal of reducing the arduous and lengthy drug 

regimen currently required to treat TB. Inhibition of angiogenesis would be especially 

useful in cases where exposure was identified during the early stages of infection, as 
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well as early during reactivation of latent disease where in both cases preventing 

vascularization at novel sites of infection would reduce bacterial fitness. 

2.4 Materials and Methods 

2.4.1 Heat-shock and Genotyping of Tg(hsp70l:dn-vegfaa) Zebrafish 

2.4.1.1 Heat Shock Conditions 

For experiments involving TDM: All larvae subjected to heat shock were 

incubated at 37°C for 75 min, occurring at -4 hrs and +20 hrs with respect to the time of 

TDM injection. 

For experiments involving infection: Heat shocks occurred at 3 and 4 dpi; 37°C 

for 75 min each time. 

2.4.1.2 Genotyping 

Genomic DNA (gDNA) was extracted individually from whole larvae as 

described. Extracts were diluted 1:10 and 1ul from each larva was used as a template for 

PCR. Genotyping was carried out for up to 96 larvae in parallel using an Applied 

Biosystems 7500 Fast Real-Time PCR machine followed by High-Resolution Melt 

Analysis (HRMA) using MeltDoctor HRM Reagents (Thermo Fisher Scientific). A 

competitive pair of PCRs were performed concurrently, allowing expedited, automated 

identification of transgene-containing samples by melt curve analysis. Briefly, one 

forward primer (Primer F1; 5’-GAGAACGGTGTGACGGTAAC-3’) anneals to the 3’ end 

of Intron 2-3 in the endogenous vegfaa locus; another forward primer (Primer F2; 5’-
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CTGCCCACATACCCAAAGAAG-3’) anneals to the 5’ end of vegfaa Exon 2 in the 

endogenous locus and within the dn-vegfaa transgene; and a shared reverse primer 

(Primer R; 5’-GATGATGTCTACCAGCAGCTC-3’) anneals within Exon 3 of both the 

endogenous locus and within the dn-vegfaa transgene. The resulting reaction generates 

different, highly reproducible amplicon pools depending on the presence/absence of the 

transgene, which can be distinguished by HRMA. HRMA patterns were initially 

assigned to genotypes based on analysis of a subset of samples using a simple 

presence/absence PCR for the transgene followed by Agarose Gel Electrophoresis (F 

primer: 5’-CATGTGGACTGCCTATGTTCATC-3’; R primer: 5’-

CTTCTTTGGGTATGTGGGCAG-3’). 

2.4.2 Microinjections into Zebrafish Larvae 

2.4.2.1 Microinjection of TDM 

TDM at 2 mg/ml in Incomplete Freund’s Adjuvant (IFA, Sigma Aldrich) was 

prepared for injection by transferring 10 ul of TDM (1 mg/ml in 2:1 

chloroform:methanol), evaporating the solvent under gentle airflow, and resuspending 

in 5 ul IFA. Larvae at 2 days post-fertilization (dpf) were anesthetized in 160 ug/ml 

Tricaine (MS-222, Sigma Aldrich) in E3 media and injected with approximately 10-20 nl 

of TDM/IFA (See Figure 1 for anatomical location). Control larvae were injected with the 

same volume of IFA alone. Larvae were then washed once in E3 and transferred to fresh 



 

 64 

E3 supplemented with 1-phenyl-2-thiourea (PTU, Sigma Aldrich, final concentration 45 

ug/ml) to continue arresting pigment development. 

2.4.2.2 Microinjection of Mycolic Acid-containing Lipids from M. marinum 

Mycolic acid-containing lipids at 5 mg/ml in IFA from either wildtype or 

PcaATn28776 M. marinum were prepared for injection by transferring 10 ul of lipid (5 mg/ml 

in 2:1 chloroform:methanol), evaporating the solvent under gentle airflow, and 

resuspending in 10 ul IFA. Injections proceeded as described for TDM. 

2.4.2.3 Microinjection of M. marinum 

Infections with either wildtype, transposon mutant, or complemented mutant M. 

marinum were performed as described (cite Stefan). Briefly, larvae at 2 dpf were 

anesthetized with tricaine and injected with 100-200 fluorescent bacteria dorsally near 

the rostral/caudal midline. 

2.4.3 Live Imaging of Zebrafish Larvae 

Imaging was performed using a Zeiss Observer Z1 inverted fluorescent 

microscope. Larvae were anesthetized with tricaine and arrayed on a glass slide (20-30 

larvae per slide in small droplets of E3 supplemented with PTU). Image stacks with 

slices at 10 um increments along the Z-axis were taken for each larva. Images were 

processed with ImageJ (NIH) and Illustrator CC (Adobe). 
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2.4.4 Image Analysis 

Image analysis was performed using ImageJ (NIH). Abnormal angiogenesis was 

measured by tracing the path of vasculature present between intersegmental vessels. 

Bacterial burden for each larva was measured by flattening image stacks in the relevant 

fluorescent channel using a maximum intensity projection, setting a threshold for signal 

above background, and measuring total fluorescent area. Background thresholds were 

held constant across all larva for a given time point and fluorescent channel.  

The transgenic line Tg(vegfaa:GFP) possesses a high, ubiquitous background 

signal due to normal endogenous activation during development. Larvae were collected 

from a cross of adults heterozygous for the transgene in order to generate the largest 

possible pool of transgene-positive larvae possible from the pool of adults on hand, and 

as a result the background signal varied by as much as two-fold from larva to larva (i.e., 

one or two copies of the transgene). Because of this, vegfaa induction was measured in a 

slightly modified manner: image stacks were first flattened using a maximum intensity 

projection. Background for a given larva was then measured by recording the maximum 

value of fluorescent signal within an area of three uninfected somites. The resulting 

average background was used to set the threshold for that larva, and area of signal 

above the threshold was measured for the infected region. This process was repeated for 

each individual larva. 
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2.4.5 Purification of Mycolic Acid-containing Lipids from M. marinum 

Wildtype and pcaATn28776 M. marinum were first inoculated from freezer stocks 

into 3 ml of 7H9 complete liquid media starter culture (7H9 media + OADC supplement 

(Middlebrook, 10% v/v final concentration) + Tween 80 (0.05% v/v final concentration)) 

supplemented with 50 ug/ml Hygromycin B, and incubated at 33°C in static culture until 

late log phase (OD600 of 0.8-1). Cultures were spun down and resuspended in 1 ml fresh 

7H9 complete media, and added to 500 ml of 7H9 complete with Hygromycin B. 

Cultures were grown at 33°C with gentle shaking until mid-log phase (OD600 of 0.5-0.7). 

Purification of mycolic acid-containing lipids was then performed separately for each 

culture, as described [156]. Briefly, bacteria were collected and washed 3x with dH2O, 

resuspended in 10 ml 2:1 chloroform:methanol, and incubated at room temperature 

overnight in a sealed container with vigorous stirring. The crude extract was collected, 

spun down to pellet insoluble debris, and slowly added to 500 ml acetone at -20°C and 

incubated overnight. Precipitate was recovered by spinning at 20,000x g for 15 min at 

4°C, discarding the supernatant and resuspending in 2 ml 2:1 choloform:methanol. The 

solvent was evaporated under gentle airflow, and recovered material was weighed on 

an analytical balance. Each preparation was then resuspended at 5 mg/ml in 2:1 

chloroform:methanol. 



 

 67 

2.4.6 Thin-layer Chromatography of M. marinum Lipid Extracts. 

TLC was performed on EMD Millipore TLC Silica Gel 60 (Fisher Cat # 

M1057150001) with impregnation with 10% silver nitrate in water. Impregnation was 

carried out by submerging the TLC plate in the silver nitrate solution for 30 seconds. The 

plate was then allowed to dry at room temperature for 1 hour followed by baking at 

50C, 80C, and 100C in a stepwise fashion for 20min at the first two temperatures and 

40min at the last. Plates were then allowed to cool at room temperature for 20min before 

use. 20µg of lipid extract in methylene chloride was spotted on the plate and allowed to 

dry prior to running in a 100:14:0.8 chloroform:methanol:water solution. The plate was 

developed by submersion in a 10% sulfuric acid in methanol followed by charring. 

Plates were imaged using a Google Pixel. 

2.4.7 Construction of PcaA Overexpression Plasmid 

The pcaA open reading frame (ORF) was amplified from wildtype M. marinum 

genomic DNA (F primer: 5’-AATCACTTCGCAATGTCCGTCCAGCTCACG-3’; R 

primer: 5’-GTCGATCGTACGCTACTTCTCCAAAGTGAACTGA-3’). The pMV261-

KanR plasmid (a gift from the Ramakrishnan lab) that contained the M. tuberculosis 

groEL promoter (referred to hereafter as hsp60) was amplified and linearized via inverse 

PCR (F primer: 5’-TAGCGTACGATCGACTGC-3’; R primer 5’-

CATTGCGAAGTGATTCCTCC-3’). The two fragments were ligated together via 

InFusion (Clontech) producing a plasmid conferring resistance to Kanamycin with the 
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PcaA ORF immediately downstream of the mycobacterial hsp60 promoter (referred to 

hereafter as pMV261-PcaA-KanR). 

A fragment containing the hsp60 promoter and pcaA ORF was amplified from 

pMV261-PcaA-KanR (F primer: 5’- 

TCTCATCAACCGTGGAAATCTAGAGGTGACCACAACG-3’; R primer: 5’-

TCCAGCCAGAAAGTG TTGTTGGCTAGCTGATCACC-3’). The entire 

msp12:mCerulean-KanR plasmid was amplified and linearized via inverse PCR (F 

primer: 5’- CACTTTCTGGCTGGATGATG-3’; R primer: 5’-

CCACGGTTGATGAGAGCT-3’). The two fragments were ligated together via Infusion 

(Clontech) producing a plasmid conferring Kanamycin resistance as well as 

mycobacteria-specific constitutive expression of both the mCerulean fluorescent protein 

(msp12 promoter) and M. marinum PcaA (hsp60 promoter), referred to hereafter as 

pMCHP-KanR. 

2.4.8 Confirmation of pcaA Disruption in M. marinum Transposon 
Mutants 

Wildtype M. marinum containing the msp12:tdTomato gene was used 

throughout (Stefan). Two transposon mutants with disruptions in the pcaA ORF 

(pcaATn20324 and pcaATn28776) were identified from a library of M. marinum transposon 

mutants (Ramakrishnan lab), and the previously identified insertion sites were 

confirmed by PCR and sequencing. Primers used were F primer (annealing upstream of 

the 5’ end of the pcaA ORF): 5’-AAGCCCTGTGGAACAGAAAG-3’; R primer (annealing 
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downstream of the 3’ end of the pcaA ORF): 5’-ATCAAGCCAACACGCCTG-3’; and 

TnMarR3 (annealing within the transposon and directing amplification across the 3’ 

junction with genomic DNA): 5’-ACAACAAAGCTCTCACCAACCGTG-3’. The 

following primer pairs were used in separate reactions for each of the mutants as well as 

a no template control: F/TnMarR3; R/TnMarR3. Of the PCRs performed, amplicons were 

generated only from F/TnMarR3 using pcaATn28776 template and R/TnMarR3 using 

pcaATn20324 template. Sequencing of the amplicons using TnMarR3 confirmed disruptive 

insertions of the transposons into the pcaA ORFs of both strains. 

2.4.9 Maintenance of Transposon Mutant M. marinum and Generation 
of Fluorescent and PcaA-overexpressing Mutant Strains 

Transposon mutant strains possessing the Hyg resistance cassette within the 

transposon were streaked onto 7H10 agar plates supplemented with 50 ug/ml 

Hygromycin. Colonies were inoculated into 7H9 Complete liquid media with 50 ug/ml 

Hygromycin and grown until mid log phase (OD600 of 0.5-0.7). Preparation of 

electrocompetent stocks was performed as described (). Fluorescent mutant strains were 

generated by electroporating pcaATn28776 and pcaA20324 with 1 ug of msp12:mCerulean-

KanR (electroporation conditions of 800 W, 25 µF, 2.5 kV, 0.2 cm gap). Electroporated 

cells were recovered overnight in 7H9 Complete without antibiotic, and plated on 7H10 

agar supplemented with 20 ug/ml Kanamycin and 50 ug/ml Hygromycin B. Fluorescent, 

PcaA-overexpressing mutant strains were generated in the same manner using 1 ug of 

pMCHP-KanR. 
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2.4.10 Generation of FcRg CRISPR/Cas9 Knockout Lines 

2.4.10.1 sgRNA Synthesis 

Target sites within the fcer1g and fcer1gl loci were identified using the sgRNA 

prediction tool at www.crisprscan.org [160]. Single stranded DNA oligos used to 

generate the sgRNA transcription templates for the fcer1g and fcer1gl targets were  

5’-taatacgactcactataGGCAGATGCGATGAGTCTGAgttttagagctagaa-3’ and  

5’-taatacgactcactataGGCGGGATCCTGATCGTTTAgttttagagctagaa-3’, respectively. 

Double-stranded template assembly was performed via PCR using Q5 DNA Polymerase 

(NEB) with either of the above oligos and the constant tail oligo  

5’-AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATT 

TTAACTTGCTATTTCTAGCTCTAAAAC-3’. Cycling parameters: 98°C, 1 min; 14 cycles 

of 98°C, 10s, 45°C, 30s; 72°C, 15s. 1µg of template was used in an in vitro transcription 

reaction using the MEGAShortscript T7 Transcription Kit per the manufacturer’s 

instructions (Thermo Fisher Scientific). sgRNAs were purified using RNeasy Mini Kit 

(Qiagen). 

2.4.10.2 Injection into Single Cell Embryos 

Wildtype single cell embryos were injected with ~10nl of the following mixture: 

800ng/ul Cas9 protein (IDT, cat#1074182), 300mM KCl, 265ng/µl sgRNA. Tg(flk1:EGFP) 

single cell embryos were injected with ~10nl of the following mixture: 300mM KCl, 

265ng/µl sgRNA. 
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2.4.10.3 Assessment of Lesions at Target Loci 

Genomic DNA was extracted from whole larvae at 5dpi (experiment involving 

mosaic knockout of both loci) or 4dpi (experiment involving incross of the fcer1gl+/D1 

line) using the method described in [161]. Briefly, individual whole larvae were 

incubated at 95°C for 15 min in 50mM NaOH, followed by the addition of 1/10 volume 

of 1M Tris-HCl, pH 8.0. 1ul of a 1/10 dilution of this extract was used as a template for 

HRMA using the MeltDoctor HRM Master Mix (Thermo Fisher Scientific) per the 

manufacturer’s instructions. Primers for fcer1g: Forward – 5’-

AACTTGTTGCTCAGTATGTTC-3’; Reverse – 5’-GACAGTGAGAACAATCCCATAG-

3’. Primers for TNFR2: Forward – 5’-GTTTCTCAGCTGCGCAACA-3’; Reverse –  

5’-GATGCTCACCTTTAATCTGCAG-3’. PCR and melt profile were performed using 

the 7500 Fast Real-Time PCR System (Applied Biosystems). HRM Analysis was 

performed by HRM Software 3.0 (Applied Biosystems). 

