
 
 

ABSTRACT 

HEFFELFINGER, AMY KATHRYN. Identification and Investigation of Conserved 
Innate Immune Response Genes Between Zebrafish and Humans. (Under the 
direction of Dr. Jeffrey A. Yoder).  

 
The vertebrate innate immune system acts as a first line of defense against invading 

pathogens, which is largely based on the recognition of pathogens by pathogen 

recognition receptors (PRRs) present on circulating leukocytes and lymphocytes and 

epithelial cells. It is the binding of these PRRs to their cognate ligand which then 

initiates an immune response. Initiation of an immune response is critical for 

directing changes in expression of genes responsible for eliminating invading 

pathogens. Toll-like receptors (TLRs) are a subset of PRRs known to initiate an 

immune response and are well conserved between zebrafish and humans. In an 

effort to identify genes that are  transcriptome responsive to diverse immune stimuli 

in a whole-organism model, zebrafish larvae, at three days post fertilization (dpf), 

were exposed to three different TLR agonists: PAM3CSK4, PolyI:C, and LPS by 

aqueous immersion for 4, 8, 12, 24, and 36 hours. This was followed by a microarray 

analysis of larvae from each exposure producing 15 transcriptome profiles. 

Importantly, this stage of development was chosen as zebrafish lack a functional 

adaptive immune system prior to 4-6 weeks of age. Comparison of the PAM3CSK4 

and PolyI:C transcriptome profiles resulted in a list of common response genes in 

the absence of an adaptive immune response. This gene list was used in a network 

analysis suggesting a potentially important role for MMP9 in teleost innate immune 

response. In addition, the functional role of tmem150a, a novel zebrafish gene 



 
 

identified in a transcriptome profile after challenge with LPS, was investigated. There 

was conclusive evidence that tmem150a is not essential in cell structure, 

proliferation, or innate immune defense, and that its absence in developing zebrafish 

embryos results in developmental abnormalities. 
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Chapter 1 : Overview of the Zebrafish and Mammalian Innate 

Immune System and the Use of Microarray Technology 
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1.1 Introduction 

 

Vertebrate organisms are protected from invading pathogens through immune defense 

mechanisms categorized into two branches: the innate and adaptive immune response. The 

innate immune system provides an immediate non-specific response that includes the 

recognition of invading pathogens by circulating leukocytes and lymphocytes, and epithelial 

cells. The adaptive immune response is described as a specific and robust, postponed 

response of highly specialized lymphocytes and confers long-lasting protection against re-

infection. Piscene species, such as the zebrafish  (Danio rerio), have a well developed 

immune system with all functional components representative of the mammalian innate and 

adaptive immune system (Lieschke et al., 2009). While both the mammalian and teleost 

genomes are constantly subject to evolutionary pressures, certain pathways and responses 

are likely imperative to survival and have therefore been retained in the vertebrate genome. 

In mammals, the innate immune response heavily relies on pathogen recognition receptors 

(PRRs) on leukocytes for the recognition of invading organisms as well as distinguishing 

which organisms are potentially pathogenic. PRRs are present in zebrafish and mammals 

despite their evolutionary divergence. Conservation of the cytoplasmic PRR signaling 

molecules in zebrafish and mammals suggests that the basic program of gene regulation by 

the PRR-signaling pathway is conserved across vertebrates. Hence, it is likely that zebrafish 

innate immune response relies on PRR recognition of invading pathogens. One of the main 

families of PRRs is the Toll-like receptor (TLR) family. TLRs are expressed on both teleost 

and mammalian phagocytic cells and are well-established in mammals to recognize a 

diversity of pathogen associated molecular patterns, initiating an immune response 

(Sepulcre et al., 2007; Stafford et al., 2003). The initiation of the immune response by TLR 
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recognition is critical to the expression of many immune-specific genes responsible for 

defense and elimination of the invading pathogen. While many components of the 

conserved TLR pathways have been defined, many genes are not yet characterized. Of 

particular interest are the uncharacterized, innate immune response-specific genes which 

are conserved throughout teleost and mammalian evolution.  

Much immune response research has been conducted in mammalian cell culture, limiting 

the understanding to one particular cell line, such as a macrophage line, or even a subset of 

immune response cells, such as a myeloid cell culture. While this research contributes 

greatly to our understanding of immune response in each cell, it does not develop our 

knowledge of multiple interacting immune response pathways in the whole organism.  To 

understand a whole-organism immune response, it is necessary to utilize entire animal 

model systems in vivo, instead of in vitro tissue or cell culture systems. A list of „core 

response genes‟ across vertebrate lineages can be determined by comparison of gene 

expression after immune challenge with a diversity of pathogens. Zebrafish provide a whole-

organism vertebrate model, with a nearly complete sequenced genome, that allows far 

greater ease of embryo manipulation and observation than other vertebrate models. In this 

respect, zebrafish are a prominent model for ascertaining a list of core immune response 

genes after immune stimuli and classification of orthologous genes in the mammalian 

genome. This chapter discusses the use of zebrafish as a vertebrate model, confirmed 

orthologs and sequence conservation between the mammalian and teleost genomes, and 

the use of microarray technology for identification of novel innate immune-specific genes. 
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1.2 Zebrafish as a Model for Innate Immune Response 

 

Zebrafish (Danio rerio) are fresh water teleosts whose use in research as an in vivo 

vertebrate model is exponentially increasing. Zebrafish hold several advantages over other 

laboratory model organisms. First, as a vertebrate, zebrafish are more closely related to 

humans than other common laboratory models such as the fruit fly (Drosophila) or 

nematodes (C. elegans). Due to this relationship, zebrafish are more likely to possess 

similar genes, developmental processes, anatomy, physiology, and behaviors than the more 

distantly related model organisms. An example of such conservation is zebrafish and human 

heart formation and function as both the zebrafish and human heart are organized in atria 

and chambers with valves for directional oxygen-carrying blood flow (Knight, 2002; Poon et 

al., 2010). A second advantage is the uninhibited observation and access to all 

developmental stages allowed by external fertilization and transparency of zebrafish 

embryos. This differs from mammalian model organisms, such as the mouse (Mus 

musculus), for which embryonic development occurs in-utero. Removal of an embryo from a 

pregnant mouse results in embryonic death. Thus, in developmental studies, embryo 

removal is required for observation at each developmental stage of interest, limiting the 

range of capable experiments. In addition, zebrafish development is rapid: mouse 

embryonic development occurs over 21 days, in comparison to the 4 day period of complete 

organogenesis in zebrafish embryo (Nakao et al., 2007; Zhang et al., 2009). A significant 

benefit to the external fertilization of zebrafish is the ease of manipulating the developing 

embryo. The efficiency of chemical treatment and pathogen infections performed on a large 

scale in zebrafish allows high throughput compound screens for characterization of 

infectious disease mechanisms. Perhaps one of the most significant advantages of the 
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zebrafish model is the ability to analyze the innate immune system in the absence of 

adaptive immunity: the adaptive immune system is not fully functional in a zebrafish embryo 

until 4-6 weeks of age (Lam et al., 2004). This allows a clear temporal window to specifically 

address the innate immune response independent of an adaptive immune response. Other 

advantages of the zebrafish as a model include the large quantity of embryos produced 

during one fertilization event, simplicity of maintenance and breeding, and high housing 

density. 

The innate immune system of animals is phylogenetically quite old. The first phagocytic cells 

date back to primitive sponges functioning in both defense and digestion by engulfing 

foreign substances (Lieschke et al., 2009). These amoebocytes are functional equivalents of 

vertebrate macrophages (Lieschke et al., 2009). Phagocytic macrophages are the major 

active phagocytic cell in zebrafish embryos and larvae, providing a major means of 

pathogen recognition, initiation of an immune response, and successful host defense from 

infection (Lieschke et al., 2009). 

Success of the immune system is based on the ability of host cells to recognize invading 

pathogens through pathogen associated molecular patterns using a primitive set of 

pathogen recognition receptors, the Toll-like receptors (TLRs). There are currently 24 

zebrafish TLR variants identified including homologs to 8 of the 10 human TLR (Trede et al., 

2004)  (Figure 1). Also, orthologs of the five identified human adaptor proteins associating 

with TLRs: MyD88, TRIF, TRAM, TIRAP, and SARM are found in zebrafish, strongly 

suggesting the conservation of this ancient defense mechanism between zebrafish and 

mammals (Jault et al., 2004; Meijer et al., 2004). During the first 4-6 weeks of life when a 

functional adaptive immune system is absent, zebrafish are well equipped with expression 
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of pathogen recognition receptors and intracellular signaling molecules, such as MyD88, 

which is required for a majority of TLR intracellular signaling. In a 2009 infection assay, 

zebrafish expressing a reporter line for MyD88 validated the involvement of MyD88-

expressing leukocytes in protection against invading pathogens (Hall et al., 2009). This line 

of protection is so robust that rag1 deficient zebrafish, which lack a functional adaptive 

immune response throughout life, have a normal life expectancy even in non-sterile 

conditions (Wienholds et al., 2002). One adaptation contributing to rag1 knockout survival 

may be the high expression of Toll-like receptors in zebrafish skin (Jault et al., 2004). TLR 

positioning in the skin is vital as a first line of defense to provide complete protection from 

invading pathogens in the absence of an adaptive immune response. 

Application of an independent innate immune response is highlighted in human tuberculosis 

research, as isolation of the innate immune system is vital to the characterization of the early 

pathogenesis of mycobacterium. Zebrafish larvae provide a critical model for Mycobacterium 

marinum infection, eliciting all the hallmarks of human tuberculosis. Mycobacteria evade the 

innate immune response by preventing or delaying the fusion of the phagosome and 

lysosome upon detection by TLRs on macrophages (van der Sar et al., 2009). Using 

zebrafish in the absence of adaptive immunity to identify host innate immune response to M. 

marinum provides a crucial knowledge to the pathogenicity of M. marinum with application to 

M. tuberculosis infection in humans. In fact, using a forward genetic screen in zebrafish 

larvae, the lta4h locus, which is expressed in myeloid cells, was identified as a susceptibility 

modulator of mycobacterial infection in both humans and zebrafish (Tobin et al., 2010). 

Additional studies of M. marinum infection in zebrafish delineate between the mechanisms 

of initial infection and progression, as host responses change during development from a 

larvae to an adult (van der Sar et al., 2009). 
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Zebrafish have been recognized as a valuable model for infection and disease studies. 

