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Abstract 

Title of Dissertation: Characterization of a Lipid Receptor in Tick 

Innate Immunity 

Anya J. O’Neal, Doctor of Philosophy, 2022 

Dissertation Directed By: Joao H. F. Pedra, Ph.D., Professor 

Department of Microbiology and 

Immunology 

University of Maryland School of Medicine 

Innate immunity in metazoans relies on an arsenal of pattern recognition 

receptors. These molecules activate signaling pathways that direct antimicrobial defense. 

The arthropod immune system, which has been largely studied in the fruit fly Drosophila 

melanogaster, utilizes the immune deficiency (IMD) pathway to defend against Gram-

negative bacteria. Recent studies using the blacklegged tick Ixodes scapularis determined 

that immune signaling in chelicerates is wired differently from dipteran insects. Notably, 

ticks and other chelicerates do not encode several components of the canonical IMD 

pathway, including classical receptors. Here, we report that the I. scapularis homolog of 

Croquemort (Crq), a CD36-like lipid scavenger receptor, initiates immune pathways 

against the Lyme disease spirochete Borrelia burgdorferi. Crq binds the lipid and IMD 

pathway agonist 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) and 

exhibits plasma membrane localization. Nymphs silenced for crq display impaired 

fitness, an inability to reach full repletion, and delayed molting to adulthood due to 

deficient ecdysteroid synthesis. Importantly, Crq relays antimicrobial signals, regulates 

immune gene expression, and limits acquisition of B. burgdorferi through the IMD and 



jun N-terminal kinase (JNK) pathways. Collectively, our findings reveal an ancient 

antibacterial immune response in non-insect arthropods and establish a new scientific 

paradigm in tick-borne diseases. 
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CHAPTER 1: INTRODUCTION 

 

Ticks as Vectors 

 

Vector-borne infectious diseases1  

Vector-borne diseases contribute to hundreds of millions of infections each year 

and are a primary focus of global public health efforts [1]. These illnesses are caused by 

pathogens spread by blood feeding arthropods, or vectors, and include mosquitoes, ticks, 

sandflies, fleas, and triatomines. During a blood meal, vectors may transmit an array of 

microbes depending on the arthropod species specificity and global pathogen distribution. 

For example, the tick genus Ixodes transmits bacterial, viral, and parasitic agents 

throughout the northern hemisphere [4] (Fig. 1A). Anopheles and Aedes mosquitoes can 

harbor malarial parasites and arboviruses, respectively, and are found on all continents 

excluding Antarctica [5, 6] (Figs. 1B and 1C). Triatomines, tsetse flies, and sand flies are 

responsible for the spread of trypanosomatid parasites in Latin America, Africa, and Asia 

[7, 8] (Figs. 1D-F). The incidence of vector-borne illnesses is on the rise due to various 

reasons, including climate change and a lack of vaccines [4, 6]. Furthermore, these 

diseases disproportionately affect vulnerable and poor global populations [1].

 

1 Adapted from O’Neal et al. Lipid hijacking: a unifying theme in vector-borne 

diseases. eLife. 2020; 9: e61675. 
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Figure 1. Arthropod-borne pathogens and their vectors. 

Arthropod vectors transmit various bacteria, viruses, and parasites to mammalian hosts. 

These pathogens infect hundreds of millions of people each year and are a primary 

concern to public health [1]. A) Ixodes spp. ticks transmit Powassan virus, Borrelia, 

Anaplasma, Ehrlichia, and Babesia spp.; B) Anopheles mosquitoes transmit Plasmodium 

spp.; C) Aedes (shown) and Culex mosquitoes transmit various flaviviruses and 

alphaviruses; D) Triatoma (shown) and Rhodnius triatomines transmit Trypanosoma 

cruzi; E) Glossina tsetse flies transmit Trypanosoma brucei; and F) Lutzomyia (shown) 

and Phlebotomus sand flies transmit Leishmania spp. Adapted from O’Neal et al. [2]. 
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Ticks 