2.4.10.4 Identification of Loss-of-function Alleles 

 Adult zebrafish of the Tg(flk1:EGFP) background that had been injected at the 

single-cell embryo stage with Cas9/sgRNAs against fcer1g and fcer1gl were crossed to 

wildtype to generate a pool of larvae for which a subset would be heterozygous for 

mutant alleles at these loci. The F1 generation was raised to adulthood, and genomic 

DNA sample from each fish was isolated from caudal fin tissue using the method 

described in [161]. A region around the sgRNA target site at each locus was amplified 
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via PCR, and mutant alleles were identified by Sangar sequencing (Eton Bioscience). For 

the fcer1g locus, the primers used were: Forward –  

5’-CTAAAGTTCAGATGTCCCAAG-3’; Reverse – 5’-

CAGTGAAGTGATCTGATCAAC-3’. For the fcer1gl locus, the primers used were: 

Forward – 5’-CCACTTCAAATGTTGGCTAGTG-3’; Reverse – 5’-

CAAACGGCGTGTGTTTACTG-3’. Allele information is given in Appendix A. 

2.4.10.5 Genotyping of fcer1gl+/D1x fcer1gl+/D1 Progeny 

 Genomic DNA was isolated from each larva as described in [161]. A small region 

around the lesion was amplified by PCR using the same primers as for HRMA at this 

locus. Amplicons were digested for 1hr with the restriction enzyme Hpy166II. Digests 

were resolved on a 3% Agarose Gel via Agarose Gel Electrophoresis. The D1 allele 

disrupts the restriction site; banding patterns per genotype are the following: +/+: 62 and 

48 bp bands; +/D1: 109/110, 62, and 48 bp bands; D1/D1: 109 bp band. 

3. The Macrophage-specific Promoter mfap4 Allows 
Live, Long-Term Analysis of Macrophage Behavior 
during Mycobacterial Infection in Zebrafish   

3.1 Introduction 

The zebrafish has been widely adopted in the study of myriad vertebrate 

biological processes, including inflammation and infection. Two important features of 

zebrafish as a model system are the optical transparency of embryos and larvae and the 

ease with which transgenesis can be accomplished [162-166]. In simple fluorescent 
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reporter zebrafish lines, cell-type specific fluorescent reporter expression combined with 

the optical transparency of the larvae allows for real-time visualization of specific cell 

lineages [124, 167, 120, 168, 169]. 

Transgenic lines involving the labeling or manipulation of immune cell lineages 

can offer an unprecedented view into the dynamics of the vertebrate innate immune 

system and its interactions with a number of human pathogens [170]. The larval 

zebrafish has been used to study a growing array of bacterial pathogens, including 

Mycobacterium [171-173, 117, 39, 106, 119, 174], Pseudomonas [175-177], Salmonella [178, 

179], and Listeria spp. [180, 181]. Studies of fungal disease pathogenesis, including 

infections with Candida albicans [182] and Aspergillus fumigatus [183] have utilized the 

zebrafish as a model host, as have investigations of Influenza A virus and Chikungunya 

virus [184, 185]. These infection studies benefit from the ability to visualize host-microbe 

interactions within a transparent and genetically tractable vertebrate host that can be 

produced in large numbers.   

The larval zebrafish possesses an innate immune system that comprises cell 

types common to all vertebrate innate immune systems, including those of mammals 

[186, 187]. This similarity has allowed for the study of host-pathogen interactions with 

high spatial and temporal resolution, and has been facilitated by the use of transgenic 

lines with fluorescently labeled innate immune cell types [124, 167, 168, 188]. 

Macrophages and neutrophils are among the first immune cell lineages to encounter 
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invading pathogens and are particularly well conserved between zebrafish and 

mammals in both cellular composition and function [189, 190].  

However, more than 15 years after the first descriptions of zebrafish 

macrophages [189, 191], there exist a limited number of transgenic tools for visualizing 

and manipulating macrophages in live zebrafish. Transgenic lines have been generated 

using the myeloid differentiation factor pu.1 which labels macrophages, neutrophils and 

their precursors [186]. Further analysis of the role of pu.1 in zebrafish myelopoiesis 

identified four putative macrophage-specific genetic markers, all of which exhibited 

striking transcriptional downregulation upon knockdown of pu.1 [123]. One such 

marker, mpeg1, was later identified as macrophage specific and transgenes were 

constructed under the control of upstream regulatory elements of the mpeg1 locus [124]. 

Two additional transgenic lines have been generated that drive transgene expression in 

macrophages: one operates under the control of the immunoresponsive gene 1 (irg1) 

promoter and labels macrophages only upon activation [169]; the other is a bacterial 

artificial chromosome (BAC) transgenic utilizing the zebrafish macrophage colony 

stimulating factor (fms) promoter that labels both macrophages and skin xanthophores 

[192]. However, transgenic lines based on mpeg1 have to date remained the primary tool 

for real-time, in vivo analyses of global zebrafish macrophage dynamics [190, 193].  

Downregulation of endogenous zebrafish mpeg1 expression during infection 

with M. marinum or S. typhimurium has been previously described [171], and our lab 
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has observed severe attenuation of mpeg1 transgene expression in larval macrophages 

occurring as early as three days post-infection with M. marinum. We describe the 

development of a new macrophage-specific mfap4 transgenic line that, in contrast to 

mpeg1, remains stable during mycobacterial infection. In addition, we describe the 

generation of a macrophage-specific Cre transgenic line that will allow lineage-tracing 

and easy combinatorial transgenic approaches to investigating in vivo, real-time 

macrophage dynamics. 

3.2 Results 

3.2.1 Construction of macrophage-specific transgenic lines based on 
mfap4. 

To overcome the limitation in long-term imaging of macrophage/M. marinum 

interactions imposed by the loss of mpeg1 transgene expression, we developed novel 

transgenic lines based on another of the original four spi1-controlled genes, 

microfibrillar-associated protein 4 (mfap4) [123]. The turquoise version of this line has 

been reported previously by our laboratory [39], but here we describe its 

characterization and the development of additional tools that expand the repertoire of 

macrophage-specific tools. To generate an mfap4 promoter element likely to recapitulate 

the endogenous, macrophage-specific expression pattern, we amplified ~1.6 kb of 

genomic sequence at the 5’ end of the mfap4 locus. Specifically, the promoter element 

includes 1.5 kb of sequence upstream of the mfap4 transcription start site, continues 

through the entire first intron and terminates at the second codon of the second exon 
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(Figure 13). We elected to retain sequences to direct splicing of the transgene, as mRNA 

export has been shown to be enhanced following a splicing event [194-196]. In order to 

ensure translation initiation at the start site of the inserted transgene, we mutated the 

mfap4 start codon in the promoter element from ATG to ATT. 5’ RACE indicated a 

single initiation codon of the endogenous mfap4 transcript pool, and so alteration of this 

ATG likely abrogates any translation of any mfap4-specific sequence retained at the 3’ 

end of the promoter element of mfap4 transgenes (data not shown). 

 

Figure 13: mfap4 transgene design 
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a. Schematic of the mfap4 promoter sequence with respect to the full endogenous 
mfap4 locus. The full promoter element spans 1,602 bp. Thick lines represent genomic 
sequence flanking the 5’ and 3’ UTRs. Empty and solid boxes represent UTRs and 
coding regions, respectively. Thin lines represent introns. The asterisk denotes the 
location of the start codon mutation (ATG>ATT). b. Schematics of mfap4 transgenes and 
examples of their resulting expression. The bent arrows mark transcription start sites; 
“ATG” marks the beginning of the fluorescent protein ORF. White boxes depict the 
mfap4 promoter as the 5’ Element of an expression construct generated via the Gateway 
Recombination System; colored boxes depict Middle Elements containing fluorescent 
protein ORFs; grey boxes depict 3’ Elements containing a poly-adenylation signal. The 
lines connecting each element represent small linker sequences present as a result of the 
recombination process. i,ii. Expression of cytosolic tdTomato and Turquoise2 fluorescent 
proteins, respectively. iii,iv. Expression of membrane localized dLanYFP and tdTomato, 
respectively. The addition of the CAAX prenylation motif to the C-terminus of either 
fluorescent protein allows macrophage membrane projections to be easily visualized. 
Scale bars = 10 µm. Expression data representative of more than 50 animals for each 
construct. 

 

We cloned the amplified promoter as a 5’ Element of the Multisite Gateway 

Recombination System to facilitate simple, rapid generation of an array of mfap4-

controlled transgenic constructs through modular assembly of the promoter element 

with different transgenes [197, 198]. In this manner we generated several independent 

transgenic zebrafish lines each expressing either the tdTomato (red) [199], dLanYFP 

(yellow/green) [200], or Turquoise2 (cyan) [201] fluorescent proteins: 

Tg(mfap4:tdTomato)xt12 and Tg(mfap4:tdTomato-CAAX)xt6, Tg(mfap4:dLanYFP-

CAAX)xt11, and Tg(mfap4:Turquoise2)xt27, respectively. Each of these lines exhibited 

robust expression in cells that appeared to be macrophages (Figure 13b); this is 

especially apparent for the transgenic lines expressing fluorescent proteins with a C-

terminal CAAX motif, resulting in targeting of the transgene to the plasma membrane 
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[202, 203]. In these two lines, long membrane projections characteristic of motile 

macrophages are always observed (Figure 13b iii and iv). We also observed a modest 

increase in fluorescence signal in the yolk of two tdTomato-expressing transgenic lines 

as compared to the yolk of wildtype larvae, but this limited yolk fluorescence was 

absent in other mfap4 lines indicating that it is not a general property of the promoter 

(Figure 14). 

 

 

Figure 14: Whole animal expression pattern of mfap4 transgenic lines. 

All larvae shown are 3 dpf. Each panel pairs a representative transgenic animal 
with a non-transgenic animal to provide a direct comparison of background 
fluorescence in the relevant excitation/emission channel. a. Tg(mfap4:tdTomato)xt12. b. 

Tg(β-actin2:loxP-DsRed-STOP-loxP-EGFP)s928 X Tg(mfap4:iCre:p2A-tdTomato)xt8. c. 

Tg(mfap4:dLanYFP-CAAX)xt11. d. Tg(mfap4:tdTomato-CAAX)xt6. Scale bars = 500 µm. 
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Subsequent populations of these lines derived from stable, germ-line 

transmitting genomic integrations exhibited transgene expression detectable in a specific 

population of cells by 36 hours post-fertilization (hpf), consistent with the timing of 

macrophage development and accumulation of sufficient fluorescent protein to yield a 

signal [189]. Fluorescence is greatly increased by 48 hpf, and can be detected easily via 

epifluorescence microscopy at relatively low magnification (e.g., 5x objective lens/0.25 

NA). Expression remains robust in the adult and continues to be restricted to cells that 

appear to be macrophages to at least three months of age, including cells infected with 

M. marinum (Figure 15). Because transgenic lines based on mpeg1 have been previously 

characterized as macrophage-specific [124], we sought to determine the specificity of the 

mfap4 promoter by crossing Tg(mfap4:dLanYFP-CAAX)xt11 with Tg(mpeg1:tdTomato-

CAAX)xt3. We observed essentially complete colocalization of expression of both 

fluorophores (Figure 16), indicating that mfap4 transgenics exhibit an expression pattern 

that is highly restricted to zebrafish macrophages. 
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Figure 15: mfap4 transgenes are expressed in adult zebrafish macrophages. 

a.  Frozen 20 µm section of 3 month old adult Tg(mfap4:tdTomato-CAAX)xt6 
zebrafish liver tissue, 2 weeks post-infection (wpi) with approximately 400 c.f.u. of M. 
marinum expressing the Cerulean (cyan) fluorescent protein. i. Macrophages expressing 
tdTomato. The stellate morphology expected of Kupffer cells, specialized resident 
macrophages of the liver, can be seen. ii. M. marinum. iii. DAPI. iv. Merge of i-iii. b. 

Frozen 20 µm section of kidney tissue from the same fish. i. Macrophages expressing 
tdTomato. ii. M. marinum. iii. DAPI. iv. Merge of i-iii. For both a and b, tdTomato 
(macrophage) and Cerulean (M. marinum) fluorescence signals are derived directly from 
fixed fluorescent protein; other than DAPI, no additional staining was performed. Scale 
bars = 50 µm.    
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Figure 16: mfap4 transgene expression colocalizes with the expression of 

mpeg1 transgenes. 

Representative image of the caudal hematopoietic tissue of a double transgenic 
larva, four days post-fertilization. a. Cells expressing dLanYFP via the 
Tg(mfap4:dLanYFP-CAAX)xt11 transgene. b. Cells expressing the tdTomato fluorescent 
protein via the Tg(mpeg1:tdTomato)xt3 transgene. c. Merged image of a,b. Scale bars = 50 
µm. Images representative of at least 40 animals. 

We then sought to demonstrate the utility of mfap4 transgenics for in vivo time-

lapse imaging of zebrafish larvae, as well as confirm standard macrophage behaviors of 

the labeled cell population. We wounded Tg(mfap4:dLanYFP-CAAX) xt11 larvae by 

excising a small portion of the developing tail fin, and imaged the region over several 

hours to track the movements of the labeled cell population (Figure 17). Fluorescent cells 
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can be seen tracking toward and accumulating at the edge of the wound, a behavior 

consistent in both timing and activity for macrophages upon introduction of an 

inflammatory stimulus [204]. Thus, mfap4 driven fluorescent proteins and the added 

CAAX motif do not appear to alter macrophage behavior and, therefore, permit the 

visualization of membrane projections in migrating macrophages. 

3.2.2 The mfap4 promoter produces stable transgene expression 
throughout the course of larval infection with M. marinum 

The zebrafish larva has become increasingly utilized for performing real-time, in 

vivo analyses of mycobacterial disease pathogenesis within a vertebrate host [171, 39, 

119]. Such studies are greatly enhanced by the ability to track macrophages during 

infection, as macrophages are the primary cell type involved in initial interactions with 

pathogenic mycobacteria [172, 205]. However, it has been previously observed that 

mpeg1 expression in zebrafish macrophages becomes attenuated in the presence of M. 

marinum [171], and we also observed a marked reduction in the fluorescence signal 

within infected macrophages of mpeg1 transgenic lines, often to the point that many  
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Figure 17: Time-lapse imaging of a tail wound of an mfap4:dLanYFP-CAAX 

transgenic larva. 

Time-lapse imaging of macrophage recruitment to the site of a wound at the 
posterior end of the larval tail. Macrophage movements may be visualized in real-time 
via fluorescence imaging of mfap4 transgenic larvae. Shown here are four representative 
frames of such an experiment, showing macrophage recruitment to the wound edge at 0, 
1, 2, and 3 hours post-wounding. a. Brightfield detailing the extent and location of the 
wound. The wound edge is highlighted as a dashed white line. b. Macrophages 
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visualized via dLanYFP fluorescence. The number of cells present proximal to and along 
the site of the wound can be seen increasing over time as macrophages track toward the 
damaged tissue. c. Merge of brightfield and fluorescence channels. Scale bars = 100 µm.  
Images representative of 12 animals from two independent biological replicates. 