Zebrafish have been used to model viral infections  (Snakehead rhabdovirus  (SHRV), 

bacterial infections  (Mycobacterium marinum as a model for human tuberculosis), and 

fungal infections  (Penicillium marneffei), and a multitude of other infection, cancer and 

disease studies (Meijer et al., 2005; Mione et al., 2009; Phelan et al., 2005; Swaim et al., 

2006). There are several benefits substantiating zebrafish as an indispensable model in 

evaluating the vertebrate immune response after infection. Due to the translucent skin of 

adult zebrafish and transparent zebrafish embryos, it is possible to examine immune cells in 

vivo in both adult and larval stages. Transgenic lines of zebrafish using a tissue-specific 

promoter driving fluorescent protein expression have been generated. A variety of these 

possess a green fluorescent protein (GFP) lineage marker for either neutrophils, T cells, 

erythroid cells, myeloid cells, or MyD88 expressing cells and have been shown to be 

extremely useful for observing the cellular response to infection in live embryos {;Hsu, 2004, 

The pu.1 promoter drives myeloid gene expressio in zebrafish;Langenau, 2004, In vivo 

tracking of T cell development`, ablation`, and engraftment in transgenic zebrafish;Mathias, 

2006, Resolution of inflammation by retrograde chemotaxis of neutrophils in transgenic 

zebrafish.;Hall, 2009 #28}. The GFP lineage tracer facilitates uncomplicated imaging and 

the ability to sort and purify these cells using fluorescence-activated cell sorting (FACS) for 

potential transplantation studies. 
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Figure 1-1 Phylogentic Tree of Human, Mouse, and Zebrafish Toll-like Receptors 

Published human, mouse, and zebrafish sequences were aligned by ClustalW and 

neighbor-joining trees were constructed from pairwise Poisson correction distances with 

2000 bootstrap replications by MEGA2.1 software. Bootstrap values are assigned to 

each interior branch. Branch lengths correspond to the number of amino acid 

substitutions estimated by Poisson correction; scale indicated below. HsTLR1 

(NP_003254.2), MmTLR1 (NP_109607.1), Dr TLR1 (NP_001124065.1), HsTLR2 

(NP_003255.2), MmTLR2 (NP_036035.3), DrTLR2 (NP_997977.1), HsTLR3 

(NP_003256.1), MmTLR3 (NP_569054.2), DrTLR3 (NP_001013287.2), HsTLR4 

(NP_612564.1), MmTLR4 (NP_067272.1), DrTLR4a (ACE74929.1), DrTLR4ba 

(NP_001124523.1), DrTLR4bb (NP_997978.1), HsTLR5 (NP_003259.2), MmTLR5 

(NP_058624.2), DrTLR5a (XP_001919052.2), DrTLR5b (NP_001124067.1), HsTLR6 

(NP_006059.2), MmTLR6 (NP_035734.3), HsTLR7 (NP_057646.1), MmTLR7 

(NP_573474.1), DrTLR7 (XP_002665957.1), HsTLR8 (NP_619542.1), MmTLR8 

(NP_573475.2), DrTLR8a (XP_001920594.1), DrTLR8b (XP_001340186.2), HsTLR9 

(NP_059138.1), MmTLR9 (NP_112455.2), DrTLR9 (NP_001124066.1), HsTLR10 

(NP_001017388.1), MmTLR11 (NP_991388.1), DrTLR18 (NP_001082819.1), DrTLR19 

(XP_002664892.1). 
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1.3 Genetic Conservation between Mammals and Zebrafish 

 

Despite a large evolutionary distance, zebrafish and mammals share many orthologous 

genes. A whole genome duplication event likely occurred early in the teleost division, 

resulting in one set of genes, or paralogs, permitted to undergo mutations or other 

transcriptional and/or functional changes, while a second functional set of genes remains 

intact (Becker et al., 2007). In many situations, duplicated genes alter structure or 

expression pattern by modifying or even ablating previous physiological function (Catchen et 

al., 2009). This leads to the re-diploidization of some genes while other genes, such as the 

Hox genes, remain in multiple copies, driving diversity amid the teleost lineage (Stein et al., 

2007).  

Regardless of the mutations and gene rearrangements occurring over the 450 million years 

of teleost evolution, there is evidence of certain chromosomal sequence segments, both 

coding and non-coding, which are conserved in gene order across all vertebrates, a term 

referred to as conserved synteny (Becker et al., 2007; Elgar et al., 2008). For example, 

homologs of 13 conserved groups of genes in the zebrafish genome have mapped to 5 

mammalian X chromosome loci (Kohn et al., 2004). Conserved synteny is further illustrated 

in a study using an automated system to identify regions of synteny across multiple species 

integrating whole genome duplication events into the design (Catchen et al., 2009). A 

distinguished attribute of this system is the ability to distinguish orthologs, homologs, and 

paralogs created during the evolutionary process and genome duplications of the species of 

interest. One study investigated the history of the ARNTL gene family, a protein involved in 

circadian rhythm, during teleost and human evolution (Catchen et al., 2009). This analysis 

unveiled a conserved syntenic cluster between the human ARNTL2 and zebrafish arntl2 
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genes with 38 conserved orthologous gene pairs in the surrounding region of the 

chromosome (Catchen et al., 2009). 

The shared ancestry of vertebrates has also allowed genomic approaches to discover 

sequences with conserved functionality, termed functional orthologs, though there may not 

be conserved synteny. Specific to immune response conservation, homology between 

cytokines and innate immune pathways has been observed between zebrafish and 

mammals. Interferon  (IFN)-gamma genes have been cloned from zebrafish and other fish 

species with the same exon/intron structure as mammalian IFN-gamma genes (Robertsen, 

2006). Further, infection studies using zebrafish embryos established that the zebrafish IFN-

gamma1 and IFN-gamma2 genes are functional equivalents of mammalian IFN-gamma 

(Sieger et al., 2009). The same study led to the identification of homologs of the mammalian 

IFN-responsive genes in the zebrafish embryo (Sieger et al., 2009). One report 

concentrated on the molecules of the innate immune system common to both teleosts and 

mammals. Kinases involved in the TLR, Nucleotide-binding oligomerization domain (NOD), 

and Tumor necrosis factor (TNF) pathways were conserved, as well as adaptor proteins 

required in the TLR activation pathway (Stein et al., 2007). Mammalian signal transducers, 

activators of transcription, and Nod-like receptor (NLR) proteins also have clear orthologs in 

teleosts, including all members of the TNF receptor-associated factor (Traf) family (Stein et 

al., 2007). Interestingly, while there are the same number of IFN receptors between 

mammals and teleost, the genes have diverged so drastically since the separation of the 

species that orthologies are obscure (Stein et al., 2007). The collective results indicate that 

the main signaling pathways and downstream components of the innate immune response, 

with particular stress on the kinases, are highly conserved between teleosts and mammals, 
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with the major divergence or expansion associated with immune receptors (Stein et al., 

2007).  

It has also been shown that pathways governing hematopoiesis are also conserved between 

teleosts and mammals, resulting in identification of zebrafish orthologs to mammalian 

hematopoietic transcription factor genes, such as erythroid-specific transcription factor gata1  

and myeloid-specific transcription factor pu.1 (Davidson et al., 2004). In addition, these 

transcription factor genes are comparable to mammalian spatiotemporal expression patterns 

(Davidson et al., 2004). Highly conserved non-coding regions have also been identified 

between teleost and mammals, thought to contain previously unidentified regulatory 

elements which have endured strongly imposed selective pressure (Elgar et al., 2008). 

While sequence alignment has identified many conserved genes between teleost and 

mammalian evolution, it may only be the „tip of the iceberg‟. Now that there is access not 

only to the human genome, but also to the zebrafish genome, it is feasible through further 

exploration to determine which immune response components are conserved in both 

zebrafish and mammals. 
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1.4 Microarray Technology 

 

Treatment of infectious disease relies on identification of not only the causative pathogen 

but also characterization of the response genes. Microarray analysis is a very powerful 

assay used for host and pathogen gene expression profiling and has become a method of 

choice in attempts to detect pathogen response genes. Early microarray analysis 

applications to infectious diseases included studies involving polymorphisms in the human 

immunodeficiency virus (HIV) protease gene detecting drug resistance (Liu, 2008). Current 

applications include analysis of host genome response to pathogens and further functional 

characterization of the responding gene expression profile. The function of many genes in 

the human genome remains unknown, with a portion of these functionally uncharacterized 

genes likely related to immune response. Identification of many of these genes can be 

determined by an organism‟s transcriptome: the total repertoire of expressed RNA 

transcripts. Due to the potential for transcript expression variation during the course of 

infection, as well as indication that the genes can be transcribed in a bidirectional manner, 

the process of deciphering the functional complexity of the whole-organism transcriptome is 

quite complicated (Hegedus et al., 2009). 

A common approach to simplifying the complexities of immune response components has 

been transcriptional profiling of single cell types after infection. For example, stimulation with 

0.1-1μgml LPS of human peripheral blood mononuclear cells (PBMCs) after Bordotella 

pertussis, Escherichia coli, and Staphylococcus aureus infection resulted in a transcriptional 

response of common immune system response genes after exposure to diverse pathogens 

(Boldrick et al., 2002). Analysis presented a cluster of 206 unique genes involved in immune 

induction and a cluster of 96 unique genes involved in repression (Boldrick et al., 2002). In a 
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different microarray study, the expression profiles of dendritic cells in response to E. coli, 

Candida albicans, and influenza virus revealed a list of shared core response genes to three 

different pathogen pathways stimulated by the bacteria, fungus, and virus, as well as 

clusters of genes that were pathogen specific (Huang et al., 2001). One limitation of these 

studies is the restriction to in vitro strategies. These strategies define only a single cell 

lineage-based response and therein are limited to a fraction of the pathways responsible for 

the innate immune response in the whole organism. The single cell lineage-based assays 

do not account for the large number of inter-dependent immune pathways of multiple 

immune cell types interacting during response to infection. Thus, development of a whole-

organism transcriptome profile after response to infection would facilitate unraveling 

complexities of the whole innate immune response. 

High density microarray chips have been developed for zebrafish that contain forty thousand 

distinct oligomers. While other platforms are available, the Agilent zebrafish platform is 

highly advantageous as it allows upgrading via custom designed probes (Hegedus et al., 

2009). The zebrafish genome consists of 25 chromosomes with an estimated 1.5 x 10 billion 

base pairs (Geisler, 2004). This is comparable with the mammalian estimate of 3 x 10 billion 

base pairs and suggests that, despite the teleost whole genome duplication event, zebrafish 

and mammals encode approximately the same number of genes (Geisler, 2004). The 

creation of zebrafish genetic maps has further revealed extensive similarities to humans 

upon comparative genetic mapping (Twyman, 2002). Therein, global gene analysis of 

zebrafish after infection provides an innate immune response transcriptome profile which 

can be applied to higher organisms, such as humans (Douglas, 2006). This approach is 

documented by Stockhammer et. al. using zebrafish embryos infected with two Salmonella 

strains that elicit either a lethal infection or an attenuated response (Stockhammer et al., 
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2009). Gene ontology results from this study report substantial gene overlap between 

zebrafish and human Gram-negative bacterial infection response, further validating the 

significance of the zebrafish model (Stockhammer et al., 2009). Again, zebrafish immune 

response to Streptococcus suis infection was compared to S. suis infection of human 

macrophages, a porcine cell line, and a mouse model (Wu et al., 2010). The results of the 

zebrafish transcriptome profile listed 189 differentially expressed genes, with clear 

conservation with host responses from the other three systems (Wu et al., 2010). 

A deep sequencing study of the zebrafish transcriptome response to mycobacterium 

infection additionally validated the results represented in microarray analysis (Hegedus et 

al., 2009). In this study, the same pooled zebrafish samples were used across four different 

microarray platforms (MWG, Affymetrix, Sigma-Compugen, and Agilent) and in a Digital 

Gene Expression (DGE) tagged deep sequencing assay. Of the 100 significantly changed 

genes identified in the multi-platform microarrays, 79 were identified in deep sequencing 

profile, with 97% of those positively correlating with directional change in expression 

(Hegedus et al., 2009). This indicates a strong agreement between different transcriptome 

profile analyses and further confirms the use and ensuing results of microarray analysis. 

Although deep sequencing technology allows a more sensitive and robust alternative to 

microarray analysis, the cost of this technology must decrease significantly in order to be an 

affordable alternative for many research laboratories.  

Using the same gene expression results from the deep sequencing study, van der Sar et. al. 

compared the transcriptome profile of the zebrafish innate immune response to 

mycobacterium infection independent of a developed adaptive immune response to the 

transcriptome profile revealed in mycobacterium infection in the presence of a functional 
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adaptive immune response.  The results disclose transcriptome changes during the different 

stages of initial infection and disease progression into either acute versus chronic infection, 

providing insight into the pathogen-induced changes of specific molecules or pathways (van 

der Sar et al., 2009).  Therein, transcriptome profiles can be used not only to define a set of 

response genes to an invading pathogen, but also to define changes in response genes as 

host-pathogen interaction-mediated reprogramming occur during the progression of infection 

. 