 Ticks are blood-feeding arthropods belonging to the subphylum Chelicerata. They 

are characterized by their chelicerae, or mouth appendages that extend outside of the 

mouth. The evolutionary origins of the chelicerates are up for debate; however, it is 

accepted that Chelicerata diverged from Pancrustacea (crustaceans and hexapods) early in 

arthropod evolution [9, 10]. Among the Chelicerata is the class Arachnida, or joint-

legged arthropods possessing eight legs. Common arachnids include ticks, spiders, mites, 

and scorpions. Most arachnids are carnivorous and feed on pre-digested insects or animal 

products, such as blood [11]. Arachnid hematophagy, or blood-feeding behavior, has 

been largely attributed to ticks and mites, although some spiders have been shown to 

indirectly ingest blood through the consumption of fed mosquitoes [12]. Due to their 

capacity to transmit blood-borne pathogens, public health officials have maintained an 

interest in tick biology and research. 

Ticks can be classified into two groups: hard ticks (Ixodidae) and soft ticks 

(Argasidae). Hard ticks possess a dorsal shield called the scutum, which acts as a hard 

covering for the body [13] (Fig. 2). Hard ticks may feed for several days and will take 

one bloodmeal during each life stage, while soft ticks may take several shortened 

bloodmeals before progressing to the next life stage [13]. Hard tick species of global 

health concern include Ixodes scapularis (blacklegged tick or deer tick), Ixodes pacificus 

(western blacklegged tick), Ixodes ricinus (castor bean tick), Ixodes persulcatus (taiga 

tick), Dermacentor andersoni (Rocky Mountain wood tick), Dermacentor variabilis 

(American dog tick), Amblyomma americanum (lone star tick), Haemaphysalis 
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longicornis (Asian longhorned tick), Rhipicephalus microplus (Asian blue tick), and 

Rhipicephalus sanguineus (brown dog tick). 

  

Ixodes scapularis 

In the United States, the most medically relevant vector is the blacklegged tick I. 

scapularis. I. scapularis has an increasing geographical distribution that consists of the 

eastern half of the United States [4]. These ticks possess a four-stage incomplete 

metamorphosis lasting approximately two years in the wild [4] (Fig. 3). I. scapularis 

emerge from eggs in the larval stage, where they feed on small rodents such as the white-

footed mouse (Peromyscus leucopus). This bloodmeal lasts 3-5 days before fully repleted 

Figure 2. Diagram of adult Ixodes scapularis (dorsal view). 

Hard ticks (such as I. scapularis) can be distinguished from soft ticks by their hard 

covering. This includes the scutum or dorsal shield found on adults, nymphs, and 

larvae. Ticks also possess mouth appendages that extend outside of the body. The 

hypostome (shown) is used for anchoring and feeding, while the chelicerae (not 

shown) are used for probing and piercing the skin. The palps (shown) are used for host 

seeking. 
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(engorged) larvae fall off the animal host [14, 15]. A sufficient bloodmeal is required to 

progress to the nymphal stage by molting, or the shedding of the exoskeleton [16]. 

During the nymphal stage, ticks will take a second prolonged blood meal on secondary 

hosts (small rodents) or accidental hosts such as humans. Fully repleted nymphs will take 

6-10 weeks to molt into adults, where they will emerge as either male or female [15]. I. 

scapularis exhibit sexual dimorphism, as females are noticeably larger, possess a black 

dorsal shield, and have a reddish-brown abdomen, while males are smaller and almost 

entirely black/brown (Fig. 2). 

In arthropods, the molting process is regulated by hormones known as 

ecdysteroids. The most widely studied ecdysteroids are ecdysone and its mature form 20-

hydroxyecdysone (20E), which are responsible for molting in insects and other 

arthropods [17-22]. Ecdysteroids are synthesized from dietary cholesterol and converted 

Figure 3. Life cycle of I. scapularis. 

I. scapularis have a two-year life cycle that consists of three bloodmeals. Six-legged 

larvae emerge from eggs in the spring before taking their first bloodmeal on small 

mammals. Fully engorged larvae molt into eight-legged nymphs in the fall. Unfed 

nymphs overwinter and are ready to take a second bloodmeal in the spring. Nymphs feed 

on secondary hosts, which are usually small rodents, or accidental hosts (e.g., humans). 