 

cells within the macrophage population were no longer detectable by fluorescence 

(Figure 18). 

We confirmed via DIC imaging that most of these macrophages were still alive 

and intact (data not shown), suggesting that expression of the mpeg1 transgene itself is  

downregulated by infection. Similar experiments using mfap4 transgenics, however, 

suggested that the expression of mfap4 transgenes was independent of infection status. 

In order to determine the relative stability of mfap4 transgene expression in infected 

zebrafish larvae, the transgenic lines Tg(mpeg1:tdTomato-CAAX)xt3 and 

Tg(mfap4:dLanYFP-CAAX)xt11 were crossed to generate larvae simultaneously 

expressing both fluorescent proteins in all macrophages. The double transgenic larvae 

were separated into two groups: the first was infected intravenously with M. marinum 

and the other injected with vehicle. Fluorescence intensity of either fluorophore was 

measured for a randomly-selected subset of infected macrophages from the infected 

pool, and on macrophages from the same region within the uninfected pool. For both 

day 1 and day 5 post-infection, the fluorescence intensity of the mpeg1-mediated 

fluorophore was significantly decreased relative to controls, whereas expression of the 

mfap4-mediated fluorophore remained stable and even exhibited a modest increase in  
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Figure 18: mpeg1-mediated fluorophore expression is attenuated in infected 

cells. 

Confocal image of a larval granuloma, 5 days post-infection. The region 
containing infected cells is indicated by the green dashed line. Within each cell, M. 
marinum expressing the Cerulean fluorescent protein (cyan signal) are clearly visible. In 
addition, faint tdTomato fluorescence is visible within the infected cells. White 
arrowheads indicate examples of bright, uninfected cells exhibiting normal levels of 
tdTomato fluorescence. a. Brightfield detailing the granuloma in which mpeg1 
fluorescent protein expression is attenuated. b. Fluorescent M. marinum in the same area 
c. Macrophages expressing the tdTomato fluorescent protein. d. Merged image of a-c. 
Scale bars = 50 µm. 

 

expression level at 5 dpi compared to controls (Figure 19). These data include both 

solitary and granuloma-associated infected macrophages. Notably, infected 

macrophages in several larvae exhibited barely detectable mpeg1 transgene 

fluorescence, while those same macrophages exhibited robust mfap4 transgene  
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Figure 19: Differential regulation of mfap4 and mpeg1 transgenes during 

mycobacterial infection. 
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Average fluorescence values of either mpeg1:tdTomato-CAAX or 
mfap4:dLanYFP-CAAX fluorescent proteins relative to uninfected, age-matched 
controls. Five randomly chosen infected macrophages per larva (“Infected”), or five 
randomly chosen macrophages within uninfected larvae (“Control”) were assessed. 20 
larvae were analyzed for each of the infected and control groups at 1 dpi as well as for 
the Infected group at 5 dpi; 19 larvae were analyzed for the Control group at 5 dpi. Both 
tdTomato fluorescence (a,b) and dLanYFP fluorescence (c,d) were measured for the 
same pool of cells from each larva. e. Representative image of mfap4 transgene 
expression (i) and mpeg1 transgene expression (ii) within the same group of cells in an 
uninfected Control larva, 5 dpi.  f. Representative image of mfap4 transgene expression 
(i) and mpeg1 transgene expression (iii) within the same group of cells in an Infected 
larva, 5 dpi; also shown are merged images of fluorescent M. marinum (cyan signal) with 
the YFP (ii) and tdTomato (iv) channels. Note the almost total loss of mpeg1-mediated 
fluorescence within the infected group of cells, while mfap4 transgene fluorescence 
remains robust. Scale bars = 10 µm. * p<.05, ** p<.005, *** p=.0002. Student’s t-test with 
Welch’s correction for unequal variances. Error bars indicate +/- SD.  

 

fluorescence in the same cell. The same disparity was not observed among macrophages 

in uninfected larvae, in which the fluorescence of both fluorophores remained relatively 

stable. We also observed that expression of either transgene appeared unperturbed in 

uninfected macrophages within infected larvae, although this was not assessed 

quantitatively. These data indicate that the altered transgene expression may be largely 

cell-autonomous, requiring the presence of intracellular M. marinum. 

3.2.3 The mfap4:iCre:p2a-tdTomato transgenic line allows for 
macrophage-specific expression of novel and pre-existing Cre-
compatible transgenes 

We have observed that individual transgenes present in zebrafish often exhibit 

diminishing levels of expression as the transgene design increases in length and 

complexity (e.g., constructs expressing fluorophore-tagged host proteins, or constructs 
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containing a viral 2A peptide to direct separation of two discrete protein products from 

a single open reading frame [206]). The lower expression level of longer transcripts is 

often seen despite the use of stable, lineage-specific promoter elements. To overcome 

this apparent limitation, as well as to enhance the utility and scope of the mfap4 

promoter, we generated the transgenic line Tg(mfap4:iCre:p2A-tdTomato)xt8, resulting in 

macrophage-specific expression of a codon-optimized Cre recombinase (iCre) [207]; 

tdTomato serves to identify larvae positive for transgenesis. To assess the efficiency and 

cell specificity of this system, we crossed the zebrafish line Tg(β-actin2:loxP-DsRed-

STOP-loxP-EGFP)s928 [208] with Tg(mfap4:iCre-p2A-tdTomato)xt8. Progeny that contained 

both transgenes were identified on the basis of macrophage-specific EGFP expression, 

indicating successful removal of the DsRed-STOP cassette in macrophages. These larvae 

thus exhibited strong EGFP expression confined to macrophages but under the control 

of the zebrafish β-actin2 promoter (Figure 20). We noted that progeny of this cross have 

decreased numbers of fluorescent cells, particularly within the CHT region, as compared 

to Tg(mfap4:dLanYFP-CAAX)xt11 larvae (Figure 20).  

3.3 Discussion  

These data establish the mfap4 promoter element as a stable, robust genetic tool 

for driving macrophage-specific transgene expression in zebrafish. As a component of 

the Multisite Gateway Recombination system for generating transgenic constructs, this 

new promoter facilitates the generation of multiple transgenic constructs and  
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Figure 20: mfap4:iCre:p2A-tdTomato mediates macrophage-specific gene 

expression of loxP-containing transgenes. 

a-d. Zebrafish larva at 3 dpf expressing both Tg(β-actin2:loxP-DsRed-STOP-loxP-
EGFP)s928 and Tg(mfap4:iCre:p2A-tdTomato)xt8; a,b. 50x magnification of GFP 
fluorescence and merge with brightfield, respectively. c,d. 200x magnification of the 
head, yolk sac, and anterior portion of the gut. e-h. Zebrafish larva at 3 dpf expressing 
Tg(mfap4:dLanYFP-CAAX)xt11 for comparison. e,f. 50x magnification of dLanYFP 
fluorescence and merge with brightfield, respectively. g,h. 200x magnification of the 
head, yolk sac, and anterior portion of the gut. Note that in both larvae, fluorescent 
protein expression is restricted to macrophages all along the body, with a particular 
enrichment in the head. Both larvae also exhibit expression within the caudal 
hematopoietic tissue (CHT). The larvae in a-d show a reduced number of fluorescent 
cells in the nascent macrophage population that predominates in the CHT region, and 
modestly reduced fluorescent cell population number in regions where mature 
macrophages have migrated throughout the body. Scale bars for 50x images = 500 µm; 
scale bars for 200x images = 100 µm. 
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subsequent zebrafish lines for which expression is restricted to macrophages. 

Transgenes driven by the mfap4 promoter exhibit robust, stable expression independent 

of larval infection status with M. marinum, making it particularly useful for the study of 

interactions between pathogenic mycobacteria and a vertebrate host. Beyond simple 

visualization of macrophages within zebrafish larvae, transgenes other than fluorescent 

proteins may be expressed in a macrophage-specific manner, facilitating the study of 

host factors that are involved in restriction or permissiveness to intracellular 

mycobacteria. 

 Using additional genetic tools and common breeding techniques (i.e., mfap4-

driven Cre recombinase expression), more complex transgenic lines may be generated to 

further enhance transgene expression in a macrophage-restricted manner. The stronger 

fluorescent protein expression of these recombined transgenes may be particularly 

useful for long-term time-lapse imaging requiring high temporal resolution, as much 

lower exposure times/intensities may be used for each image resulting in significantly 

less photobleaching and potential phototoxicity. Furthermore, we anticipate that this 

system will be advantageous for driving macrophage-restricted expression of transgenes 

designed to rescue or overexpress biologically active proteins.  

We note that the mfap4:iCre transgenic line led to strong expression in 

macrophages, but overall produced a reduced number of labeled macrophages in the 

CHT region. Because the CHT is the major site of myelopoiesis at this age, this disparity 
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may reflect a delay in the accumulation of Cre recombinase in nascent macrophages. 

Alternatively, the efficiency of Cre-mediated recombination for the partner transgene 

tested may be less than 100 percent.  

Overall, we anticipate that this promoter element as well as the repertoire of 

macrophage-specific transgenic lines we have established will be useful in the study of 

the vertebrate innate immune system. In particular, stable expression from mfap4 

transgenes during infection will enable long-term imaging and manipulation of 

macrophages as they interact with intracellular pathogens. In addition, these transgenes 

should be compatible with FACS [209, 123] of macrophage populations, both uninfected 

and infected, from whole animals, facilitating future studies into the modulation of the 

macrophage transcriptome either by pathogen or host during infection with a variety of 

pathogens. 

3.4 Materials and Methods 

3.4.1 Zebrafish handling 

Animal research and protocols were approved by the Duke University IACUC 

A145-14-06. Adult zebrafish were housed under standard conditions using an 

automated system for water changes and maintenance of pH and conductivity 

(Aquaneering). Larvae were raised at 28.5 °C in incubators. Manipulation and imaging 

were carried out using tricaine anesthesia as described below. Euthanasia of any 
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severely ill or moribund animals was performed by immersion in water at a temperature 

below 4 °C, as approved by IACUC. 

3.4.2 Generation of the mfap4 promoter element 

The forward and reverse primers (5’-CATGTTCTCGAGGCGTTTCTTGGTACAGCTGG-

3’ and 5’-CATGTTGGATCCCACGATCTAAAGTCATGAAGAAAGA-3’, respectively) 

were used to amplify a 1.6 kb region immediately upstream of the third codon of the 

second exon within the mfap4 locus. The BAC clone CH73-131D4 obtained from 

Children’s Hospital Oakland Research Institute (CHORI) was used as the PCR template. 

The linear mfap4 promoter amplicon was cloned into the p5E-MCS vector of the 

Gateway Cloning system via restriction digest and ligation with XhoI/BamHI and T4 

DNA Ligase (NEB) as described previously in [39]. 

3.4.3 Start codon mutagenesis 

The p5E-mfap4 Entry Clone was linearized and amplified via inverse PCR using 

the following primers: 5’-CTTCTCACTCTCTCCTCAACAG-3’ and  

5’-GTAAGTTCTGTGGCTGTTTTATTC-3’. The start codon was mutated from ATG à 

ATT via Gibson Assembly using the linearized backbone and the following single-

stranded DNA oligonucleotide:  

5’-CTGAGCTGTTGAGGAGAGAGTGAGAAGATTGCAGTAAGTTCTGTGG 

CTGTTTTATTCC-3’ as described previously in [39]. 
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3.4.4 Construction of the mfap4:tdTomato transgene  

The tdTomato fluorescent protein was amplified from pTEC5 (a kind gift of 

Lalita Ramakrishnan, University of Cambridge) using the following primers: Forward- 

5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTGGACCATGGTGAGCAAGGGC 

GAGGAG-3’ and Reverse-5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTTACTTG 

TACAGCTCGTCCAT-3’. Amplified tdTomato sequence was BP cloned into pDONR221 

to generate pME-tdTomato. 

The complete transgene was subsequently generated by recombination of p5E-

mfap4, pME-tdTomato, and p3E-polyA [164] elements into the destination vector 

pDestTol2pA2 using the LR Clonase II Plus enzyme mix, resulting in pDestTol2; 

mfap4:tdTomato. 

3.4.5 Construction of the mfap4:tdTomato-CAAX transgene  

pME-tdTomato-CAAX was generated as described [39]. The complete transgene 

was subsequently generated by recombination of p5E-mfap4, pME-tdTomato-CAAX, 

and p3E-polyA elements into the destination vector pDestTol2UbpA using the LR 

Clonase II Plus enzyme mix, resulting in pDestTol2; mfap4:tdTomato-CAAX. 

3.4.6 Construction of the mfap4:Turquoise2 transgene 

Both pME-Turquiose2 and the complete pDestTol2; mfap4:Turquoise2 were 

generated as described [39]. 
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3.4.7 Construction of the mfap4:iCre:p2A-tdTomato transgene 

The mfap4:iCre:p2A-tdTomato transgene was generated through multisite 

gateway recombination of p5E-mfap4, pME-iCre, and p3E-p2A-tdTomato into 

pDestTol2UbpA. pME-iCre was generated by amplifying the codon-optimized iCre 

from pDIRE (Addgene plasmid 26745 from Zeller lab, [210]) with attB1 and attB2 

flanked primers: Forward– 5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTCCACCATGGTGCCCAAGAAGAAGA

G-3’, Reverse– 5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTCGTCCCCATCCTCGAGC-3’ and 

recombining with pDONR 221 by BP recombination (Life Technologies).  

To generate p3E-p2a-tdTomato, tdTomato was amplified from pTEC5 with the 

forward primer 5’-

GGGGACAGCTTTCTTGTACAAAGTGGTTGGATCCTTCAGTCTCGAGATGGTGAGC

AAGGGCGAGGAG-3’ and reverse primer 5’-

GGGGACAACTTTGTATAATAAAGTTGTTACTTGTACAGCTCGTCCAT-3’ and 

gateway cloned in a BP cloning reaction into pDONR p2R-P3. The resulting plasmid 

contained BamHI and XhoI restriction sites upstream of the Tomato start codon. The 

p3E-Tomato construct was digested with BamHI and XhoI and annealed linkers 

encoding the porcine teschovirus-1 2A sequence (p2A) [206] were ligated into the 

plasmid to generate p3E p2A-tdTomato. Annealed linker sequences encoding p2A were 
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as follows: Top strand – 5’- 

GATCCGGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGAGACGTG

GAGGAGAACCCTGGACCTC-3’ and bottom strand – 5’- 

TCGAGAGGTCCAGGGTTCTCCTCCACGTCTCCAGCCTGCTTCAGCAGGCTGAAGT

TAGTAGCTCCGCTTCCG-3’. 

pDestTol2UbpA was generated by amplifying the ubiquitin B poly A signal with 

the following primers – 5’-TATTATACATAGTTGATATTCTCAGTATCCCCTGCTTA-3’ 

and 5’-CGACGGCCAGTGAATTATACTTCTCATTTCGCATCTTAT-3’; and amplifying 

the pDestTol2pA2 backbone with the following primers – 5’-AATTCACTGGCCGTCG-

3’ and 5’-ATCAACTATGTATAATAAAGTTGAACGAG-3’, and joining the PCR 

products with Infusion (Clontech).  