In an effort to define conserved core innate immune response genes common to diverse 

pathogens, we have exposed zebrafish larvae at 3 days post fertilization (dpf) to a bacterial 

mimic (PAM3CSK4) and a viral mimic (Poly I:C). Global gene expression on a whole-

organism level was assessed at 4, 8, 12, 24, and 36 hours post infection using microarray 

technology. This led to the generation of a gene list of conserved novel innate immune 

response genes common to both viral and bacterial pathogens. In a previous study, 

zebrafish larvae were exposed to LPS at 3 dpf for 4, 8, 12, and 24 hours. Global gene 

expression on a whole-organism level was assessed at each time point using microarray 

technology followed by development of a conserved novel innate immune response gene 

list. These gene lists were compared to develop a list of core innate immune response 

genes responding to all three pathogens. Identification of conserved, novel innate immune 

response genes common to diverse pathogens will provide a strong basis for future 

research on core immune response genes. 
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1.5 Conclusion 

It is widely accepted that evolutionary pressure drives the structure of our genomes, and the 

basis of this belief is that the sequences that remain highly conserved between divergent 

organisms are likely to be functionally significant. Based on current knowledge of 

considerable conservation between the teleost and mammalian genome, it is clear that the 

zebrafish model provides much power for further understanding vertebrate immunology. The 

zebrafish model is capable of progressing current knowledge by identifying and 

characterizing unknown vertebrate genes and pathways involved in immune response. 

Importantly, analysis of the innate immune response using zebrafish larvae results in 

analysis of a vertebrate whole-organism innate immune response. The whole-organism 

immune response accounts for the intricacies of the entire host immune response, a subject 

that has been infrequently researched due to investigations focusing on one immune cell 

type or tissue. A powerful tool for whole-organism immune response analysis is the use of 

microarray technology. Thus, to evaluate the innate immune response on a whole-organism 

level, it is necessary to expose zebrafish larvae to multiple pathogen stimuli employing 

microarray technology for analysis. The goal of the ensuing studies is to generate a list of 

core innate-specific immune response genes conserved between teleost and mammals after 

exposure to a diversity of pathogen-associated molecular patterns. Continuation of these 

studies aims to investigate the function of the novel, uncharacterized genes in zebrafish, 

followed by analysis of functional conservation in mammals. 
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Chapter 2 : Zebrafish exposure to PAM3CSK4 and PolyI:C for 

microarray analysis. 
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Laboratory (University of Maine) and Dr. Mac Law (NCSU).  The initial LPS exposures used 
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provided histopathology expertise for Figures 2 and 3. I conducted all pathogen exposures, 

with the exception of LPS, and transcriptome response analysis.   
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2.1 Abstract 

Binding of Toll-like receptors (TLR) to their specific cognate ligand results in the activation of 

separate immune defense pathways. Each immune defense pathway induces differential 

expression of many immune defense genes. Within the numerous genes responding to each 

TLR pathway, there are TLR-specific induced genes and also common immune defense 

genes induced by all TLR-activated pathways. We sought to use three different TLR 

agonists activating three different immune defense pathways to identify common core 

immune response genes conserved between zebrafish, mouse, and human. Zebrafish 

larvae were used at 3 days post fertilization to produce an immune response gene list in the 

absence of an adaptive immune response. We chose to use known human TLR3 agonist 

PolyI:C, TLR1/2 heterodimer agonist PAM3CSK4, and TLR4 agonist LPS to represent three 

different TLR pathways resulting in a diversity of immune response genes. After initiation of 

this experiment, evidence was published recounting a lack of an orthologous costimulatory 

molecule CD-14 in zebrafish, which is essential for LPS recognition in mammals(Novoa et 

al., 2009). This and other studies suggest a different LPS recognition mechanism in teleosts 

that the well-determined mechanism in mammals. In keeping with the original design, larvae 

were exposed to TLR agonists by environmental exposure (e.g. immersion). qRT-PCR was 

employed to evaluate the change in transcript level of known immune response genes to 

various concentrations of each agonist. Histopathological analyses were used to evaluate 

any possible tissue or cellular damage caused by each TLR agonist. We conclude that 

10μg/ml PolyI:C, 5μg/ml PAM3CSK4, and 10μg/ml LPS are useful (e.g. induce a change in 

transcript level without obvious pathological affects) for microarray analysis to identify 

common core innate immune response genes. 
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2.2 Introduction 

One of the principal components of vertebrate immune defense is established by the initial 

interaction of immune cell Toll-like receptors (TLRs) with invading pathogens and the ability 

of these TLRs to activate proper innate response pathways for pathogen control. To 

regulate proper recognition of an invading pathogen by the specific TLR, human TLRs are 

compartmentalized: TLR3, 7, 8, 9 are specifically localized inside cell endosomes 

recognizing nucleic acids, while TLRs 1, 2, 4, 5, 6 are partitioned to the cell surface 

recognizing lipid structures, with each pathway supplying a different mode of protection 

(McGettricka et al., 2010). Protection provided by TLR activation includes a range of 

responses from pro-inflammatory cytokine production to modulation of cell survival (Bortoluci 

et al., 2010). Each TLR recognizes a different pathogen-associated molecular pattern 

(PAMP) correlating with a specific function, as well as eliciting common immune response 

pathways for host protection, culminating in the activation of the adaptive immune response 

(Bauer et al., 2009). Likewise, the whole-organism immune response is shaped according to 

the early sensing of microorganisms by pattern-specific TLRs, which results in a distinct 

signaling cascade tailored for elimination of the specific invading pathogen.  

Genome analyses have suggested conservation of TLRs and response genes across 

vertebrates such as mammals and fishes, as well as in invertebrates such as sea urchins 

and hydras (Satake et al., 2010). This means that exposure to different TLR agonists should 

elicit both TLR-specific, species-specific immune defense genes, and immune defense 

genes common across a diversity of species. Further, of these common immune response 

genes, a portion of core immune response genes should be conserved between vertebrates. 

Complete analyses of conserved core immune response genes specific to innate immune 

defense should include activation of multiple TLRs representing a variety of invading 
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pathogens comprising of both viral and bacterial mimics. In mammals, endosomal TLR3 is 

known to respond to viral dsRNA, while the cell surface TLR1/2 heterodimer is 

acknowledged to bind lipoteichoic acid from Gram-positive bacteria, and finally 

lipopolysaccharides from Gram-negative bacteria are recognized as the TLR4 ligand (A 

Ianaro, 2009; Palti et al., 2010; Ribeiro et al., 2010; Wong et al., 2009). Due to the high 

conservation of these TLRs between mammals and teleosts, it is likely that these receptors 

have similar ligands. It is noted that after the initiation of these experiments, two studies 

were published suggesting that zebrafish TLR4 orthologs do not bind LPS (Novoa et al., 

2009; Sepulcre et al., 2009). Therefore, dsRNA mimetic polyinosinic-cytidylic acid (PolyI:C), 

synthetic bacterial lipoprotein Pam3Cys-Ser-Lys4 (PAM3CSK4) and E.coli 

lipopolysaccharide (LPS) were used for potential TLR-induced transcriptome responses via 

the TLR1/2 heterodimer and TLR3, respectively. Herein, we use three different TLR 

agonists: PolyI:C, PAM3CSK4, and LPS to initiate a transcriptome response credible for 

generating a list of novel whole-organism response genes specific to the innate immune 

system.  
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2.3 Materials and Methods 

Animals 

Adult zebrafish were housed on a 10-h light / 14-h dark cycle in recirculating water at 28 °C 

and fed twice daily. Male and female adult zebrafish were separated in mating chambers 

overnight and allowed to mate at the start of the morning light cycle for embryo collection. 

Embryos were kept in Petri dishes at 28 °C in fresh egg water, consisting of 500μl/L 0.1% 

Methyl blue and 4g/100mL stock salts, changed daily (Kord-Valmark). 

Viral and bacterial mimic exposure 

Zebrafish larvae were exposed by immersion to 10μg/ml PolyI:C (viral mimic) or 5μg/ml 

PAM3CSK4 (bacterial mimic) or clean egg water at 3dpf for 4, 8, 12, 24, or 36 hours. 

Immersions were conducted in 24-well plates, with 10 larvae per well in 2 mls total volume 

and 30 larvae per treatment group and time point. At the appropriate time point, larvae were 

euthanized in 0.02% Tricaine methanesulfonate (Finquel MS-222; Argent Chemical 

Laboratories). Zebrafish larvae exposure to LPS was performed by Dr. Carol Kim‟s Lab, 

University of Maine. For histopathology analysis, larvae were euthanized in 0.02% Tricaine 

methanesulfonate, fixed in 10% Neutral Buffer Formalin, and stained with hematoxylin and 

eosin. Evaluation of sections was performed by a single pathologist, Dr. Mac Law, NCSU. 

RNA isolation and qRT-PCR 

RNA was isolated using TRIzol reagent (Invitrogen) and quantified using a NanoDrop ND-

1000 spectrophotometer (NanoDrop Technologies). 2μg RNA was annealed to oligo dT 

primers, reverse transcribed with Superscript III (Invitrogen), diluted 5-fold with dH2O and 

utilized for quantitative PCR. qRT-PCR was performed to analyze Mx or IL-1β fold 
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expression change in zebrafish exposed to PolyI:C or PAM3CSK4, respectively (Altmann et 

al., 2004). qRT-PCR was also performed on LPS exposed zebrafish cDNA samples from Dr. 

Kim‟s lab for transcriptome response to IL-1β. All PCRs were performed in triplicate using 2 

μl of diluted cDNA, in a 25 μl reaction volume (SYBR Green PCR Master mix, Applied 

Biosystems) in a 96 well plate and monitored with a BioRad iCycler and iCycler iQ Optical 

System Software. Thermal cycling parameters are as follows: initial holding temperature of 

95˚C for 2 min, and 50 cycles of 95˚C for 30 s, 60˚C annealing temperature for 30 s, 72˚C 

for 30 s for β-actin primers, 55°C annealing temperature for IL-1β primers, and 50°C 

annealing temperature Mx primers. Fold expression change was calculated and normalized 

to β-actin using the 2-ΔΔCt
 method  (Livak et al., 2001). A no cDNA negative control for each 

primer set was included to eliminate possible sample contamination. β-actin Forward: 5‟-

AGAGCTACGAGCTGCCTGAC-3‟; β-actin Reverse: 5‟-TCTCGTGGATACCGCAAGAC-3‟; 

Mx Forward: 5‟-ATAGGAGACCAAAGCTCGGGAAAG-3‟; Mx Reverse: 5‟-

ATTCTCCCATGCCACCTATCTTGG-3‟; IL-1β Forward: 5‟-

TGGACTTCGCAGCACAAAATG-3‟; IL-1β Reverse: 5‟-GTTCACTTCACGCTCTTGGACTG-

3‟ 
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2.4 Results and Discussion 

 10μg/ml PolyI:C and 5μg/ml PAM3CSK4 used for zebrafish exposure  

TLR agonists PolyI:C, PAM3CSK4, and LPS activate the innate immune response by 

different pathways. In mammals, PolyI:C functions as a dsRNA viral mimic binding TLR3, 

while PAM3CSK4 and LPS are bacterial mimics and interact with the TLR1/2 heterodimer 

and TLR4 respectively (A Ianaro, 2009; Palti et al., 2010; Ribeiro et al., 2010; Wong et al., 

2009). Each pathway results in a disparate signaling cascade and therein, contains 

dissimilar amplification and intensity. Likewise, different concentrations of each TLR agonist 

may be necessary to achieve a transcriptome response. We tested a range of doses for 

PolyI:C (Invivogen Catalog #tlrl-pms) and PAM3CSK4 (Invivogen Catalog #tlrl-pic) to 

determine the smallest dose which would elicit a  transcriptome response measured by qRT-

PCR. Zebrafish were exposed by immersion to a range of 5μg/ml-50μg/ml PolyI:C or 

1μg/ml-5μg/ml PAM3CSK4 at 3dpf for 4, 8, 12, 24, and 36 hours. To demonstrate 

transcriptome response, qRT-PCR analysis was performed on isolated RNA using the viral 

response gene, Mx, for PolyI:C exposed larvae and the inflammatory response gene, IL-1β, 

for PAM3CSK4 exposed larvae (Altmann et al., 2004).The viral response gene Mx is an 

important downstream effector of type I interferons (IFN) and Mx transcription is dependent 

on this pathway. Due to published evidence of PolyI:C induced Mx response in zebrafish, 

we chose Mx for qRT-PCR analysis (Altmann et al., 2004). IL-1β is a pro-inflammatory 

cytokine mediating monocyte, macrophage, and neutrophil activation in an innate immune 

response and is reported to be crucial to the clearance of intracellular bacteria. Likewise, IL-

1β was chosen as the indicative response gene for the bacterial mimic, PAM3CSK4(Miao et 

al., 2010; Netea et al., 2010). Transcriptome response to IL-1β was also analyzed for LPS 
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(O55:B5 Sigma-Aldrich) exposed zebrafish using RNA samples from Dr. Carol Kim‟s lab 

(Appendix Figure 4). Another TLR2 agonist, Zymosan, was also used in the immersion study 

at a range of 5μg/ml-20μg/ml. It was considered impractical as the high dose of 20μg/ml did 

not elicit a transcriptome response. In addition, ultra-pure LPS (E. coli O111:B4) was tested 

and did not elicit a transcriptome response up to 100μg/ml and was therefore considered 

ineffective. The data demonstrated a transcriptome response elicited from PolyI:C and 

PAM3CSK4  stimulated zebrafish (Figure 1). As lower doses of reported TLR agonists did 

not elicit a transcriptional response, 10μg/ml PolyI:C and 5μg/ml PAM3CSK4 were used for 

aqueous exposure.  