Fully engorged nymphs molt into adults later in the year and emerge as either male or 

female (shown). Following mating, adult females require an additional bloodmeal to lay 

eggs. Fed, mated females will lay their eggs the next spring. 
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into hormones through a series of enzymatic reactions. These enzymes are encoded by a 

family of genes known as the “Halloween genes”, which convert cholesterol into 

ecdysone in the prothoracic gland [21-23]. Ecdysone is then secreted and converted into 

20E in the fat body [17, 22]. 20E regulates gene expression by binding to the ecdysone 

receptor, which is a nuclear heterodimer of EcR and ultraspiracle (USP) [24]. 

While this process has been well-characterized in insects, the role of molting 

hormones in ticks is incompletely understood, in part due to the evolutionary divergence 

from Pancrustacea. For example, tick ecdysteroidogenesis appears to occur in the ovaries 

instead of the prothoracic gland [18, 19]. Additionally, I. scapularis and other 

chelicerates do not have the gene phantom, which encodes an enzyme that converts 5β-

ketodiol into 5β-ketotriol in the ecdysone synthesis pathway [20]. It has been suggested 

that chelicerates use the related hormone ponasterone A as their primary molting 

hormone instead of 20E [20]. However, ticks receiving exogenous ecdysone molt and 

feed more efficiently than control ticks [25], and both 20E and ponasterone A have been 

detected in ticks by mass spectrometry [19]. This area of research is ongoing. 

 

Pathogens spread by I. scapularis 

Microbes spread by I. scapularis are responsible for a significant burden of 

disease in the Northern Hemisphere. I. scapularis ticks are known to transmit at least 

seven different human pathogens, including bacterial, viral, and parasitic agents (Fig. 

1A). The most well-known pathogen spread by these ticks is the spirochete Borrelia 

burgdorferi, the causative agent of Lyme disease [26]. Infections with B. burgdorferi 

make up the majority of vector-borne illnesses in North America [4]. Furthermore, the 
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Centers for Disease Control and Prevention (CDC) estimate nearly 500,000 cases of 

Lyme disease occur annually in the United States based on insurance claims data [27]. 

Early acute Lyme disease is often characterized by erythema migrans, or a “bulls-eye 

rash”, that occurs at the tick bite site [26]. Spirochetes will then disseminate from the skin 

and bloodstream into distal tissues where other clinical signs emerge, including general 

inflammation, joint pain/arthritis, and cardiac and neurological symptoms [26, 28]. In 

addition to B. burgdorferi, I. scapularis can transmit Borrelia mayonii, the only other 

bacterial species known to cause Lyme disease in North America, and Borrelia 

miyamotoi, which causes tick-borne relapsing fever [4]. 

Although less common, I. scapularis is a vector of rickettsial bacteria. Anaplasma 

phagocytophilum and Ehrlichia muris subspecies eauclarensis are obligate intracellular 

bacteria belonging to the order Rickettsiales. A. phagocytophilum is responsible for the 

second highest number of tick-borne illnesses in the U.S. and is defined by its unusual 

tropism for neutrophils [4, 29]. The symptoms for anaplasmosis and ehrlichiosis are 

similar and characterized by fever, muscle aches, and headache [29].  

One of the unique qualities of I. scapularis ticks is that this vector exhibits 

competence for viral and parasitic pathogens, in addition to bacteria. Powassan virus 

(POWV) is a member of the tick-borne encephalitis virus (TBEV) complex and 

Flaviviridae family. POWV is neurotropic and causes encephalitis, leading to a high 

mortality rate [30, 31]. Additionally, I. scapularis may transmit Babesia microti, an 

apicomplexan parasite that infects erythrocytes [32]. While co-infections are more 

common, B. microti infection may present with flu-like symptoms, anemia, and organ 

failure [32, 33].  
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I. scapularis acquires human pathogens by taking a blood meal on an infected 

host. The ability of these microbes to be maintained across life stages and/or generations 

contributes to their vectorial capacity. Most of these microbes, including B. burgdorferi, 

A. phagocytophilum and B. microti, are transmitted transstadially, or acquired in one life 

stage and maintained in subsequent stages after molting [34, 35]. B. miyamotoi has been 

demonstrated to be transmitted transovarially or passed down to offspring [36]. There is 

some evidence that POWV can be transmitted transovarially and transstadially as well 

[37, 38].  