The complete transgene was subsequently generated by recombination of p5E-

mfap4, pME-iCre, and p3E-p2A-tdTomato elements into the destination vector 

pDestTol2UbpA using the LR Clonase II Plus enzyme mix, resulting in pDestTol2; 

mfap4:iCre:p2A-tdTomato. 

3.4.8 Construction of mfap4:dLanYFP-CAAX transgene 

For Tg(mfap4:dLanYFP-CAAX)xt11 only, the p5E-mfap4 Entry Clone was slightly 

modified by the inclusion of the p2A sequence at the 3’ end of the promoter element, in-

frame with both the upstream mfap4 coding sequence and downstream transgene 

coding sequence. This sequence was included as an additional mechanism to ensure that 
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any translation of the mfap4 coding sequence would be separated from the transgene 

polypeptide. No differences in expression were observed between this line and other 

mfap4 lines. The modified p5E-mfap4 was generated by inverse PCR of p5E-mfap4 

using the primers  

5’-GGCTGAAGTTAGTAGCTCCGCTTCCCACGATCTAAAGTCATGAAG-3’ 

and 5’-AGACGTGGAGGAGAACCCTGGACCTGGATCCACTAGTTCTAGAGCGG-3’, 

followed by Gibson Assembly (NEB) of the linearized p5E-mfap4 amplicon and a single-

stranded DNA oligonucleotide 5’- 

AGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGAGACGTGGAGGAGAA

CCCTGGA-3’. 

The sequence of dLanYFP was PCR amplified from pNCS dLanYFP (Allele 

Biotechnology) with the primers 5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTGGACCATGGTGAGCAAGGGCGAGG

AG-3’ and 5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTAGATCTACTTGTAGAGCTCGTCCAT

GCCG-3’. These primers resulted in a silent SacI site in the 3’ end of the LanYFP coding 

sequence and a BglII site downstream of the dLanYFP stop codon. The PCR product was 

cloned by BP gateway cloning (Life Technologies) into pDONR221 to generate pME-

dLanYFP. The resulting pME-dLanYFP construct was digested with SacI and BglII and 

annealed oligos encoding the human H-Ras prenylation signal [202, 203] were cloned 
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into the plasmid to generate pME-dLanYFP-CAAX. Oligo sequences for the linker are: 

top strand- 5’-

CTACAAGAAGCTGAACCCTCCTGATGAGAGTGGCCCCGGCTGCATGAGCTGCAA

GTGTGTGCTCTCCTA-3’, bottom strand- 5’-

GATCTAGGAGAGCACACACTTGCAGCTCATGCAGCCGGGGCCACTCTCATCAGG

AGGGTTCAGCTTCTTGTAGAGCT-3’. 

The complete transgene was subsequently generated by recombination of the 

modified p5E-mfap4, pME-dLanYFP-CAAX, and p3E-polyA elements into the 

destination vector pDestTol2pA2 using the LR Clonase II Plus enzyme mix, resulting in 

pDestTol2; mfap4:dLanYFP-CAAX. 

3.4.9 Generation of transgenic zebrafish lines 

In all cases, transgenic lines were generated as follows: Single-cell zebrafish 

embryos were injected with approximately 1nl of a mixture containing 50ng/µl of 

transgenic construct (i.e., pDestTol2; mfap4:dLanYFP-CAAX), 25ng/µl of Tol2 

transposase mRNA, and 0.17% phenol red in 1x Buffer Tango. The Tol2 transposase 

mRNA was generated via in vitro transcription from T3TS-Tol2 [162] using the 

mMessage mMachine T3 Kit (Life Technologies). Larvae positive for transgenesis were 

selected at 48 hours post-fertilization on the basis of detection of transgene fluorescence. 

Adults from these founder populations were individually out-crossed to wildtype fish, 

and larvae positive for macrophage fluorescence were retained as F1 populations. 
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3.4.10 M. marinum larval infections, imaging, and quantitation 

The transgenic zebrafish lines Tg(mpeg1:tdTomato-CAAX)xt3 or 

Tg(mfap4:dLanYFP-CAAX)xt11 were crossed to generate double transgenic larvae. Larvae 

positive for both red and yellow fluorescence were anesthetized in 160 µg/ml Tricaine 

(MS-222, Sigma Aldrich) and injected via the caudal vein at 48 hours post-fertilization 

with 100-200 M. marinum expressing the Cerulean fluorescent protein. Larvae were 

imaged at 1 day post-infection and 5 days post-infection in all three fluorescent channels 

as well as transmitted light. All imaging for this experiment was carried out using a 

Zeiss Observer Z1 inverted microscope. Quantitation of fluorescence was carried out 

using Zen Image Processing software (Zeiss). 

Confocal images were acquired on a Leica SP8 Confocal Microscope using a 25x 

water-immersion lens. 

3.4.11 M. marinum adult infections and frozen tissue sections 

Adult infections, tissue preparation, and frozen sectioning were performed as 

described in [39]. 
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4. In Vivo Macrophage-specific Genome Editing in 
Zebrafish Using a Ribozyme-mediated CRISPR/Cas9 
System 

4.1 Introduction 

The CRISPR/Cas9 genome editing system has proven an invaluable tool for 

probing the genetic basis for myriad biological phenomena. Clustered regularly 

interspersed short palindromic repeats (CRISPR) and CRISPR-associated (Cas) proteins 

were discovered as components of an RNA-guided prokaryotic adaptive immune 

system to foreign genetic elements from invading plasmids or bacteriophages [129, 130, 

128]. This system rapidly demonstrated remarkable utility as a genetic engineering tool, 

retaining the ability to initiate double-stranded breaks in a highly-efficient, 

programmable manner in mammalian systems including human and mouse cell lines, as 

well as mouse embryos [211-214].  

Zebrafish were among the earliest model organisms used to test this system in 

eukaryotes, and it was rapidly demonstrated that this system could be used to induce bi-

allelic, heritable genomic lesions in zebrafish embryos [131, 133, 215, 137]. The 

technology in its most basic form has been engineered to require only two components: 

the Cas9 protein and an artificial single-stranded RNA oligomer, referred to here as a 

short guide RNA (sgRNA). The sgRNA incorporates both the targeting CRISPR RNA 

(crRNA) and trans-activating crRNA (tracrRNA) into a single RNA strand [128]. To 

initiate an editing event, the sgRNA forms a complex with the Cas9 protein, forming the 
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active enzyme. Interaction between genomic DNA and the enzyme complex is facilitated 

by base-pairing between the target region of the sgRNA and its reverse-complement 

within the genome. Cleavage of both DNA strands occurs if the target site possesses the 

protospacer-associated motif (PAM) “NGG” immediately 3’ to the region of 

complementarity, where N is any base and G is guanine [216, 128]. 

The simplest use of the CRISPR/Cas9 system involves generating non-functional 

alleles by targeting critical exons within a gene. The double-stranded break initiated by 

the enzyme complex is recognized by DNA damage surveillance machinery within the 

cell, and is most often repaired via the process of non-homologous end joining (NHEJ). 

This method of DNA repair is error-prone and often results in small insertions or 

deletions proximal to the cleavage site [131, 133]. Shifts in reading frame arising from 

these insertions or deletions alter the downstream coding sequence and usually result in 

premature translation termination at a stop codon within the shifted frame. Truncation 

or aberrant translation of the gene prior to or within a region critical to function 

produces a loss-of-function allele and an effective gene knock-out. 

In animals, this system is most frequently used to edit the genome of an 

organism at the single-cell embryo stage in order to increase the probability of 

generating a whole-animal, bi-allelic knock out of the target gene, as well as increase the 

proportion of gametes possessing an altered allele [133, 141, 214]. However, this 

precludes the use of this system for studying gene functionality in a tissue-specific 
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manner. Solutions to this problem have been developed that use tissue-specific 

expression of the Cas9 protein concurrent with ubiquitous expression of sgRNAs using 

U6 snRNA promoters [138, 140]. 

Adapting this system for use in macrophages, however, has proven difficult. In 

cell culture, primary macrophages have historically been notorious for their 

intractability with respect to the expression of transgenes, despite technological 

advances that have increased expression efficiency [217]. Zebrafish macrophages in vivo 

have proven particularly intractable beyond the expression of fluorescent proteins. 

Indeed, very few instances of stable expression of anything other than fluorescent 

proteins using zebrafish macrophage-specific promoters have been reported [31, 124, 

126, 125]. Our lab has observed poor expression and even toxicity associated with 

increasing transgene size when using all of the available macrophage-specific 

promoters, making it unlikely that Cas9 expression would be sufficient for activity or 

well tolerated if expressed in macrophages using these systems. A CRISPR/Cas9 system 

that relies on macrophage specific sgRNA expression coupled with Cas9 expression 

driven by a powerful, ubiquitous promoter such as those of the zebrafish b-actin (actb1) 

or Ubiquitin B (ubb) loci, however, may be more successful [218, 219]. In such a system, 

the sgRNAs could be incorporated as a small extension to the 3’ end of an RNA 

Polymerase II transcript, the 5’ end of which codes only for a fluorescent protein. Thus, a 
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fluorescent protein is still the only translated product, and total transcript size is similar 

to a transcript containing only the fluorescent protein ORF. 

RNA Polymerase II transcript-derived sgRNAs have been used successfully in 

the zebrafish for in vivo assembly of functional a functional CRISPR/Cas9 system. This 

design used two cis-acting ribozymes to co-transcriptionally free sgRNAs from nascent 

mRNAs. Specifically, a Hammerhead (HH) ribozyme capable of forming a stem loop 

with the first 6 bases of the sgRNA is incorporated immediately 5’ to the sgRNA, and the 

Hepatitis Delta Virus (HDV) ribozyme is incorporated immediately 3’ to the sgRNA 

[142]. Cleavage occurs at the base of the sgRNA-containing stem loop, releasing the 5’ 

end of the sgRNA while appending no additional sequence; the HDV ribozyme 

sequence is invariant and directs cleavage immediately 5’ to itself, freeing the 3’ end of 

the sgRNA. Therefore, by flanking the sgRNA 5’ and 3’ with HH and HDV ribozymes, 

respectively, the sgRNA will be released once both ribozymes are transcribed and have 

properly folded. A cassette containing the fluorescent protein ORF followed by the 3’ 

protection sequence from the metastasis-associated lung adenocarcinoma transcript 1 

(MALAT1) is placed upstream of the ribozyme-sgRNA cassette, which prevents 

degradation of the transcript in the absence of a true poly-adenylation sequence [220]. 

This allows a single transcript to generate both the fluorescent protein and sgRNAs. 

The ability to liberate sgRNAs from RNA Polymerase II transcripts has the 

potential to be particularly useful for in vivo tissue-specific CRISPR/Cas9 systems in 
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zebrafish macrophages. The macrophage-specific promoters available (mpeg1, mfap4, 

irg1) have all demonstrated the ability to express fluorescent proteins with no apparent 

toxicity to the cell or alteration to stereotypical macrophage behavior. A transgene 

design that incorporates ribozyme-flanked sgRNAs into the 3’ end of a fluorescent 

protein-coding transcript is likely to be well tolerated, since it requires only a modest 

increase in transcript size and still results in the translation of only the fluorescent 

protein.  

Here, I adapt this ribozyme-mediated method for generating sgRNAs derived 

from RNA Polymerase II transcripts. Using the mfap4 promoter, I drive robust 

macrophage-specific transcription of a fluorescent protein and multiple sgRNAs off of a 

single, short transcript. By targeting fluorescent protein open-reading frames in 

transgenic zebrafish, I show that this system is capable of disrupting targeted genomic 

loci. Moreover, I show that co-expression of the ribozyme-derived sgRNAs and Cas9 

using macrophage and ubiquitous promoters, respectively, does not disrupt 

macrophage phagocytic function following exposure to Mycobacterium marinum. I also 

report the first instance of a stable, ubiquitously expressed Cas9 transgenic zebrafish. 

When crossed together, progeny possessing both transgenes exhibit CRISPR/Cas9 

genome editing activity specifically within fluorescently labeled macrophages. 
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4.2 Results 

4.2.1 The Hammerhead and Hepatitis Delta Virus ribozymes efficiently 
release sgRNAs during transcription  

I first sought to determine the functionality of the HH and HDV ribozymes 

during co-transcriptional cleavage and release of sgRNAs. Two mRNA templates 

mimicking transgene design were incorporated separately into a plasmid containing a 5’ 

T3 RNA Polymerase transcription start site. One template would produce a transcript 

containing the tdTomato fluorescent protein open-reading frame followed by a 

ribozyme-flanked sgRNA, and the other template would produce a transcript containing 

only the ribozyme-flanked sgRNA. Following a one hour in vitro transcription reaction, 

total RNA was analyzed by Agarose Gel Electrophoresis. Both transcription reactions 

produced RNA banding patterns consistent with activity of both ribozymes. Control 

reactions using a template in the reverse orientation did not yield any cleaved RNA 

products (Figure 21). Thus, transgenes incorporating this design exhibit cis-acting 

ribozyme activity capable of co-transcriptionally liberating sgRNAs. 

4.2.2 A standardized, one day cloning strategy for generating sgRNA-
containing transgenes 

Targeting a single location within a gene is often insufficient to generate a loss-

of-function allele, as there exist multiple mechanisms by which translation of a 

functional protein may be achieved following a single frameshift mutation.  
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Figure 21: Hammerhead and HDV Ribozymes direct co-transcriptional 

cleavage of sgRNAs. 

A. Schematic representation of mock transgenes used for in vitro transcription. B. 
Breakdown of the RNA fragments derived from transcription of the entire transgene 
from (A). Lanes 1 and 2 represent high and low molecular weight RNA ladders, 
respectively. Lane 3 was loaded with 500ng of RNA from and in vitro transcription 
reaction that used the transgene in the opposite orientation (reverse complement) as the 
template. Lane 4 was loaded with 500ng of RNA from transcription in the correct 
orientation. Transcription in the correct orientation but not the reverse orientation yields 
RNA fragments of the predicted sizes for ribozyme activity. C. Breakdown of the RNA 
fragments derived from transcription of only the ribozyme-containing portion of the 
transgene (omitting the fluorescent protein ORF). This allowed analysis of greater mass 
fractions of cleaved products, improving resolution. Lanes 1 and 2 are high and low 
molecular weight RNA ladders, respectively. Lanes 3 and 4 represent 500ng each of 
RNA fragments from transcription containing two sgRNAs with different target 
sequences. This yields HH ribozymes with sequences that differ in the final stem loop. 
Both transcription reactions yielded bands predicted by full or partial cleavage of the 
transcript. Importantly, both HH ribozymes functioned despite sequence differences. 
However, cleavage efficiency of the HH ribozyme appears to be at least somewhat 
dependent on the sequence of the sgRNA target site (and thus the final stem loop of the 
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ribozyme), as the reaction from lane 4 yielded a higher proportion of cleaved transcript 
than the reaction from lane 3. 

 

Additionally, many biological phenomena are mediated by multiple genes with 

redundant function, a problem which is exacerbated in the zebrafish due to a large 

genome duplication [221]. In light of these realities, it is important to allow for the 

expression of multiple sgRNAs from a single transgene in order to promote efficient 

knock-out of the gene in as many targeted cells as possible.  