 Histopathology verifies no microscopic damage at chosen agonist doses 

It is possible that introduction of chemical based agonists can cause harm to the organism 

that is not visible macroscopically. In order to verify that the chosen doses for PolyI:C, 

PAM3CSK4, and LPS did not result in microscopic damage, histopathology on sections of 

exposed zebrafish larvae was performed. Zebrafish larvae were exposed by immersion to 

the chosen dose of each agonist (10μg/ml PolyI:C; 5μg/ml PAM3CSK4; 10μg/ml LPS) and 

additionally a slightly higher dose (15μg/ml PolyI:C, 6μg/ml PAM3CSK4; 15μg/ml LPS) for 

24 and/or 36 hours. After 24 or 36 hours, larvae were euthanized and fixed in 10% NBF and 

submitted for H&E section staining and histopathology analysis. The additional exposure of 

larvae to a slightly increased agonist dose was performed to insure that the concentration 

range used in the immersion exposure was not harmful to the zebrafish larvae. Likewise, the 

24 and 36 hour time points were all encompassing of other time points included in our 

experimental design and would show any damage from earlier time points. It is common to 

observe microscopic sections of the liver after treatment as hepatocyte necrosis can be 
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visualized with hematoxylin and eosin staining. Liver sections were chosen for 

histopathology and were analyzed for any evidence of necrosis exhibited by an increase in 

breadth between neighboring hepatocytes. Histopathological analysis revealed no overt 

microscopic damage to the larvae due to exposure at the chosen concentration (Figure 2, 

3). These results indicated that 10μg/ml PolyI:C, 5μg/ml PAM3CSK4, and 10μg/ml LPS are 

effective and undamaging agonists for an innate immune system response used to analyze 

common core response genes. 
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Figure 2-1: Transcriptional response resulting from 

PolyI:C and PAM3CSK4 exposure. 

Zebrafish larvae were exposed to 10μg/ml PolyI:C or 5μg/ml 

PAM3CSK4 for 4, 8, 12, 24, and 36 hours. Transcriptional 

response was determined by qRT-PCR analysis of Mx fold 

expression change for PolyI:C exposure  (A) and IL-1β fold 

expression change for PAM3CSK4  (B). Both Mx and IL-1β 

demonstrate elevated levels of expression, indicating a 

transcriptional response. Error bars represent standard error 

of triplicates. 
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Figure 2-2: Histopathology on liver section of PolyI:C 

and PAM3CSK4-exposed zebrafish larvae. 

Zebrafish larvae were immersed at 3dpf in egg water  

(A,B) 10μg/ml PolyI:C  (C), 15μg/ml PolyI:C  (D), 5μg/ml 

PAM3CSK4  (E,F), or 6μg/ml PAM3CSK4  (G,H). H&E 

stains of liver cross-sections (purple with arrow) show no 

overt signs of damage to control treated or TLR-agonist 

treated zebrafish larvae.  
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Figure 2-3: Histopathology on liver section of 

LPS-exposed zebrafish larvae. 

Zebrafish larvae were immersed at 3dpf in egg 

water (A,B), 10μg/ml LPS (C,D), or 15μg/ml LPS 

(E,F). H&E stains of liver cross-sections (purple 

with arrow) show no overt signs of damage to 

control treated or TLR-agonist treated zebrafish 

larvae.  

C. D. 

E. F. 
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Chapter 3 :Transcriptome Response of Zebrafish Larvae to LPS, 

PolyI:C, and PAM3CSK4             
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The work described in this chapter was performed in collaboration with Dr. Steffen Heber 

(NCSU). Dr. Steffen Heber conducted the initial statistical microarray analysis. I used these 

results to generate the master gene lists and execute core and comparison analyses.  
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3.1 Abstract 

Transcriptome analyses of microbial or virally infected immune cells define complex and 

extensive alterations in gene expression. Although much work has gone into evaluating the 

transcriptome response of purified mammalian immune cells to infection, little is known 

about the whole-organism transcriptome response to pathogens. In addition, the interplay 

between the innate and adaptive immune responses contributes to the complexity of the 

whole-organism response. The zebrafish larvae provide a vertebrate model that possesses 

a complete innate immune response, but does not yet possess a functional adaptive 

immune response. Clear separation of innate and adaptive immune response can further 

simplify the daunting task of deciphering the complexity of immune response and result in 

pinpointing a tailored set of common innate immune response genes. The goal of this study 

was to expose zebrafish larvae to pathogen mimics and employ microarray technology to 

identify a set of core innate immune response genes that are common to multiple TLR 

ligand response pathways and conserved between zebrafish, mouse, and humans. In this 

study, 3 dpf zebrafish larvae were exposed to optimized levels of LPS, PolyI:C, and 

PAM3CSK4 for 4, 8, 12, 24, and 36 hours. RNA was purified from exposed and control 

larvae for microarray analysis. Gene lists for each treatment were developed and compared. 

Upon comparison of all three gene lists, there were no overlapping genes from the LPS 

gene list. There are several contributing factors which could lead to this lack of common 

genes. The most prominent factor is the recently published evidence supporting a different 

LPS recognition pathway between fish and humans. Secondly, there were spatio-temporal 

differences of the LPS exposures, which were conducted in the Kim Lab while the PolyI:C 

and PAM3CSK4 exposures were conducted in the Yoder Lab. As the LPS exposure gene 

list did not significantly overlap with the other gene lists, only the PolyI:C and PAM3CSK4 
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gene lists were used for further analyses. Comparison of the transcriptome response to 

PolyI:C and PAM3CSK4 resulted in a list of 168 common response genes. Of these, 88 are 

novel, uncharacterized genes which may play a significant role in innate immune response.  

In addition, network analyses of the common response genes that are conserved in the 

mammalian genome identified a protein network involving matrix metalloproteinases that 

likely play a role in the vertebrate immune response. 

  



44 
 

3.2 Introduction 

Response to an invading pathogen is governed by modifications to the transcriptome. These 

modifications result in an intricate network functioning to control or eliminate a pathogen. 

One powerful tool for the characterization of transcriptome response after immune challenge 

is application of microarray technology. Though a transcriptome profile resulting from a 

microarray analysis can be very informative, it can also be very challenging to delineate 

between the functional complexities of intertwined immune response pathways. In order to 

simplify the labyrinth of entwined networks, many strategies restrict the assay by using only 

a single immune cell lineage exposed to a pathogen. For example, one study revealed a list 

of common response genes after dendritic cells were exposed to three different pathogens: 

a bacterium, a virus, and a fungus. While the resulting transcriptome profiles are informative, 

they indicate a response that is specific to only one immune cell type. In order to generate a 

transcriptome profile that is more indicative of a complete immune network, a whole-

organism approach after immune challenge must be employed. Even further, comparison of 

whole-organism transcriptome profiles after independent exposure to dissimilar pathogens 

could lead to a list of common response genes involved in the entire immune response 

network.  

This whole-organism approach is significant as it can illuminate intricacies of genes involved 

in diverse networks interacting within a global response to an infection. The genes identified 

as being  transcriptome responsive can include functionally defined genes as well as novel, 

uncharacterized genes. Of these genes, a portion is conserved between vertebrates, 

allowing application of transcriptome profiles from a model species to humans (Douglas, 

2006). Likewise, application of microarray technology and analysis using zebrafish as the 
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model organism can lead to the discovery of previously uncharacterized transcriptome 

response genes after infection in the human genome, which may have potential roles in 

immune defense. 
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3.3 Materials and Methods 

Single channel data preprocessing 

An initial quality assessment of the raw data was conducted and control spots, outliers, and 

spots with low average intensity were removed. To reduce the effect of inhomogeneous 

background hybridization across the arrays the background correction method normexp was 

used (Ritchie et al., 2007). This model-based approach uses Agilent‟s background estimates 

to compute positive, corrected hybridization intensities. Normexp is implemented in the 

Bioconductor (http://www.bioconductor.org) package limma (Smyth, 2005). Subsequently, a 

quantile normalization step between arrays (also implemented in limma) was performed in 

order to reduce the amount of technical variation in our data. Finally, the hybridization 

intensities were log2-transformed, and all replicate spots on the array averaged. 

Two sample data preprocessing 

Image analysis and calculation of spot intensities was performed by Paradigm Array Labs 

using Agilent‟s Feature Extraction software version 8.5 (Agilent Technologies). An initial 

quality assessment of the raw data was conducted and control spots, outliers, and spots 

with low average intensity were removed. Following the best practices described by Zahurak 

and colleagues (2007), loess normalization was performed without background correction 

within arrays (Yang et al., 2002), followed by a quantile normalization step between arrays 

(Yang et al., 2003) in order to reduce the amount of systematic variation in our data. Both 

methods are implemented in the Bioconductor package limma. Finally, all replicate spots on 

the array were averaged. 

Statistical modeling and extraction of differential gene expression 
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To investigate the effect of chemical exposure on gene expression all experiments were 

modeled via a linear model with two factors: chemical treatment and time after exposure. To 

accommodate for the high dissimilarity between samples from different replicates (“aquarium 

effect”), treatment and control samples of each replicate were paired. Using the 

preprocessed hybridization intensities (see above), expression changes between treatment 

and control group were computed for each time point via an empirical Bayes moderated 

paired t-test (Smyth, 2004) using the Bioconductor package limma. Candidate genes for 

differential expression with a pvalue of less than 0.05 were selected. To account for multiple 

testing, the false discovery rate of the extracted candidate list from the p-value distribution of 

the corresponding genes was computed using the Bioconductor package qvalue (Storey, 

2002). 