 

Borrelia burgdorferi and lipid scavenging1 

Borrelia is a genus of extracellular spirochetes that includes B. burgdorferi, the 

causative agent of Lyme disease. They are loosely considered “Gram-negative” bacteria; 

yet, their membranes lack characteristic Gram-negative features such as 

lipopolysaccharide (LPS) and diaminopimelic acid (DAP) in their peptidoglycan (PGN) 

layer [39, 40]. Instead, Borrelia spp. use phospholipids, cholesterols and lipoproteins for 

structural support of their bacterial envelope [41-43].  

Borrelia spp. have a unique dependence on host-derived lipids, which contributes 

to the formation of their membranes. B. burgdorferi is capable of phospholipid synthesis 

and predominantly incorporates phosphatidylglycerol (PG) and phosphatidylcholine (PC) 

into its membranes [44, 45]. However, these bacteria lack the enzymes to synthesize fatty 

acids, such as palmitic acid or oleic acid, and are unable to grow in conditions depleted of 

1 Adapted from O’Neal et al. Lipid hijacking: a unifying theme in vector-borne 

diseases. eLife. 2020; 9: e61675. 
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these components [46, 47]. Therefore, they acquire palmitic acid and oleic acid from 

hosts and integrate them into bacterial phospholipids and lipoproteins [42, 44] (Fig. 4). 

Lipoproteins are an immunogenic component of Borrelia membranes and have several 

functions, including critical roles in the colonization of the blacklegged tick Ixodes 

scapularis [41, 48, 49]. Additionally, B. burgdorferi accumulate phospholipids from the 

environment and their membranes are considered more “accessible” to environmental 

lipids than other species [47]. 

Figure 4. Lipid scavenging by Borrelia burgdorferi. 

Borrelia spp. are extracellular bacteria and acquire lipids directly from mammalian 

cells, the blood, and the environment. B. burgdorferi also organizes its membrane into 

eukaryotic-like lipid rafts. Adapted from O’Neal et al. [2]. 
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Despite their extracellular lifecycle, there is evidence that B. burgdorferi infection 

influences lipid metabolism in the host. A recent study in Lyme disease patients 

demonstrated that B. burgdorferi infection increases serum levels of 

lysophosphatidylcholine (LPC), a variant of PC that contains one fatty acyl chain [50]. 

Lysophospholipids are generated as a byproduct of phospholipid degradation or an 

intermediate of phospholipid synthesis. Lysophospholipid accumulation during bacterial 

infection may be a result of bacterial stress, lipoprotein synthesis, or host response to 

infection [51]. However, the significance of this increase during Lyme disease has yet to 

be explored. 

Bacteria cannot synthesize cholesterol. However, Borrelia are one of a few 

bacterial genera that integrate host cholesterol into their membranes [43] (Fig. 4). In 

mammals, B. burgdorferi scavenges cholesterol directly from the plasma membranes of 

host cells [52]. It may also acquire cholesterol from the blood meal, as ticks fed on mice 

infected with Borrelia spp. display dysregulated cholesterol levels compared to 

uninfected controls [53]. Uniquely, B. burgdorferi organizes cholesterol and cholesterol 

glycolipids into eukaryotic-like lipid rafts on their inner or outer membranes [54, 55]. 

Inner and outer membrane lipid rafts appear to be distinct from each other. For example, 

outer membrane rafts contain well-defined lipoproteins involved in colonization, such as 

the outer surface proteins (Osp) A and B, while inner membrane rafts possess proteins 

with signaling and transport functions, including ATP-binding cassette transporters [55, 

56]. OspA and OspB were also shown to selectively associate with cholesterol 

glycolipids found in lipid rafts, while the lipoprotein OspC did not, suggesting the 
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specificity of their interactions contributes to lipid raft composition [56, 57]. Thus, these 

bacteria rely on host lipids for membrane organization, structure, and survival. 

 

Innate immunity 

 Multicellular organisms have co-existed with microbes for hundreds of millions 

of years. While these interactions are complex, microbial invasion can disrupt 

homeostasis and lead to changes in fitness and/or survival.  Over time, eukaryotes 

evolved an ability to rapidly defend against invaders and differentiate self from non-self. 

These mechanisms comprise the innate immune system, or the first line of defense and 

most ancient form of immunity. This section will discuss innate immunity in metazoans 

with comparisons between arthropods and mammals.  