Loading multiple sgRNAs into a single transgenic construct, however, becomes 

increasingly time-consuming and less economically practical as the number increases. 

Therefore, we designed our system to minimized the cost and assembly time of each 

transgenic construct, while maintaining the ability to load two sgRNAs. The workflow is 

given in Figure 22. Briefly, the cassette containing the ribozyme-flanked sgRNAs is built 

via two sequential PCRs using two pairs of standardized primers (see Appendix B). The 

output of the second PCR is ligated to a restriction digest-linearized vector backbone 

using isothermal assembly (InFusion, Clontech). This allows a transgenic construct 

containing two different sgRNAs to be assembled in a single day. This cloning strategy 

is highly efficient, with >90% of clones exhibiting proper assembly, minimizing the 

number that must be screened to find the correct transgene. 
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4.2.3 The Tg(ubb:nls-zCas9-nls::crya:GFP) transgene expresses 
functional Cas9 stably across multiple generations 

A promoter derived from zebrafish Ubiquitin B locus exhibits robust, global 

activity when used to drive transgene expression, and in our hands has shown the 

greatest resistance to silencing and toxicity when used to express large transcripts. We 

used this promoter to drive a zebrafish codon-optimized Cas9 possessing N- and C-

terminal SV40 nuclear localization sequences [222]. In order to minimize the size of the 

transcript as well as polypeptide fusions that might interfere with Cas9 folding or 

activity, the expressed Cas9 itself was not fused to a fluorescent protein. Instead, we 

incorporated into the transgene backbone a separate module utilizing the  a-crystallin 

promoter to drive GFP expression in the lens of the eyes, allowing for simple, rapid 

screening for transgene integration in founder fish and subsequent transmission to 

progeny [223]. 

We first sought to confirm that the Cas9 expressed from the transgene was functional. 

Transgenes driven by the ubb promoter are early in development, and so we performed 

an incross of F1 adults possessing the Tg(ubb:nls-zCas9-nls::crya:GFP) transgene and 

injected sgRNAs against zebrafish Tumor Necrosis Factor alpha (TNFa) Receptors 1 and 

2 (tnfrsfa and tnfrsfb loci, respectively). We extracted genomic DNA from whole larvae 

at 3 days post fertilization, and assessed lesion frequency at the target locus via High 

Resolution Melt Analysis (HRMA) [224]. HRMA records the melting temperature of an 

amplicon pool generated by PCR of a short region around the target site, and is a 
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sensitive method for detection of the presence of alleles containing small insertions or 

deletions at the target site. If editing at the target site occurs within the first few cell 

divisions of the embryo, multiple independent repair events will generate a pool of 

alleles that will yield a heterogeneous amplicon mixture after PCR. This mixture will 

have a melt profile that differs from the more homogenous amplicon pool generated by 

PCR of wildtype loci.  

HRMA of the targeted TNFR1 and TNFR2 loci indicated that small insertions or 

deletions (indels) were introduced at a frequency of 89% and 58%, respectively (Figure 

23). To control for sequence-driven variability in efficiency, we also injected wildtype 

embryos with the same sgRNAs, pre-complexed with Cas9 protein. We observed the 

presence of indels at a frequency of 97% for both loci, indicating that both sgRNAs are 

highly efficient at mediating cleavage of genomic DNA at their target sites. These results 

demonstrate that Cas9 derived from a stable transgene integration is active and capable 

of inducing mutations simultaneously at multiple target loci with high efficiency.  

It should be noted that lesions induced by the Cas9 transgene appeared to be 

present at a lower frequency within the animal, evidenced by less variation from 

wildtype melt curves for this group. This is most likely due to the delay in Cas9 

production that would occur as a result of the need for transcription of the transgene, 

and translation and proper folding of the protein. Whereas pre-complexed Cas9/sgRNAs 

are active as soon as they are injected, several cell divisions may take place before 
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transgene-derived Cas9 reaches active levels. Dilution of the sgRNAs as cell division 

occurs would lead to a lower frequency of lesions within the animal, as cleavage 

efficiency is dependent on sgRNA concentration. This would ultimately reduce the 

heterogeneity of the amplicon pool and subsequent melt curve during HRMA. This will 

not be an issue for use of this transgenic line to induce mutations in a tissue-specific 

manner later in development, since sgRNA transcription will occur secondarily to 

constitutive, ubiquitous Cas9 production that will have taken place since fertilization. 

Additionally, using tissue-specific promoters such as mfap4 or irg1 that remain robustly 

active after induction will ensure sgRNA concentration remains elevated and stable.  

 

 



 

 

 

Figure 22: Basic workflow for single-day 2x sgRNA transgene construction. 

All separate components shown are color coded; refer to the legend in the upper right for the color designation for 
each component. A. Schematic representation of the transgene cassette of the plasmid pDEST-rzEV. Digestion of a single 
AatII restriction site (denoted by the yellow star) linearizes the plasmid, which is used as a PCR template and in the final 
assembly reaction. B. Schematic representation of the construction of the 2x sgRNA cassette that will be inserted into the 
linearized vector. Left: The portioned of the linearized vector used as a template for the 1st PCR. Middle: The PCR product of 
the 1st PCR is used as a template for the 2nd PCR. Right: The product of the second PCR. The two PCRs are performed 
sequentially without the need for a purification step in between. C. Schematic representation of insertion of the 2x sgRNA 
cassette into the linearized vector. The two pieces are assembled via InFusion (Clontech), a short isothermal assembly method 
facilitated by homology at the ends of each DNA fragment. 
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Figure 23: Cas9 from an integrated transgene efficiently directs editing of 
target loci. 
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Quantitation (A) and representative images (B) of wildtype or mosaic TNFR1+2 

knockout larvae (generated by co-injection of Cas9 protein and the 2 sgRNAs) infected 

with wildtype M. marinum. C. HRMA output of a subset of the larvae assayed for 

CRISPR/Cas9-induced lesions at the TNFR1 and TNFR2 target loci produced by co-

injected sgRNAs against both loci and purified Cas9 protein. Left: Aligned melt curves 

for HRMA of the TNFR1 locus. Included are 5 known wildtype controls, all with tightly 

overlapping melt curves (denoted by the black arrow). The remaining curves were 

automatically identified by the HRMA software to be distinct from wildtype, indicating 

lesion-induced heterogeneity of the amplicon pool and therefore genomic editing events. 

Right: Aligned melt curves for HRMA of the TNFR2 locus. Wildtype curves are denoted 

by the black arrow. Curves from edited larvae exhibit the characteristic drop in melting 

temperature and shift in melt curve pattern. D. HRMA output of a subset of the larvae 

assayed for CRISPR/Cas9-induced lesions at the TNFR1 and TNFR2 target loci produced 

by injection of only the two sgRNAs into transgenic embroys carrying the Tg(ubb:nls-

zCas9-nls::crya:GFP) transgene. Left: Aligned melt curves for HRMA of the TNFR1 

locus. Melt profiles distinct from wildtype are present, although the difference is less 

robust. Right: Aligned melt curves for HRMA of the TNFR2 locus. E. Frequency of 

larvae identified by HRMA as having lesions at either genomic locus. Editing at the 

TNFR1 locus was detectable at a similar frequency for both injected and transgenically-

produced Cas9. Editing at the TNFR2 locus occurred less frequently for the transgenic 

Cas9 group compared to the group receiving injected Cas9 protein. However, editing in 

the transgenic group was still detectable in a majority of animals assayed.  
 

4.2.4 Targeting the fluorescent protein ORFs in transgenic zebrafish 
disrupts fluorescent protein expression 

To test the functionality of the system, I designed an irg1-driven ribozyme-

sgRNA transgene that targeted the fluorescent protein ORF of zebrafish larvae 

possessing the mfap4:turquoise2 transgene [125]. The irg1 promoter was used instead of 

the mfap4 promoter to minimize the potential confounding factor of promoter 

squelching, as loss of fluorescence of a transgene could potentially be caused by the 

dilution of transcription factors across too many of the same promoter. I injected Tol2 

mRNA and this transgene, containing two sgRNAs targeting the turquoise2 locus, into 
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single cell embryos from a cross between Tg(mfap4:turquoise2) and Tg(ubb:nls-zCas9-

nls::crya:GFP) lines. Larvae were selected at 2 dpf based on co-expression of cyan 

fluorescence in macrophages and green fluorescence in the lens of the eye, indicating the 

presence of both the mfap4 and ubb transgenes.  

Transcription of the sgRNA-containing transgene was initiated by caudal vein 

infection with M. marinum, which robustly activates irg1 in macrophages throughout the 

fish and especially in those that directly interact with the bacteria. Macrophages 

exhibiting red fluorescence but lacking turquoise fluorescence were detectable at 1 dpi; 

this loss of cyan fluorescence indicates editing activity at the mfap4:turquoise2 transgene 

loci (Figure 24). Importantly, macrophages that induced the sgRNA transgene exhibit 

stereotypical macrophage dynamics in response to M. marinum. We observed edited 

cells (those that have induced the sgRNA transgene but lack cyan fluorescence) 

phagocytosing bacteria (Figure 24). 

4.2.5 Macrophage-specific targeting of TNF Receptors enhances 
susceptibility to intracellular mycobacterial growth 

After confirming activity of this system by targeting fluorescent proteins, I 

wanted to demonstrate applicability to relevant host/pathogen interactions during 

mycobacterial infection. Moreover, I wanted to show that the sgRNAs loaded into a 

single transgene could be used to effectively edit more than one gene. Tumor necrosis 

factor alpha (TNFa) is a critical component of the initial immune response to 

mycobacterial infection, making the TNF pathway an attractive target for assessing 
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CRISPR/Cas9-induced loss-of-function during mycobacterial infection. TNFa signaling 

greatly enhances the ability of macrophages to restrict intracellular growth of 

mycobacteria. Blockade of TNF signaling via morpholino-mediated whole-larva 

knockdown of the TNFa Receptor TNFR1 results in increased intracellular bacterial 

burdens in macrophages, accelerated granuloma formation, an increase in nonapoptotic 

cell death leading to extracellular bacterial growth and cording [173]. A second receptor 

known as TNFR2 also signals by binding TNFa, and has been implicated in regulating 

cell survival and apoptosis [225]. To maximally disrupt TNFa signaling during infection, 

I targeted the open-reading frames of both the tnfrsfa and tnfrsfb loci. Specifically, the 

last exon of TNFR1 (containing the death domain required for activity) and the second 

exon of TNFR2 (sufficiently early in the gene to be disrupted by frameshift mutations) 

were targeted. Importantly, lesions at these sites in mosaic knockout larvae resulted in 

an increased susceptibility to M. marinum as assessed by total bacterial burden (Figure 

23). 

The sgRNAs loaded into the ribozyme-sgRNA transgene are highly efficient at 

editing their respective loci.  HRMA revealed a frequency of 97% for detectable lesions 

in both genes from embryos co-injected with in vitro transcribed versions of these 

sgRNAs and Cas9 protein, and this editing resulted in an increased susceptibility to 

severe mycobacterial infection (Figure 23). A transgene loaded with sgRNAs against the 

TNFR1 and TNFR2 loci was injected along with Tol2 mRNA into single cell embryos 
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Figure 24: Co-expression of ubiquitous Cas9 and irg1 transgene-derived 
sgRNAs induces editing activity in zebrafish macrophages. 

Images of a zebrafish larva of the Tg(ubb:nls-zCas9-nls::CryA:GFP) background 

expressing the Tg(irg1:tdTomato-rz-anti-turquoise2) transgene in a subset of 

macrophages. Expression of the irg1 transgene was induced by caudal vein infection 

with M. marinum (green). Larvae were imaged beginning at 24hrs post infection. The 
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images below depict frames taken at ~14hrs after imaging began. The region of the fish 

contained in the lower panels is outlined by the dotted line in the upper panel. Shown 

are channels representing mfap4:turquoise2 expression (cyan), irg1:tdTomato-anti-

turquoise2 expression (red), M. marinum fluorescence (green), as well as all channels 

merged. Macrophages expressing the sgRNA transgene are outlined by white dotted 

lines to show their relative position in the non-read channels. All three of these cells 

exhibit robust tdTomato (and therefore sgRNA) expression, but no turquoise2 

fluorescence indicating editing of the target loci within the turquoise2 open-reading 

frame. The macrophage denoted by the orange arrow can be seen near bacteria (left 

panels) and then with intracellular bacteria (middle and right panels), indicating a 

phagocytosis event. This is notable because it demonstrates that macrophages can 

tolerate co-expression of Cas9 and sgRNAs, as well as CRISPR/Cas9-induced genome 

editing events, while still retaining stereotypical macrophage behavior. 

 

possessing the Tg(ubb:nls-zCas9-nls::crya:GFP) transgene. Larvae positive for 

macrophage tdTomato fluorescence were infected at 2 dpf with an M. marinum DErp 

mutant strain that is defective for growth in individual macrophages independent of 

granuloma formation. Intracellular bacterial growth was compared between fluorescent 

and non-fluorescent macrophages in each fish. Embryos lacking the Cas9 transgene 

were also injected with the ribozyme-sgRNA transgene and assessed as a negative 

control. Average initial infection burdens were the same between the two groups (data 

not shown). The tdTomato+ macrophages in the Cas9+ background showed increased 

intracellular bacterial growth compared to tdTomato+ macrophages in the Cas9- 

background, providing strong evidence of CRISPR/Cas9 inactivation of TNF signaling 

via disruption TNFR1 and TNFR2 genomic loci (Figure 25). 
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Figure 25: CRISPR/Cas9 targeting of TNFR loci in macrophages results in 
enhanced intracellular mycobacterial growth. 

A. Representative images of tdTomato+ macrophages infected with DErp M. 
marinum (upper panels) and the cyan fluorescent channel only with M. marinum alone 

(lower panels), 4dpi. Left: Mosaic Tg(mfap4:tdTomato-anti-TNFR1/2) larvae in the *AB 

background. Right: Mosaic Tg(mfap4:tdTomato-anti-TNFR1/2) larvae in the Tg(ubb:nls-

zCas9-nls::crya:GFP) background. Orange arrows denote individual fluorescent 

macrophages with intracellular M. marinum. The macrophages shown for the *AB 

background have 2-3 intracellular bacteria, whereas macrophages shown for the 

Tg(ubb:nls-zCas9-nls::crya:GFP) background, which should possess editing activity at 

the TNFR loci, have 4-6 intracellular M. marinum; these burdens are indicative of the 

average respective burdens for tdTomato+ macrophages from either background. B. 

Quantitation of intracellular burdens of tdTomato+ infected macrophages. In the *AB 

group, 65 macrophages assessed from 6 larvae. In the Cas9 group, 90 macrophages were 

assessed from 9 larvae. ****p<0.0001, Student’s t-test with Welch’s correction for unequal 

variances. Scale bars = 10µm. 
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4.3 Discussion 

While direct assessment of editing at target loci remains to be performed, the 

data presented here provide strong phenotypic evidence for the functionality of a 

macrophage-specific CRISRPR/Cas9 system. The nature and specificity of the mutations 

induced by this system will be evaluated through analysis of genomic DNA isolated 

from macrophages from F1 larvae possessing both the Cas9 and sgRNA transgenes, with 

F1 larvae possessing only the sgRNA transgene acting as the control population. 