Assembly of gene lists 

Statistical analyses of the microarray results for each time point for LPS (Agilent  Zebrafish 

Oligo Microarrays, G2518A), PolyI:C, and PAM3CSK4  (Agilent Custom 4x44k Zebrafish 

Arrays, AMADID# 015747) were conducted by Dr. Steffen Heber (NCSU) as described 

above, generating 15 gene lists (5 time points for 3 stimuli) with p<0.05, eliminating genes 

with less than 1.5 fold change. In order to annotate the gene information from the gene lists, 

the gene name was used to query the ZFIN database (zfin.org), when gene name 

information was provided. In some cases where gene name was unavailable, the microarray 

probe number was used as a query in the ZFIN database. Upon proper identification of the 

ZFIN ID, the corresponding GenBank Accession number, gene description, and gene name 

(if needed) was recorded as provided on the ZFIN database. Master lists of genes were 

compiled by combining the gene lists from each individual treatment time point for each 
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stimulus. In the occurrence where a gene was on more than one list, the time point with the 

greatest change in expression was retained on the master list and the other time point(s) 

eliminated. These master lists created individually for PAM3CSK4, PolyI:C, and LPS were 

used in gene list comparison analyses and Ingenuity Pathways Analyses software.  

qRT-PCR validation of transcriptome response genes from microarray analysis 

All PCRs were performed in triplicate using 2 μl of diluted cDNA as described in Chapter 2, 

in a 25 μl reaction volume  (SYBR Green PCR Master mix, Applied Biosystems) in a 96 well 

plate and monitored with a BioRad iCycler and iCycler iQ Optical System Software. Thermal 

cycling parameters are as follows: initial holding temperature of 95˚C for 2 min, and 50 

cycles of 95˚C for 30 s, 60˚C annealing temperature for 30 s, 72˚C for 30 s for β-actin 

primers, 59°C annealing temperature for all other primers (Table 1). Fold expression change 

was calculated and normalized to β-actin using the 2-ΔΔCt
 method (Livak et al., 2001). A no 

cDNA negative control for each primer set was included to eliminate possible sample 

contamination. 

Comparison of master gene lists for common zebrafish genes 

To compare the PAM3CSK4 and PolyI:C gene lists for common zebrafish genes from the 

microarray analysis results, VENNY software was used (Oliveros, 2007). This tool provided 

a list of the overlapping genes according to gene name. Therefore, this tool generated a 

more comprehensive list of overlapping transcriptome response genes from PAM3CKS4 

and PolyI:C master lists specific to the zebrafish genome. 

Ingenuity Pathways Analysis 
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Two analyses were conducted using IPA: core analysis and networks comparison analysis 

of the master gene lists. The core analysis tool allows direct comparison of common genes 

between the PAM3CSK4 and PolyI:C gene lists using the GenBank Accession number as 

the common identifier. While the input GenBank Accession number identified the zebrafish 

gene, any output represented the corresponding human gene name. This tool provided a list 

of common genes between the PAM3CSK4 and PolyI:C microarray analysis data conserved 

between teleosts and mammals.  

Networks comparison analysis was also conducted between the PAM3CSK4 and PolyI:C 

master gene lists using GenBank Accession number as the identifier. This tool allows the 

interpretation of data across biological functions, pathways, and networks. Network analysis 

was conducted independently for each master gene list, then the resulting networks 

compared for similarity. However, before comparison of networks was performed, each 

network was subjected to two filters: evidence of potential immunological function and 

minimum 33% of molecules involved in the given network represented in our microarray 

data. These two filters resulted in four of thirteen networks for PAM3CSK4 and four of 

thirteen networks for PolyI:C with potential immunological function (Appendix Figures 1, 2). 

Upon comparison between the PAM3CSK4 and PolyI:C networks, only one of these 

networks overlapped (Figure 5). The schematic representations of each network were 

merged in an effort to visualize the common molecules represented by each gene list. 
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Table 3-1: Primers Used for qRT-PCR Analysis 

The primers listed above were used for qRT-PCR 

verification of microarray analysis values of the above 

genes. The stimulant is indicated for each set of primers.  
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3.4 Results and Discussion 

 Genes resulting from statistical microarray analysis are further characterized. 

The application of microarray analyses to zebrafish infection models can lead to the 

development of a gene expression profile highlighting major overlapping innate immune-

specific response genes conserved among vertebrates (Wu et al., 2010). As zebrafish lack a 

functional adaptive immune response prior to 4-6 weeks of age, microarray analysis after 

immune stimuli during that time frame will provide a transcriptome profile of genes in the 

absence of an adaptive immune response (Lam et al., 2004). Therefore, comparison of a 

time-resolved transcriptome response resulting from three different infection mimics, LPS, 

PolyI:C, and PAM3CSK4, will provide a core list of common response genes applicable only 

during innate immune defense to infection.  

The exposure-induced gene lists generated by statistical analysis consisted of the Agilent 

probe numbers, fold expression change values, average expression, p-value, duplicate 

genes, and incomplete accession numbers or gene symbols and names for each exposure 

time point  (4hpe, 8hpe, 12hpe, 24hpe, 36hpe). For functional use, these lists needed to be 

completed to consist of the current gene name, ZFIN ID, and Genbank Accession number 

(Appendix Tables 1-3). Further, each individual time point gene list was compiled into one 

master gene list for each treatment. In the case of duplicate genes, the time point with the 

highest absolute value of fold expression change was conserved in the master gene list. 

This accomplishment produced three master gene lists for PAM3CSK4, PolyI:C, and LPS  

(Appendix Tables 4-6). A master gene list of PAM3CSK4 responsive genes included 464 

genes (Appendix Table 4). A master gene list of PolyI:C responsive genes included 475 

genes (Appendix Table 5). Finally, a master gene list of LPS responsive genes included 69 
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genes (Appendix Table 6). The difference in quantity of genes resulting between 

PAM3CSK4 and PolyI:C in comparison to LPS may be due to the observation that zebrafish 

TLR4a and TLR4b fail to bind LPS in cell culture assays, suggesting a difference in TLR4 

function between teleosts and humans (Novoa et al., 2009; Sepulcre et al., 2009). For this 

reason as well as the previously mentioned evidence of a potentially different LPS 

recognition mechanism in fish, only comparison of the microarray analyses gene lists 

between the PolyI:C exposed zebrafish and PAM3CSK4 exposed zebrafish were used to 

delineate a more credible set of core immune response genes. Analysis of the PAM3CSK4 

and PolyI:C compiled gene lists resulted in 168 common genes (Figure 4). Importantly, the 

genes listed in Table 2 are common genes from the zebrafish genome using the gene name 

as the identifier. 

 Microarray data confirmed by qRT-PCR analysis. 

In an effort to verify our strategy of microarray technology to describe innate immune-

specific response genes, the data resulting from this analysis was confirmed using qRT-

PCR. Four common genes and four unique genes were selected from the PolyI:C and 

PAM3CSK4 gene lists for evaluation of expression change using β-actin expression for 

normalization. These genes were selected on the basis of differential expression as well as 

established immune response involvement. Eight unique genes were selected for 

expression change from the LPS gene list, however these genes were not specifically 

immune related. Of the four common immune related genes selected from the compiled 

PAM3CSK4 and PolyI:C gene lists, all expression changes were confirmed for both 

PAM3CSK4 (Figure 2) and PolyI:C (Figure 3). The remaining four immune-related genes 

unique to PAM3CSK4 further confirmed the microarray data (Figure 2). Three of the four 
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unique immune related genes specific to PolyI:C analysis reflected the expression changes 

represented in the microarray data  (Figure 3). TGFβ1 was reported to increase according to 

our microarray data, but qRT-PCR analysis showed a negative correlation in directional 

change. In mammals, TGFβ is involved in many different pathways and responses, 

therefore this could account for the difference in values correlating to the zebrafish 

orthologous tgfb1. qRT-PCR analysis of all eight genes activated by LPS matched the 

expression changes in the microarray analysis (Figure 4). 

 Core analysis reports common response genes. 

To understand and interpret how the aforementioned genes interact in a response network, 

the gene lists were subjected to comparison analysis using Ingenuity Pathway Analysis 

(IPA) software. One advantage to the IPA software is that it recognizes Genbank Accession 

numbers for zebrafish from our gene list and converts the output to the corresponding 

human gene.  Therefore, the results from the following analyses are applicable to human 

infection response networks. Core analysis in IPA of the individual PAM3CSK4 and PolyI:C 

compiled zebrafish gene lists resulted in a list of 80 common overlapping genes (Table 3). 

The difference between the common gene list from Table 2 (168 genes) and the core 

analysis common gene list in Table 3 (80 genes) is that Table 3 is restricted to genes that 

are conserved between zebrafish and human. 

 Comparison analysis reports a common response network responding to 

PAM3CSK4 and PolyI:C exposure 

Though the generation of an immune response gene list is useful, further informative steps 

can be taken to characterize each of the known genes by Gene Ontology (GO) analysis as 
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well as identify response networks common to both infection treatments. In our analyses, 

each gene list resulted in characterization of immune response networks featuring major 

inflammatory contributors and response genes such as matrix metalloproteinases (MMPs), 

interferons, and TLR2. 

Another major advantage of the IPA software is the ability to interpret different networks 

from each gene list. This software is able to use each gene list to develop a list of functional 

networks. Network analysis of each compiled gene lists resulted in 13 networks for both 

PAM3CSK4 and PolyI:C. Of these 13 individual networks, 4 of the 13 PAM3CSK4 networks 

and 4 of the 13 PolyI:C networks corresponded to potential immune function (Appendix 

Figures 1,2). Of particular interest was the overlap of one common network (Figure 5). 75% 

of the molecules in this network were observed in our microarray data, with 24% of those 

molecules common between the PAM3CSK4 and PolyI:C networks. Although not all the 

same conserved genes are seen in the PAM3CSK4 and PolyI:C analyses, the overlapping  

network responds equally to both the PAM3CSK4 and PolyI:C exposure. The foremost 

proteins conserved within this exposure-induced network are matrix metalloproteinases 

(MMP). In our network analysis, MMPs appear to have major involvement in innate immune 

response to different pathogens as the MMP network is conserved in both microarray 

network analyses of PAM3CSK4 and PolyI:C exposed zebrafish. Recent evidence of a gene 

expression profile in zebrafish and channel catfish further confirms the results of our 

microarray data, and also provides strong evidence for conservation of MMPs‟ role against 

invading pathogens in innate immunity (Ordasa et al., 2010; Yoong et al., 2007). Likewise, 

this common set of transcriptome response genes from our microarray study provide a 

valuable reference for future functional studies of novel innate-immune specific genes 

conserved among vertebrates and annotation of the vertebrate genome. 



55 
 

MMPs, primarily expressed in neutrophils and eosinophils, have been established in human 

disease as contributors to inflammation by mediating cytokines and chemokines and 

regulating physical barriers (Manicone et al., 2008; Yoong et al., 2007). Recent publications 

have supported the idea of the functional conservation of MMPs between teleosts and 

humans in infection: Stockhammer et.al. reports an increase in MMP9 after TLR5 stimulation 

in zebrafish as well as a decrease in MMP9 after the knockout of an essential TLR signaling 

molecule, MyD88, in zebrafish (Stockhammer et al., 2009). qRT-PCR analysis revealed up 

regulation of MMP13 in channel catfish after bacterial infection, while in a functional assay, 

MMP9 positive cells were shown to migrate in response to trauma in zebrafish (Jiang et al., 

2010; Yoong et al., 2007). Even further, MMP9, MMP13, and MMP14 were all shown to 

increase in a deep sequencing analysis after Salmonella infection in zebrafish embryos 

(Ordasa et al., 2010). This same study listed MMP9 and MMP13 as “annotated genes 

previously implicated in the vertebrate immune response” (Ordasa et al., 2010). Using 

Ingenuity Pathways Analysis, we were able to characterize a common network between 

both PAM3CSK4 and PolyI:C supporting the evidence for MMPs in innate immune 

response. As these genes and others in our transcriptome profile, such as junb, il17d, il1b, 

overlap with annotated genes from a true zebrafish infection model, the use of PAM3CSK4 

and PolyI:C immersion exposures are further validated as a qualified model for infection. 
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Figure 3-2: Venn Diagram of Overlapping TLR-ligand Response 

Genes. 

Venn diagram illustrating the common infection response genes was 

generated using the Gene Symbol from the compiled master gene lists for 

PolyI:C and PAM3CSK4 using VENNY software. There were no genes 

overlapping between PAM3CKS4, PolyI:C, and LPS master gene lists. 
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Figure 3-3: Validation of PAM3CSK4 Microarray Data by qRT-PCR 

analysis. 

Four common response genes (mmp9, mmp13, il-1β, traf3) from 

PAM3CSK4 and PolyI:C microarray analyses and four unique genes from 

the PAM3CSK4 microarray  analysis (c3c, il-17d, tlr2, mhc1ze) were 

chosen for qRT-PCR analysis to validate the microarray data. Microarray 

expression value is indicated in blue and the qRT-PCR expression value 

with standard error bars are indicated in red. β-actin expression was used 

to normalize gene expression. The time point for each gene expression 

value is designated in hours post exposure (hpe). All eight genes reflect 

similar expression values between qRT-PCR analysis and the microarray 

analysis. Error bars represent standard error of triplicates. 
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Figure 3-4: Validation of PolyI:C Microarray Data by qRT-PCR analysis. 

Four common response genes (mmp9, mmp13, il-1β, traf3) from PAM3CSK4 

and PolyI:C microarray analyses and four unique genes from the PolyI:C 

microarray  analysis  (cd81, iclp1, c3b, tgfβ) were chosen for qRT-PCR analysis 

to validate the microarray data. Microarray expression value is indicated in blue 

and the qRT-PCR expression value with standard error bars are indicated in red. 

β-actin expression was used to normalize gene expression. Time point for each 

gene expression value is designated in hours post exposure (hpe). Seven out of 

eight genes reflect similar expression values between qRT-PCR analysis and the 

microarray analysis. Error bars represent standard error of triplicates. 
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Figure 3-5: Validation of LPS Microarray Data by qRT-PCR 

analysis. 

Eight genes from the LPS microarray analysis were chosen for qRT-

PCR analysis to validate the microarray data. Microarray expression 

value is indicated in blue and the qRT-PCR expression value with 

standard error bars are indicated in red. β-actin expression was used to 

normalize gene expression. The time point for each gene expression 

value is designated in hours post exposure (hpe). All eight genes 

reflect similar expression values between qRT-PCR analysis and the 

microarray analysis. Error bars represent standard error of triplicates. 
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Table 3-6: Common Gene List Identified by Gene Symbol 

A list of common exposure response genes after PAM3CSK4 and PolyI:C 

treatment was generated by using VENNY software. Listed above are the 168 

common genes by Gene Symbol illustrated in the Venn diagram in Figure 4. 
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Table 3-7: Transcriptional Response Conserved Genes 

Between Zebrafish and Human. 

A common list of gene responding to PAM3CSK4 and PolyI:C 

exposure was generated using Ingenuity Pathway Software, which 

converts input to conserved human genes. The GenBank 

Accession number was used as the identification factor, thus 

producing a list of conserved genes between zebrafish and human. 



62 
 

Figure 3-8: Common Transcriptional Response Network from PAM3CSK4 

and PolyI:C Comparison Analysis. 

Each compiled PAM3CSK4 and PolyI:C exposure-induced master gene list 

was analyzed using Ingenuity Pathways Analysis for conserved human 

immune response networks. This analysis resulted in one overlapping network 

illustrated above featuring matrix metalloproteinases. Overlapping molecules 

are highlighted in bold. Green indicates a decrease in expression change, 

while red indicates an increase in expression change. White background 

indicates that the molecule was missing in our microarray data, but is present 

in the IPA network. Under circumstances of differential expression, 

PAM3CSK4 is indicated on the left. Intensity of color increases as absolute 

value of expression level increases. 
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Chapter 4 : Investigating Tmem150A function 
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4.1 Abstract 

One unique advantage of microarray analysis employment is the identification of novel 

genes. However, we must rely on functional genomics to answer questions of DNA function 

on a gene sequence and protein interaction level. The combined use of microarray 

technology with functional genomics can reveal previously uncharacterized genes with 

important functional roles in the whole organism. Tmem150a is one such novel, 

uncharacterized gene identified in a transcriptome profile after innate immune challenge with 

LPS in zebrafish larvae. Through the use of functional genomics, we attempted to uncover 

Tmem150a‟s function.   
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4.2 Introduction 

Identification of novel genes, such as those novel innate immune response genes discussed 

in Chapter 3, must be followed by functional assays to define their specific roles in the whole 

organism.  One common method to investigate the function of a novel gene and its 

translated protein is through reverse genetics knocking down the expression of the specific 

gene. This is coupled with assays designed to test the function of the protein. For example, 

after novel immune gene knockdown, functional assays involving infection can be employed 

to elucidate the role of the novel protein in immune response. A previous collaboration with 

Dr. Carol Kim‟s Lab at the University of Maine produced a microarray analysis of LPS 

exposed zebrafish larvae revealing increased expression of a list of novel genes with 

possible innate immune-specific function. This list included the novel gene tmem150A. 

Identified in only one publication  with elevated expression in fasting rats, tmem150A was 

chosen for further functional assessment (Zhang et al., 2000). It was hypothesized that 

Tmem150a functions in innate immune response. To test this hypothesis, three 

experimental strategies were used to evaluate the role of Tmem150a in vitro and in vivo. 

Initially, human peripheral blood mononuclear cells, monocytes and macrophages were 

cultured in the presence of LPS and analyzed for changes in TMEM150A expression. The 

second strategy employed a loss-of-function technique using siRNA in cell culture. The third 

strategy involved knockdown of tmem150A in zebrafish larvae by injection of antisense 

oligonucleotide morpholinos.  

 Gene knockdown continues to be a powerful research tool in functional genomics. RNA 

interference (RNAi) is an ancient antiviral response that can be exploited to allow targeted 

inhibition of specific gene expression. This mechanism is predominantly activated through 

the interaction of small interfering RNA (siRNA) duplexes with immune cells via the RNA-
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sensing TLR3, TLR7, and TLR8 or the cytoplasmic RIG1 RNA sensor (Robbins et al., 2009).  

Introduction of synthetic small interfering RNA (siRNA) specific to the target gene into cell 

culture suppresses target gene mRNA expression by the action of the RNA-induced 

silencing complex (RISC). Tmem150A sequence specific siRNA transfection into cell culture 

provides highly-specific gene knockdown using efficient, natural machinery, allowing in vitro 

analysis of TMEM150A function. Specifically, the potential role of the TMEM150A protein in 

cell structure and survival are investigated using siRNA technology. 

 As previously explained in Chapter 1, zebrafish provide an excellent in vivo model for the 

study of innate immunology. The use of antisense oligonucleotide morpholinos  (MOs) are a 

preferred strategy for very specific and efficient gene knockdown in vivo using zebrafish 

embryos (Rosen et al., 2009). These synthetic oligomers (typically 25mers) are designed to 

stably base pair with specific sequences on target mRNAs, therein preventing the 

production of the target protein. If MOs are designed to base pair at or upstream of the AUG 

start site, the MOs is termed a “translation-blocking MO” as it will inhibit the initiation of 

protein translation. Alternatively, a MO can be designed to span a genomic intron-exon or 

exon-intron splice site, which is termed a “splice-blocking” MO. A splice-blocking MO 

interferes with pre-mRNA processing by introducing a frameshift mutation, resulting in a 

non-functional protein. In vivo analysis of Tmem150A function was conducted through 

injection of MOs specific to tmem150A into zebrafish embryos at the one to four-cell stages. 

Examination of Tmem150A morpholino-injected zebrafish larvae histological sections has 

been performed to identify microscopic effects of Tmem150A knockdown in different tissues. 

The protein‟s role in immune defense was tested through partnering each injection 

knockdown event with an Edwardsiella tarda infection. Zebrafish larvae are documented to 

be susceptible to the fish pathogen, E. tarda, by immersion (Pressley et al., 2005). 
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Utilization of the combined methods of gene knockdown by morpholino injection followed by 

E. tarda infection offer an ideal model to determine the potential function of Tmem150a in 

innate immune defense.  
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4.3 Materials and Methods 

Cell Culture  

Jurkat human T cell line and HEK 293T human embryonic kidney cell line were cultured in 

RPMI 1640 supplemented with 10% FBS, 100ug/ml Streptomycin, 10mM Hepes, 10 u/ml 

penicillin, and incubated with 5% CO2 at 37˚C and DMEM supplemented with 10% FBS, 

Pen/Strept, L-glutamine and incubated with 5% CO2 at 37˚C, respectively. Human PBMCs, 

monocytes, and macrophages were exposed to E. coli LPS O55:B5 by Dr. Shila Nordone.  

RNA isolation and qRT-PCR 

RNA was isolated using TRIzol reagent (Invitrogen) and quantity of the resulting RNA was 

assessed using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). 2μg 

RNA was annealed to oligo dT primers, reverse transcribed with Superscript III (Invitrogen), 

diluted 5-fold with dH2O and utilized for quantitative PCR. qRT-PCR was performed to 

analyze Tmem150a fold expression change in cells exposed to LPS or siRNA treatment. 

Custom Taqman probes (20X Gene Expression Assay Mix, Applied Biosystems) for human 

Tmem150a and 18s RNA were used. All PCRs were performed in triplicate using 2 μl of 

diluted cDNA, in a 25 μl reaction volume (2X Taqman Universal Master mix or SYBR Green 

PCR Master mix, Applied Biosystems) in a 96 well plate and monitored with a BioRad 

iCycler and iCycler iQ Optical System Software. Thermal cycling parameters were followed 

as per manufacturer‟s instructions including an initial holding temperature of 50 °C for 2 min, 

followed by denaturing at 95 °C for 10 min and 60 cycles of: denaturing at 95 °C for 15 s, 

annealing at 60 °C for 1 min for Taqman probes. Fold expression change was calculated 

and normalized to 18s. A no cDNA negative control for each primer set was included to 
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eliminate possible sample contamination. Human 18s RNA Taqman probe 

#Hs99999901_s1; Human Tmem150 Taqman probe #Hs01061367_g1;  

siRNA Transfection: 

Silencer Select Negative control, positive control GAPDH, and two designed Tmem150 

siRNA were resuspended to a working concentration of a 10μM solution (Applied 

Biosystems). Jurkat and HEK293T cells were transfected using Opti-Mem1 according to 

manufacturer‟s protocol at a final concentration of 5nM and incubated for 48-72 hours. 

Cultures were performed in 4 well chamber slides (Thermo Fisher Scientific). All siRNA 

experiments were validated with RT-PCR for successful gene knockdown. Tmem150 siRNA 

ID# s43397: CAAAAACAAUUUUGAGAAA; Tmem150 siRNA ID# s43398: 

GCAACUUUCAGGUGGAUCA; GAPDH catalog #4390849; Negative control catalog # 

4390843 (Ambion). 

Phalloidin/DAPI staining 

For cell structure visualization, cells were washed twice with PBS, fixed in 4% 

paraformaldehyde in 1x PBS for 10 min, then washed twice in PBS followed by one wash 

with 0.1% Triton-X-100 in 1x PBS. Cells were washed again twice with PBS and then 

Phalloidin Alexa Fluor 488 (1:40) and DAPI (1:1000) was added for 20 min (Invitrogen). 

Stained cells were then washed twice with PBS and mounted using Prolong Gold 

(Invitrogen). Cells were photographed at 40x magnification using a Leica DM5000 

microscope.  

CFSE labeling and Flow Cytometry 
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Jurkat cells exposed to previously described siRNA treatment were harvested after 48 hours 

then exposed at concentrations of 1 x 105, 5 x 104, or 2.5 x 104 cells/well to CD3/CD28 

antibody independently or in combination in 96-well round bottom plates (LEAF-purified Abs, 

Biolegend). Cells were then labeled with CFSE in PBS 2.5 mg/ml shaking in the dark for 10 

min, washed with 10% FBS diluted in PBS, then diluted to 1 x 106 cells/ml, and finally 

analyzed by flow cytometry (BD LSRII) for proliferation. 