Macrophages from either group will be sorted by fluorescence-activated cell sorting 

(FACS), followed by HRMA and sequencing of target loci to confirm editing in the 

macrophage population expressing Cas9 and sgRNAs but not in the population 

expressing only sgRNAs. In both cases, the same analysis will also be performed on 

target loci from non-fluorescent cell populations to confirm macrophage specificity.   

The zebrafish/M. marinum model has yielded unprecedented resolution and 

detail for macrophage dynamics during early infection in vivo. Macrophage-dependent 

vascularization of infected foci has been observed for M. marinum infections of zebrafish 

larvae, with robustness of vascularization correlating to increased bacterial growth in 

vivo. While host pathways involved in this process have been identified (e.g., VEGF), 

their relationship to macrophages remains obscure beyond the observation that the 

presence of macrophages is required for early granuloma vascularization. Additional 

work in the zebrafish has probed into the genetic and molecular mechanisms of 
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macrophage epithelialization during granuloma formation, identifying the upregulation 

of cell-cell junction complexes (i.e., E-cadherin, plakoglobin). 

These findings could be enhanced and expanded through the use of 

macrophage-specific CRISPR/Cas9 tools. For instance, while the abnormal angiogenesis 

that occurs during mycobacterial infection has been shown to be both macrophage and 

VEGF pathway dependent, knock-out of the secreted VEGF pathway activator vegfaa 

specifically in macrophages could be used to determine if these two dependencies are 

directly linked or merely co-incident. 

Macrophage epithelialization requires an extensive transcriptional profile shift, 

including the induction of genes that are extensively active in otherwise normal 

epithelial tissue. Because of this whole animal knockouts of genes required for 

epithelization may result in an inviable or severely atypical host. Disruption of these 

genes specifically within macrophages would retain the integrity of other host tissues, 

minimizing the number of potential confounding factors.  

This system can also be readily adapted for use with inducible promoters. The 

ubb promoter may be replaced with the zebrafish heat shock-inducible promoter hsp70l, 

which exhibits strong, ubiquitous activity upon induction via incubation at temperatures 

tolerable to the animals but above the standard zebrafish incubation temperature of 

28.5°C. Temporal control of gene disruption will be particularly beneficial for studying 

mycobacterial disease, as the progression of the disease is characterized by several 
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unique stages with dynamic macrophage transcriptional profiles. These include 

phagocytosis and evasion of host sterilization mechanisms, macrophage reprogramming 

and epithelialization to form the nascent granuloma, vascularization of the granuloma, 

caseation and necrosis of the granuloma core, and ultimately granuloma breakdown and 

bacterial dissemination. The ability to choose the timing of gene disruption will allow 

perturbation of target genes within macrophages to assess their role not only for 

mycobacterial disease as a whole but also at each of these stages of infection. 

CRISPR/Cas9 systems need not functional only in a destructive manner. 

Nuclease activity may be deactivated by two amino acid changes while retaining the 

ability to complex with the sgRNA and bind with high affinity to specific sites within the 

genome. This deactivated Cas9 (dCas9) is then fused to a potent, non-specific eukaryotic 

transcription factor like VP16, repurposing the system for gene activation as opposed to 

destruction. Conversely, dCas9 may be fused to a transcriptional repressor achieving 

gene knock-down without damage to the underlying genomic structure. This extensive 

versatility would allow for precise genetic control of macrophages in vivo in zebrafish. 

4.4 Materials and Methods 

4.4.1 Zebrafish handling 

Animal research and protocols were approved by the Duke University IACUC 

A122-17-05. Adult zebrafish were housed under standard conditions using an 

automated system for water changes and maintenance of pH and conductivity 
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(Aquaneering). Larvae were raised at 28.5 °C in E3 embryo media in incubators. 

Manipulation and imaging were carried out using tricaine anesthesia as described 

below. Euthanasia of any severely ill or moribund animals was performed by immersion 

in water at a temperature below 4 °C, as approved by IACUC. 

4.4.2 M. marinum larval infections, imaging, and quantitation 

4.4.2.1 Infections with wildtype M. marinum 

Zebrafish larvae were anesthetized in 160 µg/ml Tricaine (MS-222, Sigma 

Aldrich) and injected via the caudal vein at 48 hours post-fertilization with 100-200 M. 

marinum expressing the tdTomato fluorescent protein. Larvae were imaged at 4 days 

post-infection in brightfield and tdTomato fluorescent channels using a Zeiss Observer 

Z1 inverted microscope. Quantitation of fluorescence was carried out using the open 

source image analysis software Fiji [226]. 

4.4.2.2 Infection with DErp mutant M. marinum 

Infections were carried out in the same manner as with wildtype M. marinum, 

with the following exceptions: Wildtype or Tg(ubb:nls-zCas9-nls::CryA:GFP) larvae 

mosaically expressing the Tg(mfpa4:tdTomato-rz-anti-TNFR1/2) transgene were infected 

with 300-400 DErp bacteria expressing the mCerulean fluorescent protein. Larvae were 

imaged every day from 0-4 dpi in brightfield and mCerulean fluorescent channels. 

Intraceullar burdens were measured for tdTomato+ infected cells by counting bacilli 

(200x magnification). 
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4.4.3 Generation of mosaic TNFR1/TNFR2 CRISPR/Cas9 knockout 
larvae 

4.4.3.1 sgRNA Synthesis 

Target sites within the tnfrsfa and tnfrsfb loci were identified using the sgRNA 

prediction tool at www.crisprscan.org [160]. Single stranded DNA oligos used to 

generate the sgRNA transcription templates for the tnfrsfa and tnfrsfb targets were  

5’-taatacgactcactataGGGCTGGACGAGGTCCCTATgttttagagctagaa-3’ and  

5’-taatacgactcactataGGTGCAATGCAGTACTGCTTgttttagagctagaa-3’, respectively. 

Double-stranded template assembly was performed via PCR using Q5 DNA Polymerase 

(NEB) with either of the above oligos and the constant tail oligo  

5’-AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATT 

TTAACTTGCTATTTCTAGCTCTAAAAC-3’. Cycling parameters: 98°C, 1 min; 14 cycles 

of 98°C, 10s, 45°C, 30s; 72°C, 15s. 1µg of template was used in an in vitro transcription 

reaction using the MEGAShortscript T7 Transcription Kit per the manufacturer’s 

instructions (Thermo Fisher Scientific). sgRNAs were purified using RNeasy Mini Kit 

(Qiagen). 

4.4.3.2 Injection into Single Cell Embryos 

Wildtype single cell embryos were injected with ~10nl of the following mixture: 

800ng/ul Cas9 protein (IDT, cat#1074182), 300mM KCl, 265ng/µl sgRNA. Tg(Ubb:nls-

zCas9-nls::CryA:GFP) single cell embryos were injected with ~10nl of the following 

mixture: 300mM KCl, 265ng/µl sgRNA. 
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4.4.3.3 Assessment of Lesions at Target Loci 

Genomic DNA was extracted from whole larvae at 4dpi (experiment involving 

infection of wildtype larvae) or 3dpf (experiment involving sgRNA injection into 

Tg(ubb:nls-zCas9-nls::crya:GFP) larvae) using the method described in [161]. Briefly, 

individual whole larvae were incubated at 95°C for 15 min in 50mM NaOH, followed by 

the addition of 1/10 volume of 1M Tris-HCl, pH 8.0. 1ul of a 1/10 dilution of this extract 

was used as a template for HRMA using the MeltDoctor HRM Master Mix (Thermo 

Fisher Scientific) per the manufacturer’s instructions. Primers for TNFR1: Forward – 5’-

CTGCTATTTGCAGTTCACGAG-3’; Reverse – 5’-GGTCAATGTTCTGCTCAGAAAC-3’. 

Primers for TNFR2: Forward –  

5’-CTCTTCTAGGGACTCGCTTG-3’; Reverse – 5’-GGACACTTGAAACAATTGGGA-3’. 

PCR and melt profile were performed using the 7500 Fast Real-Time PCR System 

(Applied Biosystems). HRM Analysis was performed by HRM Software 3.0 (Applied 

Biosystems). 

4.4.4 Construction of ubb:nls-zCas9-nls::cryA:GFP transgene 

The Tg(ubb:nls-zCas9-nls::crya:GFP) transgene was generated through Multisite 

Gateway Recombination (Thermo Fisher Scientific) of p5E-ubb, pME-nls-zCas9-nls, and 

p3E-polyA into pDEST-Tol2pACryGFP [223]. p5E-ubb was generated as described in 

[219].  
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pME-nls-zCas9-nls was generated by amplifying the SV40 nls-flanked, zebrafish 

codon optimized Cas9 from T3TS-nCas9n [137]. Primers: Forward –   

5’- GGGGACAAGTTTGTACAAAAAAGCAGGCTAAGATCTAACTCGACGCCAC -3’; 

Reverse –   

5’- GGGGACCACTTTGTACAAGAAAGCTGGGTGTTTAGTGGTAACCAGATCCG -3’. 

This amplicon was recombining with pDONR-221 by BP Recombination (Thermo Fisher 

Scientific). 

p3E-polyA was generated as described in [164]. 

pDestTol2UbpA was generated by amplifying the ubiquitin B poly A signal with 

the following primers – 5’-TATTATACATAGTTGATATTCTCAGTATCCCCTGCTTA-3’ 

and 5’-CGACGGCCAGTGAATTATACTTCTCATTTCGCATCTTAT-3’; and amplifying 

the pDestTol2pA2 backbone with the following primers – 5’-AATTCACTGGCCGTCG-

3’ and 5’-ATCAACTATGTATAATAAAGTTGAACGAG-3’, and joining the PCR 

products with Infusion (Clontech).  

The complete transgene was subsequently generated by recombination of p5E-

ubb, pME-nls-zCas9-nls, and p3E-polyA into the destination vector 

pDestTol2pACryGFP using the LR Clonase II Plus enzyme mix, resulting in the ubb:nls-

zCas9-nls::crya:GFP transgene. 
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4.4.5 Construction of irg1:tdTomato-rz-anti-turquoise2 transgene 

 The irg1:tdTomato-rz-anti-turquoise2 transgene was generated through Multisite 

Gateway Recombination of p5E-irg1, pME-tdTomato-MALAT1-rz-anti-turquoise2a, and 

p3E-rz-anti-turquoise2b into pDEST-Tol2pA. 

p5E-irg1 was generated via the following: a fragment containing the irg1 

promoter was obtained by digesting the irg1:EGFP plasmid (a gift from Leslie 

Sanderson, University of Aukland) with FseI and XmaI. The p5E backbone was 

generated by PCR of off p5E-MCS [164] using the following primers: Forward– 5’-

CAGAGCTCGCACAGGTCCCTTTAGTGAGGGTTAAT-3’; Reverse–  

5’-CCCTCACTGCCCCGGCCCTATAGTGAGTCGTATTACC-3’. The two 

fragments were assembled via InFusion (Clontech). 

pME-tdTomato-MALAT1-rz-anti-turquoise2a was generated as follows: pME-

tdTomato-MALAT1-rz-EV was obtained by amplifying a fragment from pME-tdTomato 

[125] using the following primers: Forward – 5’-ACCCAGCTTTCTTGTACAAAG-3’; 

Reverse – 5’-ttacttgtacagctcgtcca-3’. The MALAT1-rz-EV cassette (containing, 5’à3’, the 

MALAT1 3’ protection sequence, an AatII restriction site, a truncated sgRNA tail, and 

the HDV ribozyme sequence; see Figure 1 for details) was amplified from a gBlock (IDT) 

using the following primers: Forward –  

5’-GAGCTGTACAAGTAATAAACCGGTGATTCGTCAGT-3’; Reverse –  
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5’-ACAAGAAAGCTGGGTGTCCCATTCGCCATGCC-3’ (see Appendix B for 

annotated gBlock sequence). The two fragments were assembled via InFusion (Clontech) 

to generate pME-tdTomato-rzEV (empty vector). The anti-turquoise2a sgRNA was 

loaded into the ribozyme-sgRNA cassette as follows: The single stranded DNA oligos  

5’-GTATTGGTCTGCGAGTCCTCCCTGATGAGTCCGTGAGGACGAAACGAGTAA 

GCTCGTC-3’ and 

5’-ACTTGCTATTTCTAGCTCTAAAACCCCCGGTGAACAGCTCCTCCGACGAGC 

TTACTCGTT-3’ were annealed and extended using the following PCR setup: 1µM of 

each oligo, 400 µM dNTPs in a 50µl Q5 PCR; 98°C, 1 min, 14 cycles of 98°C, 10s; 58°C, 

30s; 72°C, 10s. pME-tdTomato-rzEV was digested with AatII to linearize the plasmid. 

The linearized plasmid and anti-turquoise2a cassette were assembled via InFusion 

(Clontech) to generate pME-tdTomato-MALAT1-rz-anti-turquoise2a. 

p3E-anti-turqoise2b was generated as follows: the p3E-rz-EV was first generated 

by amplifying a fragment from p3E-tdTomato using the following primers: Forward – 

5’-CGAGCTGTACAAGTAACAAC-3’; Reverse –  

5’-CCACTTTGTACAAGAAAGTTGAAC-3’. A cassette containing, 5’à3’, an 

AatII restriction site, a truncated sgRNA tail, and the HDV ribozyme sequence (see 

Figure 1 for details) was amplified from the same gBlock used previously using the 

following primers: Forward –  

5’-TCTTGTACAAAGTGGGGTATTGGTCTGCGAGACG-3’; Reverse –  
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5’-TACTTGTACAGCTCGGTCCCATTCGCCATGCC-3’. The two fragments 

were assembled via InFusion (Clontech) to yield p3E-rz-EV. The anti-turquoise2b 

sgRNA was loaded into the ribozyme-sgRNA cassette as follows: The single stranded 

DNA oligos  

5’-GTATTGGTCTGCGAGCTCGCCCTGATGAGTCCGTGAGGACGAAACGAGTAA 

GCTCGTC-3’ and 

5’-ACTTGCTATTTCTAGCTCTAAAACTAGGTGGCATCGCCCTCGCCGACGAGCT 

TACTCGTT-3’ were annealed and extended in the same manner as for the pME-

tdTomato-MALAT1-rz-anti-turquoise2a transgene. The p3E-rz-EV plasmid digested 

with AatII to linearize the plasmid. The linearized plasmid and anti-turquoise2b cassette 

were assembled via Infusion (Clontech) to yield p3E-anti-turquoise2b. 

The complete transgene was subsequently generated by recombination of p5E-

irg1, pME-tdTomato-MALAT1-rz-anti-turquoise2a, and p3E-anti-turqoise2b into the 

destination vector pDest-Tol2pA using the LR Clonase II Plus enzyme mix, resulting in 

the irg1:tdTomato-rz-anti-turquoise2 transgene. 