Animals 

Adult zebrafish were housed on a 10-h light / 14-h dark cycle in recirculating water at 28 °C 

and fed twice daily. Male and female adult zebrafish were separated in mating chambers 

overnight and allowed to mate at the start of the morning light cycle for embryo collection. 

Embryos were kept in Petri dishes at 28 °C in fresh egg water, consisting of 500μl/L 0.1% 

Methylene blue and 4g/100mL stock salts, changed daily (Kord-Valmark). At 4dpf, larvae 

were fed once daily. For histopathology, larvae were euthanized in 0.02% Tricaine 

methanesulfonate in egg water (Finquel MS-222; Argent Chemical Laboratories), fixed in 

10% Neutral Buffer Formalin, and stained with hematoxylin and eosin. For phenotyping, 

larvae were anesthetized with 0.016% tricaine in egg water and photographed using an 

AZ100 microscope. 

Injection and Morpholinos 

One to four cell stage zebrafish embryos were injected with Tmem150a morpholinos using a 

PV830 Pneumatic Picopump injector with a 0 PSI hold pressure and 60 PSI injection 

pressure  (World Precision Instruments). During injection, embryos were stationed on 1.5% 

agarose grooved plates. Morpholinos were resuspended to 1mM in dH2O according to 
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manufacturer instructions (Gene Tools). On injection day, 700nM morpholino solutions were 

combined with 0.5% phenol red for visualization. A range from 1ng-3ng of each morpholino 

was injected for infection. The same methods were used for phenotyping except where 

noted of a co-injection of p53 with other morpholinos to validate lack of off-target effects. 

Morpholino sequences are: MyD88 TAGCAAAACCTCTGTTATCCAGCGA; TM6P1_AUG, 

also Tmem150a Translation blocking 5‟-GGCAGTATGATCCAGGCAGTCATTG-3‟; 

Tmem150 Trans Up 5‟-AGGGATGCCACGCCTTGCTCCTTCCT-3‟; TM6P1_EX1 5‟-

AAACAAGGGCAGCTTACCAGTTTTC-3‟; p53 5‟-GCGCCATTGCTTTGCAAGAATTG-3‟; 

Standard Negative Control 5‟-CCTCTTACCTCAGTTACAATTTATA-3‟. 

Infection 

Zebrafish larvae were exposed to Edwardsiella tarda via immersion at 3 days post 

fertilization. E. tarda was cultured in 80ml Tryptic Soy Broth (Fisher) for 18 hours at 28°C in 

a C24K Refrigerator Incubator Shaker at 225 RPM (New Brunswick Scientific). E. tarda 

viable cell counts were performed after mixing with 4% trypan blue using a hemacytometer, 

washed by centrifuging for 10 min at 2000 rpm at room temperature, and resuspended in 

egg water at a concentration of 5 x 107 U/ml. Larvae were exposed to E. tarda suspension 

for 4 hours. After 4 hours, larvae were removed, washed 4 times with fresh, clean egg water, 

and placed in fresh, clean Petri dishes. The number of dead larvae was recorded daily and 

the percent mortality was calculated and plotted.  
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4.4 Results and Discussion 

 

 LPS-induced down-regulation of Tmem150A in cell culture 

Tmem150A was shown to be transcriptome responsive to LPS in zebrafish larvae. In the 

interest of a comprehensive study, we evaluated the Tmem150A expression change after 

LPS exposure in several different mammalian cell cultures. Human peripheral blood 

mononuclear cells (PBMCs) and two different cell lines of monocytes and macrophages 

were exposed to 0.1, 1.0, and/or 10μg/ml of LPS (O55:B5 Sigma Aldrich) for varying lengths 

of time and qRT-PCR was performed at each of these time points to evaluate Tmem150A 

expression levels (Figure 1). There is an overall trend of LPS-induced Tmem150a down-

regulation in all cell types regardless of LPS concentration or duration of exposure in 

comparison to cells not treated with LPS. Several exceptions to this general trend of 

decreased Tmem150A expression are the increased expression found in PBMCs at 24 

hours, U937 monocytes exposed to 0.1μg/ml LPS for 4, 8, 12, 24, and 48 hrs as well as the 

THP-1 monocytes exposed to 0.1μg/ml LPS for 2, 4, and 12 hrs (Figure1). Decreased 

Tmem150A expression at the higher LPS concentrations may indicate cell death as high 

doses of LPS can be toxic in mammalian cell culture.  

 TMEM150A is not required in cell structure or cell proliferation 

In order to determine if TMEM150A is involved in general cell structure, HEK 293T cells 

were subjected to Tmem150A siRNA knockdown or a negative control or siRNA untreated 

for 48-72 hours. Cells were then stained with phalloidin AlexaFluor 488, to label the actin 

skeleton and DAPI to label the nucleus. Cells were photographed at 48, 54, and 72 hours 

and analyzed for overt changes in cell structure. As seen in Figure 2, all treatments 
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including the negative control show phalloidin-bound actin finger-like projections, the typical 

morphology of HEK 293T cells. Also seen is the spherical DAPI-staining, indicating an intact 

nucleus. The siRNA treatment shows no overt changes in cell structure regardless of 

exposure time. Together, this suggests that TMEM150A does not play an essential role in 

cell structure. 

During the cell structure assay, inconsistent cell growth was noted between siRNA treatment 

slides and chambers. Due to this disparity, a potential role for TMEM150A in cell 

proliferation was explored. In this assay, Jurkat cells were treated with Tmem150A or 

negative control siRNA or left untreated for 48 hours. 1 x 106 to 2.5 x 104 cells/ml were 

labeled with CFSE, and the cells were exposed to anti-CD3 plus anti-CD28 or were cultured 

without stimulation. Flow cytometry analysis was used to identify any differences in 

proliferation (Figure 3). Overall there was little discrepancy reported in cell proliferation for 

each treatment. Each siRNA treatment and untreated cells produced similar results with the 

majority of cell division between four and five generations, although there was evidence of 

some additional cell division up to the seventh generation. Therefore, there is no conclusive 

evidence of an essential role for Tmem150a in T cell proliferation. 

 Tmem150A is essential for normal development 

Antisense oligonucleotide morpholino injection into one to four cell stage zebrafish embryos 

was employed for an in vivo Tmem150A knockdown model. The embryos were injected with 

1-3ng of two different Tmem150A translation blocking morpholinos, a positive control p53 

morpholino, and a negative control morpholino. Each injection group was placed in separate 

Petri dishes and phenotyping was conducted blindly every 24 hours on a scale of normal, 

mild, severe, or dead from 24 hours post fertilization up to 4 days post fertilization. The 
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normal phenotype is defined by the wild type zebrafish larvae (Figure 4 Column 1). The mild 

phenotype is characterized by a slight curvature to the body, resulting in restricted circular 

mobility (Figure 4 Column 2). Finally, complete loss of mobility and extreme curvature 

depicted by the tendency of the caudal region to curve past or up to the cephalic region 

represents the severe phenotype (Figure 4 Column 3). Phenotype percentage was 

calculated for over 100 larvae during three different injection events (Figure 5). At 4dpf, the 

Tmem150A upstream translation blocking morpholino resulted in 15% death for 1ng 

injection, 35% death for 2ng injection, and 55% death for 3ng injection with approximately 5-

10% mild phenotype for each injection quantity (Figure 5C). Tmem150A translation start 

blocking morpholino injection resulted in 30% death at 1ng, 75% death at 2ng, and 90% 

death at 3ng with 5-15% mild phenotype and decreasing percentage of severe phenotype 

as injection quantities increased (Figure 5B). Injection of either of the Tmem150A 

morpholino results in a dose-dependent and time-dependent transition of larvae from normal 

to mild phenotype, mild to severe phenotype, and finally severe to ultimate death. In 

comparison to the negative control-injected embryos, a normal phenotype is observed for 

greater than 95% regardless of injection quantity (Figure 5A and Appendix Figure 3).   

Reports have been published of morpholino off-target effects resulting in neural phenotypic 

alterations due to apoptosis mediated by p53, a protein that regulates the cell cycle. 

Simultaneous knockdown of p53 with a target gene can eliminate these phenotypic 

alterations. Co-injections with a p53 morpholino and each Tmem150A morpholino or 

negative control morpholino were performed to eliminate known off-target effects.  Under the 

circumstances that the reported phenotype was an off-target effect caused by p53-mediated 

apoptosis, the phenotype would be expected to disappear upon p53 knockdown. After co-

injection with p53, the phenotypes remained consistent with previous injection phenotypes 
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and it can therein be concluded that the reported phenotypes are not due to off-targets 

effects involving p53 (data not shown).  

Histopathological analysis was performed on zebrafish with normal development, zebrafish 

with development of slight curvature to body structure while remaining mobile, and zebrafish 

with development of considerable curvature of body structure and complete immobility at 

3dpf after 2ng morpholino injection, to confirm the overall morphological observations on a 

microscopic level (Figure 6 A,B). H&E stain revealed a significant change in myofibril 

conformation between normal and severe phenotypes (Figure 6 C,D). As seen in the normal 

phenotype, the muscle fibers run parallel (Figure 6C). In comparison, the muscle fibers in 

the severe phenotype have an abnormal sigmoid flexure (Figure 6D). This sigmoid flexure 

was consistent within all severely-afflicted zebrafish, and was found on an intermediate level 

in mildly-afflicted zebrafish. Therefore, the disruption of muscle structure after Tmem150A 

knockdown is confirmed both by gross observation in a dose-dependent manner and 

microscopic histopathological analysis. Arguably, a lack of protein in the severe zebrafish 

muscle fibers in comparison to the presence of protein in the normal zebrafish, as seen by 

the pink eosin stain in Figure 6C and D, may contribute to the sigmoid shape of the severe 

muscle conformation and speculatively may account for the loss of motility associated with 

the severe phenotype. Other findings included bacteria infiltration in a fraction of severely-

afflicted zebrafish yolk sacs or brain. As no bacterial infiltration was found in the mild 

phenotype, possible justification involves both nonspecific and specific immune defense 

explanations. Structural damage due to Tmem150A knockdown may result in an insufficient 

mechanical barrier against bacteria or it may interfere with chemical secretions aimed to 

inhibit bacterial growth. Even further, Tmem150A knockdown may play a more specific role 

in immune defense, resulting in the inability of immune cells to eliminate the bacteria. 
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Together, these findings support a possible role for Tmem150A in muscle formation and 

orientation. 

 E.tarda challenge in zebrafish larvae does not strongly support a role for 

Tmem150A in innate immune response to gram-negative bacteria. 

The ultimate goal in our Tmem150A functional assays was to define this protein‟s 

hypothesized role in immune defense. To investigate this hypothesis, wild type zebrafish 

embryos were injected with 4ng of a Tmem150A translation blocking morpholino, a 

Tmem150A splice blocking morpholino, a MyD88 positive control morpholino, and a 

negative control morpholino, challenged three days later with the gram-negative fish 

pathogen E. tarda for 4 hours by immersion, washed and replaced in fresh clean water (van 

der Sar et al., 2006). Dead larvae were counted and mortality calculated daily (Figure 7). 

Injection of both Tmem150A morpholinos resulted in high larval mortality regardless of E. 

tarda infection. The mortality of MyD88-injected embryos expectantly increased after 

immune challenge with E. tarda infection, while the mortality rate of the negative control-

injected embryo remained consistent with the wild-type uninjected mortality rate. Therefore, 

while Tmem150A knockdown by morpholino injection did result in mortality in zebrafish 

larvae, this assay lacks strong evidence to implicate Tmem150A as necessary for host 

innate immune defense against gram-negative pathogens.  

In summary, LPS exposure induces down-regulation of Tmem150A in mammalian cell 

culture. Other mammalian cell culture assays did not reveal a critical role for Tmem150A in 

cell structure or proliferation. Tmem150A knockdown in zebrafish embryos resulted in a 

conclusive role for Tmem150A in development; however, after Tmem150 knockdown in 

zebrafish embryos coupled with innate immune challenge, there was not strong evidence for 
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a role in innate immune defense. Additional studies will be required to resolve the functional 

role of TMEM150A. 
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Figure 4-1: LPS-induced down-regulation of Tmem150a. 

 Peripheral Blood Mononuclear Cells (A), THP-1 monocytes (B), THP-1 

macrophages (C), and U937 monocytes (D) and macrophages (E) were 

exposed to 0.1μg/ml, 1μg/ml, or 10μg/ml LPS for 2, 4, 8, 12, 24, and 36 hours. 

qRT-PCR analysis was performed to interpret Tmem150a change in 

expression. Due to limited U937 macrophages and THP-1 macrophages cell 

numbers these cell types were exposed to LPS 12 hours or 24 hours 

respectively. 
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Figure 4-2: Observation of 293T cell structure after 48 hours of 

Tmem150a knockdown. 

HEK 293T cells were left untreated (A), or subjected to siRNA 

knockdown with a negative control (B), or two different Tmem150a 

siRNAs (C and D) for 48 hours. Cells were stained with phalloidin  

(green) binding to β-actin in the cell cytoskeleton and DAPI (blue) 

labeling the nuclei and photographed under 40x microscope for overt 

cell structure change. Representative of one biological replicate. 
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Figure 4-3: Jurkat T cell proliferation after Tmem150a Knockdown. 

Jurkat T cells were untreated (A), treated with a negative control siRNA 

(B) or two different Tmem150a siRNAs (C and D) for 48 hours. Cells 

were labeled with CFSE, exposed to CD3+CD28 antibodies, and 

proliferation analyzed by flow cytometry. Each color-coded bell curve 

represents a generation of cell division. All treatments resulted in 

similar cell division between the fourth and fifth generations. 

A. B. 

C. D. 
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Figure 4-4: Phenotype classification schematic after Tmem150a 

knockdown in zebrafish. 

Zebrafish embryos were injected with 2ng Tmem150a translation blocking, 

Tmem150a upstream translation blocking, or negative control morpholino. 

Embryos were de-chorionated at 24hpf and classified as normal, mild, or 

severe every 24 hours up to 4dpf. Photographs of each classification were 

taken at each time point. A normal phenotype (Column 1) is represented 

by a straight body and full motility. Mildly affected embryos (Column 2) are 

characterized by a slight bend or curve in the posterior region of the body 

with limited, circular motility. Severely affected embryos (Column 3) 

display extreme curl/curvature of the entire body length and a complete 

lack of motility. 
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Figure 4-5: Tmem150a knockdown results in dose-

dependent and time-dependent phenotype. 

Zebrafish embryos were injected with 1ng, 2ng, or 3ng of 

negative control morpholino, upstream translation blocking 

Tmem150a morpholino, or translation start blocking 

Tmem150a morpholino. Phenotyping was conducted 

blindly every 24 hours on a scale of normal, mild, severe, 

and dead up to 4 dpf represented in Figure 4. Percentage 

of each phenotype is representative of three biological 

replicates with a total of over 100 larvae.   



92 
 

 

 

  



93 
 

 
  

Figure 4-6: Histopathological sections on Tmem150A 

morpholino injected zebrafish larvae. 

Zebrafish embryos were injected with 2ng Tmem150A 

translation-blocking MO at the 1-4 cell stage. H&E staining 

was conducted at 3dpf to confirm the overt morphological 

normal (A) and severe (B) phenotypes on a microscopic level 

by illustrating the difference in myofibril conformation 

between the normal (C) and severe phenotype (D). 
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Figure 4-7: Zebrafish mortality curve after Tmem150a 

knockdown followed by E. tarda infection. 

Zebrafish embryos were injected with 4ng Tmem150 splice 

blocking or translation blocking morpholino, positive control 

MyD88 morpholino, or negative control morpholino in the 1 

to 4 cell stage. At 3 days post fertilization, half of each 

batch of injected embryos were subjected to 5 x 10^7 U/ml 

of E. tarda by immersion for 4 hours. Larvae were then 

washed and mortality calculated every 24 hours. 
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5.1 Summary 

Zebrafish have come a powerful vertebrate research model for infectious disease, genetics, 

and developmental studies due to the ease of embryo manipulation, ex utero development, 

and genetic conservation between zebrafish and humans (Zhang et al., 2009). Zebrafish 

use in innate infection and disease based studies is substantiated by the identification of 

human TLR orthologs and their adaptor proteins in zebrafish (Jault et al., 2004; Meijer et al., 

2004; Trede et al., 2004). In mammals, TLRs act as one of the first lines of defense against 

invading pathogens, eliciting an immune response to control or eliminate the pathogen, and 

are therefore integral to innate immune response (Sepulcre et al., 2007; Stafford et al., 

2003). In our study, we expose zebrafish at 3dpf to three different TLR agonists: 

PAM3CSK4 (5 μg/ml), PolyI:C (10μg/ml), and LPS (10 μg/ml), by immersion. At this stage of 

development, zebrafish lack a functional adaptive immune response (Lam et al., 2004). 

Therefore, after microarray analysis, the transcriptome profiles resulting from these 

exposures to pathogen mimics are restricted to response genes not involved in the adaptive 

immune response. Comparison of the transcriptome profiles of each exposure results in a 

list of core common response genes which may be functionally conserved within the 

immune system of all vertebrates. 

Herein, we report a time-resolved transcriptome data repository representative of 

transcriptome profiles to different pathogen infections characterizing overlapping novel and 

characterized potential innate-immune response genes. In addition to the identification of 

many genes that have not previously been linked to innate immune response, we have 

resolved a common infection response network validating a central role for MMPs in innate 

immune response to different pathogens.  
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One result of microarray analysis is the identification of novel response genes with 

uncharacterized function. These novel genes may serve as potential immune response 

genes and therefore, their functional role must be investigated. One such novel gene 

resulting from a previous microarray study involving LPS-exposed zebrafish is tmem150a. 

Employing functional genomics strategies we endeavored to define the role of novel 

response gene Tmem150A in zebrafish. Although no definite function was defined for 

Tmem150A, we did accomplish in eliminating the possibility of Tmem150 involvement in 

overt cell structure in 293T cells and proliferation Jurkat T cells. We confirmed Tmem150A 

down-regulation in PBMCs, monocytes, and macrophage immune cells after LPS exposure 

and also that Tmem150A knockdown results in developmental damage in zebrafish. 
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Table 6-1: Gene Lists from Each PAM3CSK4 Exposure Time Point. 

Statistical analyses (p<0.05) generated gene lists restricting genes with > 

1.5 fold change. Each list is sorted alphabetically and annotated with 

GenBank ID or Accession number and ZFIN ID. Each time point is listed 

individually: 4 hpe (A), 8hpe (B), 12 hpe (C), 24hpe (D), 36hpe (E). 
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Table 6-1 continued
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Table 6-1 continued
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Table 6-1 continued

 

B. 
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Table 6-1 continued
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Table 6-1 continued

 

C. 



111 
 

Tabble 6-1 continued
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Table 6-1 continued

 



113 
 

Tablet 6-1 continued

 

D. 
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Table 6-1 continued

 

  

E. 
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Table 6-2: Gene Lists from Each PolyI:C Exposure Time Point. 

Statistical analyses (p<0.5) generated gene lists restricting genes with > 1.5 

fold change. Each list is sorted alphabetically and annotated with GenBank 

ID or Accession number and ZFIN ID. Each time point is listed individually: 

4 hpi (A), 8hpi (B), 12 hpi (C), 24hpi (D), 36hpi (E). 

 A. 
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Table 6-2 continued
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Table 6-2 continued

 

B. 
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Table 6-2 continued
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Table 6-2 continued
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Table 6-2 continued
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Table 6-2 continued
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Table 6-2 continued

 



123 
 

Table 6-2 continued
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Table 6-2 continued

 

C. 
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Table 6-2 continued
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Table 6-2 continued

 

D. 



127 
 

Table 6-2 continued

 

E. 
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Table 6-2 continued
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Table 6-3: Gene Lists from Each LPS Exposure Time Point. 

Statistical analyses (p<0.05) generated gene lists restricting genes with > 

1.5 fold change. Each list is sorted alphabetically and annotated with 

GenBank ID or Accession number and ZFIN ID. Each time point is listed 

individually: 4 hpe (A), 8hpe (B), 12 hpe (C), 24hpe (D), 36hpe (E). 

 A. 
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Table 6-3 continued 

 

B. 
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Table 6-3 continued

 

 

C. 

D. 

E. 
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Table 6-4: PAM3CSK4 Master Gene List. 

The gene list from each PAM3CSK4 exposure time point (4 hpe, 8 

hpe, 12  hpe, 24 hpe, and 36 hpe) were combined for one master gene 

list. In the case of overlapping genes from different time points, the 

greatest fold change was retained on the list and the others eliminated. 

 A. 



133 
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Table 6-4 continued
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Table 6-4 continued

 



139 
 

Table 6-4 continued
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Table 6-4 continued
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Table 6-4 continued
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Table 6-4 continued
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Table 6-4 continued
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Table 6-4 continued
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Table 6-4 continued
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Table 6-5: PolyI:C Master Gene List 

The gene list from each PolyI:C exposure time point (4 hpe, 8 hpe, 12  

hpe, 24 hpe, and 36 hpe) were combined for one master gene list. In 

the case of overlapping genes from different time points, the greatest 

fold change was retained on the list and the others eliminated. 
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Table 6-5 continued        
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Table 6-5 continued  
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Table 6-5 continued        
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Table 6-5 continued        
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Table 6-5 continued   
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Table 6-5 continued   
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Table 6-6: LPS Master Gene List 

The gene list from each LPS exposure time point (4 hpe, 8 hpe, 12  hpe, 24 

hpe, and 36 hpe) were combined for one master gene list. In the case of 

overlapping genes from different time points, the greatest fold change was 

retained on the list and the others eliminated. 
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Figure 6-1: Potential Immune-Related Networks for PAM3CSK4 

Exposure. 

The compiled PAM3CSK4 exposure-induced master gene list was 

analyzed using Ingenuity Pathways Analysis for immune response 

networks. Networks exemplifying possible immune molecule involvement 

with at least 33% of molecules represented in our microarray data were 

retained (A,B,C). Green indicates a decrease in expression change, while 

red indicates an increase in expression change. White background 

indicates that the molecule was missing in our microarray data, but is 

present in the IPA network. Intensity of color increases as absolute value 

of expression level increases. 
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Figure 6-2: Potential Immune-Related Networks for PolyI:C 

Exposure. 

The compiled PolyI:C exposure-induced master gene list was 

analyzed using Ingenuity Pathways Analysis for immune response 

networks. Networks exemplifying possible immune molecule 

involvement with at least 33% of molecules represented in our 

microarray data were retained (A,B,C). Green indicates a 

decrease in expression change, while red indicates an increase in 

expression change. White background indicates that the molecule 

was missing in our microarray data, but is present in the IPA 

network. Intensity of color increases as absolute value of 

expression level increases. 
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Figure 6-3: Phenotype percentage after negative 

control morpholino injections on an 80-100% scale. 

Control morpholino injections of 1ng-3ng in zebrafish 

embryos resulted in less than 5% death regardless of 

concentration injected. 



167 
 

 

 

 

 

 

 

 

 

Figure 6-4: Transcriptional response after LPS 

exposure. 

Zebrafish larvae were exposed to 10μg/ml LPS for 4, 8, 12, 

24, and 36 hours. Transcriptional response was determined 

by qRT-PCR analysis of IL-1β fold expression change. 

Analysis demonstrates elevated levels of expression, 

indicating a transcriptional response to LPS exposure. 