4.4.6 Construction of Kozak-optimized pME-tdTomato and pME-
tdTomato-MALAT1-rz-EV 

pME-tdTomato-opt was generated by amplifying the tdTomato coding sequence 

from pME-tdTomato using the following primers: Forward –  

5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTAAGCAAACATGGTGAGCAAGG 

GCGA-3’; 
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Reverse – 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTTACTTGTACAGCTCG 

TCCA-3’. This fragment altered the Kozak sequence to 5’-GCAAAC-3’, which has been 

reported to maximize protein/mRNA ratios for zebrafish transgenes [227]. This amplicon 

was recombining with pDONR-221 by BP Recombination (Thermo Fisher Scientific) to 

yield pME-Opt-tdTomato 

The Kozak-optimized pME-tdTomato-MALAT1-rz-EV was generated using the 

same primers and assembly method as the original pME-tdTomato-MALAT1-rz-EV. 

4.4.7 Construction of pDEST-rz-EV 

 Site-directed mutagenesis was performed to alter an existing AatII site in 

pDestTol2UbpA (QuikChange II Site-Directed Mutagenesis Kit, Agilent). Primers: 

Forward – 5’-GGTAATAGATGTGACATGATGTCACTTCCAAAGGACCAA-3’; 

Reverse – 5’-TTGGTCCTTTGGAAGTGACATCATGTCACATCTATTACC-3’. This 

yielded pDestTol2UbpAv2. 

 p5E-mfap4, pME-Opt-tdTomato-MALAT1-rz-EV, and p3E-polyA were 

recombined into pDestTol2UbpAv2 via Gateway Recombination with LR Clonase II 

Plus. This yielded pDEST-rz-EV. 

4.4.8 Construction of the mfap4:tdTomato-rz-anti-TNFR1/2 transgene 

 pDEST-rz-EV was linearized via digest with AatII. Linearized pDEST-rz-EV was 

used as the template for PCR using a 50µl Q5 reaction with the following primers: 

Forward – 5’-GTAAGCTCGTCGGGCTGGACGAGGTCCCTATGTTTTAGAGCTAG 
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AAATAGCAAGTTAAAA-3’; Reverse –5’- TTGCACCGACGAGCTTACTCGTTTCGTC 

CTCACGGACTCATCAGGGTGCATGGATCCCCC-3’. Cycling parameters: 98°C, 30s, 40 

cycles of 98°C, 10s; 52°C, 30s; 72°C, 10s. 0.5µl of this completed PCR was used directly 

without purification as the template for the following PCR (50µl, Q5 reaction):  

Forward – 5’-TGGTCTGCGAGCAGCCCCTGATGAGTCCGTGAGGACGAAACGAG 

TAAGCTCGTCGGGCTG-3’; Reverse – 5’-ACTTGCTATTTCTAGCTCTAAAACAAGC 

AGTACTGCATTGCACCGACGAGC-3’. Cycling parameters: 98°C, 1 min, 35 cycles of 

98°C, 10s; 67°C, 30s; 72°C, 15s. The product of this PCR was gel extracted following 

Agarose Gel Electrophoresis, and assembled via InFusion (Clontech) at a 10:1 molar 

ratio with AatII-linearized pDEST-rz-EV. This yielded the mfap4:tdTomato-rz-anti-

TNFR1/2 transgene. The standardized primer design for the two PCRs above are given 

in Figure 2. The associated file “Primer Design Tool.xls” has been included to facilitate 

primer design based on the input of sgRNA target sequences. 

4.4.9 Generation of transgenic zebrafish lines 

In all cases, transgenic lines were generated as follows: Single-cell zebrafish 

embryos were injected with approximately 10nl of a mixture containing 50ng/µl of 

transgenic construct, 25ng/µl of Tol2 transposase mRNA, and 0.17% phenol red in 1x 

Buffer Tango. The Tol2 transposase mRNA was generated via in vitro transcription from 

T3TS-Tol2 [162] using the mMessage mMachine T3 Kit (Life Technologies). Larvae 
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positive for transgenesis were selected at 48 hours post-fertilization on the basis of 

detection of transgene fluorescence. 

4.4.10 Generation of ribozyme-containing templates and in vitro 
transcription 

Fragments from pME-tdTomato-MALAT1-anti-turquoise2a and p3E-anti-

turquoise2b were amplified from their respective templates using the following primer 

pair: Forward – 5’-GTAAAACGACGGCCAGTCTT-3’; Reverse – 5’-CAGGAAACAGC 

TATGACCATG-3’. These fragments were blunt cloned into the pCR-Blunt II-TOPO 

vector using the Zero Blunt TOPO Cloning Kit (Thermo Fisher Scientific). In vitro 

transcription was performed using the HiScribe T7 In Vitro Transcription Kit (NEB), 1hr 

incubation time. RNA was analyzed by Agarose Gel Electrophoresis immediately 

following the reaction. 

5. Conclusions and Future Directions 
This dissertation has interrogated the phenomenon of host angiogenesis that is 

initiated in response to the formation of mycobacterial granulomas. Examination of M. 

tuberculosis granulomas in humans has revealed that these granulomas are typically 

hypoxic and heavily vascularized, implicating angiogenesis as coincident with the 

presence of the structure [38, 40, 41]. Later examination of this phenomenon 

demonstrated that canonical host angiogenic signaling pathways are engaged to 

promote granuloma vascularization, as pharmacological inhibition of VEGF signaling 



 

 131 

greatly reduced infection-induced angiogenesis. Furthermore, elucidation of the 

consequences of this vascularization on the outcome of infection revealed that 

granuloma vascularization promoted maximum growth potential of the pathogen [39].  

That host angiogenesis is beneficial to mycobacteria during infection suggested 

that the pathogen may have evolved to actively promote this process. To investigate this 

hypothesis, I sought out mycobacterial mutants that failed to induce robust host 

vascularization of infection foci. I utilized the zebrafish/M. marinum model of TB, which 

has been successful in modeling infection-induced angiogenesis [39]. I Identified a 

transposon mutant of M. marinum, with a disruption in the open reading frame of the 

pcaA gene, that was severely deficient in inducing granuloma vascularization. This 

work showed that this defect led to a reduction in M. marinum of cell wall TDM of the 

alpha mycolate class, and that MAGs purified from this mutant were deficient in 

inducing angiogenesis as compared to MAGs from wildtype bacteria or TDM purified 

from M. bovis. Finally, I demonstrated that this defect in granuloma vascularization was 

the result of a failure of the bacteria to engage induce upregulation of secreted VEGF. 

This work implicates TDM, and particularly TDM with alpha mycolates possessing a 

proximal cis-cyclopropyl functional group, as necessary and sufficient to drive robust 

host angiogenesis by engaging the VEGF pathway. 

While the zebrafish offers many advantages as a model organism, the optical 

transparency and genetic tractability of zebrafish embryos is among the most useful 



 

 132 

characteristics. Because of these attributes, interactions between pathogens and a 

conserved vertebrate immune system can be observed and manipulated in real time. The 

spatial and temporal resolution that can be achieved are such that the dynamics of 

whole populations of cells, individual cells, and even subcellular phenomena may be 

studied in an in vivo context. Most often these interactions are rendered observable 

through the use of transgenes inserted into the zebrafish genome that contain 

fluorescent protein coding sequences downstream of tissue-specific promoters. In such 

transgenic zebrafish, the population of cells expressing the transgene are easily 

visualized via fluorescence microscopy. I describe in this dissertation the first transgene 

that results in constitutive fluorescent protein production, restricted to macrophages, for 

which expression remains stable during mycobacterial infection. This promoter, derived 

from the zebrafish mfap4 locus, allows larval macrophages to be visualized and 

genetically manipulated both independent of the presence of a pathogen as well as 

throughout a longitudinal study during M. marinum infection. 

Macrophages are the primary host cell type found to be harboring intracellular 

bacteria during mycobacterial infection, both initially after exposure as well as in 

granulomas [228]. The ability to study macrophages in detail is of the utmost importance 

to understanding the pathogenesis of disease caused by pathogenic mycobacteria. The 

behavior of infected macrophages early during infection is characterized by 

transcriptional reprogramming that results in the epithelialization of infected 
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macrophages as they aggregate and interdigitate to form the granuloma. Angiogenesis 

of the granuloma is also macrophage dependent. Both of these phenomena involve 

highly complex biological processes, and the study of these processes would benefit 

greatly from the ability to genetically manipulate host macrophages without affecting 

other tissues or cell types. The CRISPR/Cas9 system has been enormously successful in 

modifying genetic processes in eukaryotes including the zebrafish [138, 215, 137, 134, 

136, 135]. While originally used primarily to inactivate genes through nuclease activity 

and error-prone host genomic repair processes, CRISPR/Cas9 has since been engineered 

to act as both programmable transcriptional activators and repressors without direct 

damage to the underlying DNA [229-232]. The final body of work of this dissertation 

describes a unique approach for achieving macrophage-specific CRISPR/Cas9 activity in 

the zebrafish, and demonstrates its functionality during mycobacterial infection. 

5.1 Mechanisms for TDM-induced Angiogenesis   

This work demonstrates that purified TDM or wildtype M. marinum MAGs are 

sufficient to induce robust angiogenesis when introduced into zebrafish larvae. 

Additionally, the presence of the proximal cis-cyclopropyl functional group of mycolic 

acids in TDM of the alpha mycolate class is required for inducing the extreme levels of 

angiogenesis that are capable of conferring a growth advantage on granuloma-

associated mycobacteria. I have shown that TDM-induced angiogenesis is dependent on 

activation of the VEGF pathway, and that pcaA mutant strain of mycobacteria lacking 
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the proximal cis-cyclopropyl modification to the mycolic acids of TDM is incapable of 

inducing production of secreted VEGF around the granuloma. However, the precise 

mechanism by which TDM activates the VEGF pathway remains unknown. 

5.1.1 Non-specific Cytotoxicity 

There are two general mechanism by which TDM might be exerting this pro-

angiogenic effect on the host. The first involves a non-specific cytotoxic interaction of 

TDM with host cytoplasmic membranes, resulting in leakiness or lysis of the affected 

cell. When present in a monolayer at the interface between hydrophobic and hydrophilic 

surfaces, TDM is extremely cytotoxic [233, 92]. This toxicity is thought to be associated 

with the rigidity of the TDM monolayer, as this structure is the strongest biologically-

derived monolayer identified to date [90, 234]. Interaction of this monolayer with the 

host cell surface disrupts the structural integrity of the cell membrane and denatures 

membrane-associated proteins, ultimately leading to cell death [87]. Such an interaction 

would result in the release of intracellular contents into the extracellular space. 

Detection of these danger-associated molecular patterns (DAMPs) would induce the 

production of pro-inflammatory cytokines capable of triggering VEGF expression (i.e., 

TNFa, HMGB1) [235-237]. Alternatively, DAMPs themselves could elicit VEGF 

expression. Extracellular adenosine (or ATP, which releases adenosine when broken 

down extracellularly) is capable of inducing VEGF production through interaction with 

the Adenosine 2A receptor (A2A receptor); TDM-induced cell lysis would lead to high 
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extracellular adenosine concentrations and activation of the AA2 receptor [159]. 

Moreover, because concentrations of adenosine-containing molecules are present 

intracellularly at millimolar concentrations, even transient leakage that did not result in 

total cell lysis might have the capacity to trigger a pro-angiogenic signaling cascade 

through interaction with the A2A receptor.  

While extensive TDM monolayers are unlikely to be present in the primarily 

aqueous environment that makes up the immediate surroundings of mycobacteria 

during infection, evidence nonetheless exists for monolayer-like cytotoxicity induced by 

interaction with host lipids [233, 238]. So, while DAMP-induced pro-angiogenic 

signaling may not represent the primary mechanism by which TDM elicits granuloma 

vascularization, the possibility still merits investigation. Mosaic whole-animal or 

macrophage-specific CRISPR/Cas9 knockouts of DAMP receptors is a simple method for 

rapidly screening these host factors for such activity using the zebrafish/M. marinum 

model. 

5.1.2 Direct Signaling through Interaction with Host Receptors 

The other mechanism involves specific receptor-mediated detection of TDM 

itself, leading to VEGF pathway activation either through the induction of pro-

inflammatory cytokines or VEGF itself. This mechanism allows for TDM-containing 

structures that are expected to have a much higher prevalence than monolayers in an in 

vivo context. Two structures that would be prominent during mycobacterial infection 
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are the intercalated bilayer and micelles. TDM at the exterior of the mycobacterial cell 

wall exists in the form of an intercalated bilayer, whereas free TDM outside of the cell 

wall exists as cylindrical micelles [90]. In both cases, trehalose is the primary component 

exposed to the surroundings. These structures implicate lectin signaling pathways as a 

potential conduit through which TDM might exert its angiogenic effect. Indeed, the 

lectins MCL and Mincle are known to signal in response to TDM, although the ability of 

these particular interactions to induce VEGF production has not been described. Direct 

primary sequence analogues of mammalian Mincle and MCL are not present in the 

zebrafish. However, the use of fluorescently labeled bacteria and macrophage transgenic 

lines allow infected and uninfected zebrafish macrophages to be sorted using FACS, and 

subsequent RNA-seq analyses could identify infection-upregulated genes with lectin 

domains. As Mincle is strongly induced only after detection of mycobacteria, any 

upregulated lectins would be attractive targets for zebrafish Mincle. 

The Mincle signaling pathway may be interrogated as a surrogate to the receptor 

itself, as blockade of this pathway at critical junctures would be expected to phenocopy 

loss of the receptor. In this work, I have described the generation of mutant zebrafish 

lines that possess putative loss-of-function alleles in fcer1g and fcer1gl, which code for 

the two zebrafish orthologues to mammalian fcer1g. The product of this gene was 

originally identified as the signal transducing component of the high-affinity IgE (FceRI) 
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and low affinity IgG (FcgRIIIa), and was later shown to perform this function for Mincle 

and MCL as well [98, 239].  

Preliminary evidence outlined in this dissertation suggests that the mosaic loss of 

one or both paralogues in the zebrafish reduces TDM-induced angiogenesis. I have also 

generated mutant zebrafish lines that are heterozygous for knockout alleles of either 

fcer1g, or fcer1gl, or both, and crosses between these lines will generate whole animal 

biallelic knockouts of one or both genes. These crosses will allow the phenotype 

observed in mosaics to be verified or refuted. Preliminary evidence involving larvae 

from a cross of the fcer1gl+/D1 line indicates that this FcRg paralogue is indeed important 

for mediating TDM-induced angiogenesis, as fcer1gl
D1/D1 larvae exhibit significantly less 

vascularization than wildtype larvae in response to purified TDM. Confirmation of this 

phenotype using independent loss-of-function alleles in combination with transgenic 

complementation of FcRg and restoration of the TDM-induced vascularization would 

provide strong evidence in support of Mincle and/or MCL as the receptor driving this 

host response. 

A transgenic approach in the zebrafish could also be useful for following the 

interaction of TDM with human Mincle or MCL in an in vivo context. These receptors 

can be expressed ubiquitously by introducing mRNA or transgenes under control of 

ubiquitous promoters. Such complementation with human genes is common in 

zebrafish, and is often used to model phenotypes associated with human gene variants 
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following disruption of the zebrafish orthologue [240]. Introduction of TDM into these 

animals would be expected to elicit VEGF pathway activation and angiogenesis more 

quickly and potently if these receptors were in fact capable of exerting this activity, as 

both receptors would already be present on the surface of every cell expressing the 

transgene whereas the endogenous zebrafish orthologues would largely be confined to 

macrophages. This experiment could also be performed in macrophage-deficient 

animals, so the only MCL and Mincle orthologues present in the fish would be the 

transgenic human forms. Alternatively, human Mincle could be overexpressed 

constitutively in zebrafish macrophages, with the expected result of more robust 

induction of VEGF and angiogenesis. 

TDM is also known to signal through TLR2 and to a lesser extent TLR4 as well, 

although VEGF was not assessed in this study [99]. Interactions of these two receptors 

with LPS has been shown to induce VEGF production, so it is possible that TDM 

engages the VEGF pathway through interaction with one or multiple TLRs [241, 242]. 

TLRs 2 and 4 are structured to accommodate the binding of the Lipid A moiety of LPS 

and hydrophobic tails of lipoproteins and glycolipids, respectively [243]. Because the 

data presented in this work indicates that the angiogenic potential of TDM is governed 

by the structure of its mycolic acids, it is possible that proximal cis-cyclopropanation of 

the mycolic acids of alpha mycolates confers a higher affinity interaction between TDM 

and these TLRs. The two other primary mycolate forms possess bulky, oxygen-
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containing functional groups (methoxy- and keto-mycolates), which would impart local 

polarity on a portion of the tail, potentially decreasing its affinity for the hydrophobic 

binding pockets of these TLRs. Assessing the angiogenesis in response to TDM in 

animals deficient for either of these TLRs, both of these TLRs, or TLR signaling (i.e., 

MyD88 deficient) would be a simple way to investigate the importance of these 

receptors in this phenomenon. 

5.2 In vivo Interrogation of Macrophage-dependent TB Pathology 

Macrophages infected with pathogenic mycobacteria undergo major alterations 

with respect to their transcriptional profile that varies in both time and location within 

the host (i.e., early or late in infection, separate from or part of a granuloma). However, 

while transcriptional changes have begun to be identified, the relevance of much of 

these changes to mycobacterial disease pathology remains to be seen. Studies involving 

the manipulation of macrophage gene expression are most commonly done in cell 

culture, and provide important information into the cell autonomous response of 

macrophages to mycobacteria. However, cell culture lacks much of the unique biology 

of an in vivo mycobacterial infection due to the fact that infected macrophages in cell 

culture are not capable of forming granulomas. This dissertation describes two 

transgene-based tools for the zebrafish that allow transcriptional profiles and behavioral 

dynamics of macrophages to be manipulated in vivo before, during, and after the 

formation of the granuloma. 
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5.2.1 Confirmation of Macrophage-specific CRISPR/Cas9 Activity 

I describe in this work phenotypic evidence for the genome-editing functionality 

of a ubiquitous, constitutive Cas9 coupled with a macrophage-specific transgene from 

which sgRNAs are liberated via cis acting ribozymes. Both the loss of macrophage 

fluorescence when targeting the turquoise2 coding sequence in the 

Tg(mfap4:turquoise2) transgenic and increased macrophage susceptibility to cell death 

and intracellular bacterial growth when targeting TNFR1 and TNFR2 are indicative of 

CRISPR/Cas9-induced loss-of-function alleles in these genes in macrophages.  

However, direct identification of genomic lesions at these locations in 

macrophages but not in other tissues must be performed in order to confirm targeted 

editing activity with absolute certainty. A cross between Tg(ubb:nls-zCas9-

nls::crya:GFP) and Tg(mfpa4:tdTomato-rz-anti-tnfrsfa/b) transgenic lines would yield F1 

larvae that would exhibit editing activity in all macrophages in each larva. FACS for 

tdTomato+ cells from these larvae will sort macrophages from other tissues. After 

isolating genomic DNA from these two cell populations, comparison of the tnfrsfa and 

tnfrsfb target loci by HRMA would confirm the presence of indels at these loci in 

macrophage genomic DNA but not DNA from other cells. By cloning the amplicon pool 

from this PCR into a sequencing vector, the frequency of mutations resulting in putative 

loss-of-function alleles can also be assessed. These would be identified primarily by the 
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frameshift mutations resulting in premature stop codons, or indels that contain or 

generate in-frame premature stop codons. 

5.2.2 Cas9-derived Transcription Factors or Repressors 

Multiple studies have reported efficient transcriptional regulation by using a C-

terminal fusion of a transcriptional activator or repressor to a deactivated Cas9 [244, 229, 

230, 245, 231, 232, 246]. Two amino acid changes (D10A, H841A) results in a catalytically 

dead nuclease without disrupting the ability of the protein/RNA complex to bind to a 

targeted genomic sequence [246]. This effect is enhanced by clustering multiple targets 

near known transcription start sites, as this increases the density of the transcriptional 

regulator. 

The viral transcriptional activator VP16 has been used successfully in zebrafish 

transgenes in the form of the Gal4/UAS system. A C-terminal fusion of VP16 to the DNA 

binding domain of Gal4, coupled with a minimal promoter containing multiple Gal4 

upstream activating sequences (UAS), directs Gal4-VP16 to the promoter and initiates 

robust transcription of the target locus [247, 248]. A common UAS uses 4 tandem 

repeats, demonstrating that as few as 4 clustered VP16 domains are capable of eliciting a 

robust transcriptional response. The ribozyme sgRNA cassette described in this work is 

only capable of expressing two sgRNAs, and so can direct a dCas9 transcription factor 

fusion protein to only two targets within the promoter of a gene. Thus, a transcription 

factor with increased potency may be necessary. A tandem repeat of 4 VP16 domains, 
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termed VP64, has been reported to increase transcriptional activation in comparison to 

VP16 [249]. This would increase the density of the VP16 domain 2-fold over the Gal4-

VP16/4xUAS system, and so would likely be functional. An extremely potent 

transcription factor, fusing VP64, human p65, and EBV Rta domains (termed VPR), has 

also been reported, and may be even more successful at driving transcription at a 2x 

density within the promoter of a target gene [250]. 

Robust transcriptional repression can be achieved in a similar manner. In this 

case, transcriptional repressors such as the Krüppel-associated box (KRAB) or mSin3 

interaction domains (SID4X) are fused to the N- or C-terminus of dCas9 [249]. 

Subsequent coexpression with sgRNAs results in efficient transcriptional repression of 

targets. For studying macrophage function during mycobacterial infection, inducible 

dCas9-transcriptional regulator fusions would be immensely useful tools. A transgene 

design utilizing the zebrafish hsp70l promoter would allow temporal control of dCas9 

expression [251]. The identities of attractive targets, as well as the ideal timing of 

transcriptional disruption, are detailed in following sections. 

5.2.3 Importance of Macrophage VEGF in Granuloma Vascularization 

The VEGF pathway has been shown to be necessary for granuloma 

vascularization, as is the presence of macrophages. However, the specific macrophage 

activity leading to angiogenesis has not been identified. Macrophages are potentially 

capable of activating the VEGF pathway during mycobacterial infection in a number of 
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ways. These include the production of NO via iNOS, secretion of pro-inflammatory, 

VEGF-inducing cytokines, and direct production and secretion of VEGF. The loss of any 

of these potential drivers of angiogenesis may be evaluated using the macrophage-

specific CRISPR/Cas9 system described in this work. 

5.2.4 Transcriptional Regulation of Macrophage Epithelialization 

The mfap4 promoter has made possible a combinatorial genetic approach to 

driving loss-of-function in a macrophage-specific manner. By expressing Cre 

recombinase in macrophages, the floxed stop cassette within a separate transgene was 

removed resuling in a dominant-negative form of E-cadherin to be expressed only in 

macrophages but under the control of the potent ubb promoter [31]. This experiment 

demonstrated that E-cadherin was crucial for maintain the epithelial character of 

granuloma macrophages, and showed that a loss of structural integrity actually 

enhanced survival in adult zebrafish infected with M. marinum. 

Dominant-negative forms of gene products, however, are often not available. The 

same result may be achieved by targeting endogenous loci using the macrophage-

specific CRISPR/Cas9 system. As macrophages become associated with the granuloma, 

they begin to express genes characteristic of epithelial cells including E-cadherin and 

plakoglobin. E-cadherin expression in macrophages has been reported in response to IL4 

signaling, suggesting that macrophages of the alternatively activated, or M2, subtype 

may be primarily responsible for initiating granuloma formation [252]. However, these 
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studies are typically performed in vitro. This hypothesis could be tested in vivo using 

knockdown or knockout of genes within the IL4/IL13 signaling pathway, including the 

receptors and their primary signal transducer STAT6. Loss of these genes in whole 

animal knockouts would perturb the immune response globally within the fish, making 

it more difficult to attribute differences in granuloma formation or infection outcome 

directly to macrophages.  

It would be particularly interesting to test the importance of the timing of this 

signaling regarding the integrity of the granuloma. For instance, if alternative activation 

of macrophages is required for them to begin expressing E-cadherin and epithelializing, 

does this function as an on/off switch that cannot be undone once the granuloma is 

formed? Alternatively, is constant signaling required through this pathway required to 

maintain macrophages in this state for as long as the granuloma persists? By inducing 

transcriptional disruption through editing or repression either before or after the 

formation of the granuloma, these questions are easily interrogated. 

5.3 Conclusion 

This dissertation has presented a novel mechanism through which the TDM acts 

as a virulence factor by promoting granuloma vascularization and pathogen growth 

during mycobacterial infection. Inhibition of proximal cis-cyclopropanation of alpha 

mycolates by targeting the PcaA enzyme represents a potential therapeutic avenue to be 

used in conjunction with conventional antibiotics. Disruption of the interaction of TDM 
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with the host cell membrane or TDM-sensing host receptors offers a potential host-

directed component of treatment by facilitating mycobacterial growth inhibition via the 

inhabitation of host angiogenesis proximal to infection foci. However, further 

investigation such as that discussed in the preceding sections are necessary to uncover 

the precise mechanism by which TDM is initiating host angiogenesis.  

Host-directed therapies have the potential to increase the potency of and reduce 

treatment time with conventional antibiotics, both of which are particularly 

advantageous as they lessen the likelihood that the pathogen will develop resistance to 

the treatments being employed. Mycobacteria are also much less likely to rapidly 

develop resistance to the host directed component of the therapy since no bacterial 

factor is directly targeted. Moreover, use of the transgenic tools for the zebrafish 

described in this dissertation will facilitate the investigation of additional host factors 

involved in granuloma dynamics, with the potential to uncover an increasing number of 

host effectors and pathways that may be modulated in pursuit of more effective 

treatments for mycobacterial disease. 
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Appendix A 

A1. FcRg mutant alleles 

All alleles are described relative to the wildtype cDNA sequence. 

A.1.1 fcer1g locus 

A.1.1.1 fcer1g wildtype cDNA sequence: 

    1  ATGGTGGTGCTGATGAAGATCTTCTCTCTTCTGTCTCTCTGGTTTTTC 

  49  GGCAGTGCTGATGCGATGAGTCTGAGGGAGCCGCAGATCTGCTATATT 

  97  TTGGACGCGGTGCTGTTTGTCTATGGGATTGTTCTCACTGTCCTGTAC 

145  TGCAGAATGAAGATGCGAAGTAAACAAGAACCAAAAAGCTCATATTCA 

193  GGGAAGAAAGATGCCGGTGAAGGGGTGTATGAGGGGCTCAAACCTCAT 

241  GAAACGGACACATACGAGACCATCAAGATGAAATCCGCCAAAAAATGA 

A.1.1.2 fcer1gD1 allele 

1 bp deletion; DT71. Frameshift with premature stop codon beginning at T152. 

A.1.1.3 fcer1gD13 allele 

14 bp deletion; DA59-G72. Frameshift with premature stop codon beginning at T165. 

A.1.2 fcer1gl locus 

A.1.2.1 fcer1gl wildtype cDNA sequence: 

    1  ATGAAGCTGCTGGACGTGTGTGTGTTTCTCCTGCTCAACATCGGACTC 

  49  GCCGCTGCGCAACAGAGTGAAAATGTGTGTTATGTTCTGGACGGGATC 

  97  CTGATCGTTTACGGGATTGTGCTGACGGTGCTTTACTGCAGATTAAAG 

145  ATCCGTTCGTCTTCTCAGAGCAGCTACTCTGAGCAGGCCGATGGAGAC 
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193  CTCTATCAGGATCTGGGCCGGAGAGATGCAGACACCTACGACACGCTC 

241  CACGGCATGAAGAAAAAACCTCTCGCTTAA 

A.1.2.2 fcer1glD1 allele 

1 bp deletion; DG103, followed by T104C single nucleotide polymorphism. Frameshift 

with premature stop codon beginning at T119. 

Appendix B 

B.1 gBlock Sequence 

    1 TAAACCGGTGATTCGTCAGTAGGGTTGTAAAGGTTTTTCTTTTCCTGAGA 

  51 AAACAACCTTTTGTTTTCTCAGGTTTTGCTTTTTGGCCTTTCCCTAGCTT 

100 TAAAAAAAAAAAAGCAAAACTCACCGAGGCAGTTCCATAGGATGGCAAGA 

151 TCCTGGTATTGGTCTGCGAGACGTCTAGAAATAGCAAGTTAAAATAAGGC 

200 TAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTGGCCG 

251 GCATGGTCCCAGCCTCCTCGCTGGCGCCGGCTGGGCAACATGCTTCGGCA 

300 TGGCGAATGGGAC 

10-119: MALAT1 3’ protection sequence 

170-175: AatII restriction site 

176-245: Fragment of sgRNA Tail 

246-313: HDV ribozyme 
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B.2 Primer Design for 2x sgRNA Cassette Construction 

B.2.1 1st PCR 

B.2.1.1 Forward Primer 

5’-GTAAGCTCGTC N1-20 GTTTTAGAGCTAGAAATAGCAAGTTAAAA-3’; N1-20 = 

Target sequence #1 (first sgRNA to be generated). 

B.2.1.2 Reverse Primer 

5’-M’14-20 GACGAGCTTACTCGTTTCGTCCTCACGGACTCATCAG M1-6 

TGGATCCCCC-3’; M’14-20 = Bases 14-20 of the reverse complement of Target sequence #2 

(second sgRNA to be generated). M1-6 = Bases 1-6 of Target sequence #2. 

B.2.2 2nd PCR 

B.2.2.1 Forward Primer 

5’-TGGTCTGCGAG N’15-20 CTGATGAGTCCGTGAGGACGAAACGAGTAAGCTCGTC 

N1-6-3’; N’15-20 = Bases 15-20 of the reverse complement of Target sequence #1. N1-6 = Bases 

1-6 of Target sequence #1. 

B.2.2.2 Reverse Primer 

5’-ACTTGCTATTTCTAGCTCTAAAAC M’1-20 GACGAGC-3’; M’1-20 = The reverse 

complement of Target sequence #2. 
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