 

Pattern recognition receptors 

 Despite an incredible degree of microbial diversity, microorganisms have 

common features that are shared across broad classes. For instance, most Gram-negative 

bacteria possess the cell wall components DAP-PGN and LPS. These molecules are 

examples of pathogen/microbe-associated molecular patterns (PAMPs/MAMPs), which 

are conserved molecular motifs commonly found in a microbial group [58]. Additional 

patterns include damage-associated molecular patterns (DAMPs), or endogenous signals 

that indicate damage or danger to the host [59]. ATP and DNA are examples of DAMPs. 

In order to defend against a diverse array of threats, metazoans evolved pattern 

recognition receptors (PRRs) to detect PAMPs/MAMPs/DAMPs [58]. PRRs are 

germline-encoded proteins that make up the primary defenses of the innate immune 
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system. They are expressed by many cell types, notably macrophages, dendritic cells, and 

epithelial cells [60]. In mammals, there are four classical groups of PRRs which may be 

found in cellular membranes or in the cytoplasm. Membrane-bound PRRs include Toll-

like receptors (TLRs) and C-type lectin receptors (CLRs). TLRs represent the 

mammalian homologs of the Drosophila melanogaster Toll, a family of immune 

molecules containing leucine-rich repeats. TLRs have been shown to recognize 

bacterial/viral/parasitic patterns as well as DAMPs [60]. CLRs bind microbially-derived 

carbohydrates and play a key role in anti-fungal immunity [60]. 

Cytoplasmic PRRs in mammals include the RIG-I-like receptors (RLRs) and 

Nod-like receptors (NLRs). These sensors recognize intracellular threats and danger. For 

example, RLRs detect intracellular double-stranded RNA (dsRNA), which may be an 

indication of an active viral infection [60]. NLRs, on the other hand, typically bind 

bacterial products (e.g. peptidoglycan, microbial toxins, flagellin) and danger signals (e.g. 

ATP) [60]. When activated, NLRs may create what is called an “inflammasome”, or a 

protein complex that carries out a caspase-1-mediated inflammatory cell death pathway 

called pyroptosis. Although not part of the main classes of PRRs, cyclic GMP–AMP 

synthase (cGAS) and Absent In Melanoma 2 (AIM2) are important intracellular double-

stranded DNA (dsDNA) sensors [61]. cGAS synthesizes cyclic dinucleotides that activate 

the protein stimulator of interferon genes (STING), while AIM2 promotes inflammasome 

formation [62-64]. 

One of the main roles of PRRs is to activate immune signaling pathways. When a 

receptor engages a ligand, adapter molecules are recruited to the signaling domain of the 

receptor. Adapter molecules will serve as the initial building blocks of molecular 
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scaffolds, or protein complexes capable of signaling transduction. Molecular scaffolds 

involved in innate immunity may contain kinases, E3 ubiquitin ligases, inhibitory 

proteins, and transcription factors that lead to inflammatory gene expression. PRRs may 

recruit one or more adapter proteins that direct a particular genetic program. For example, 

TLRs will either recruit myeloid differentiation primary response 88 (MyD88) or TIR 

domain containing adapter inducing interferon  (TRIF) as adapters (or in the case of 

TLR4, both), which determines the type of immune response generated [60]. MyD88 

recruitment will lead to the activation of nuclear factor B (NF-B), an ancient 

transcription factor central to metazoan innate immunity [60]. In mammals, NF-B 

activation leads to the transcription and translation of pro-inflammatory cytokines. TRIF-

dependent signaling, however, promotes activation of interferon regulatory factor (IRF) 

3, which drives production of interferon and an antiviral genetic program. The cGAS-

STING pathway activates both  NF-B and IRF3, while RLRs promote interferon 

production through IRF3 and IRF7 [60]. 

 

Arthropod immunity 

 Arthropods have an entirely innate immune system that resembles innate 

immunity in mammals; however, there are some key differences. In arthropods, immunity 

to Gram-positive bacteria and fungi is accomplished through the Toll pathway [65-67]. 

Microbial patterns are recognized by extracellular sensors that set off a protease cascade, 

eventually cleaving the extracellular immature protein pro-Spätzle into the mature ligand 

Spätzle that binds Toll [67, 68]. Conversely, mammalian TLRs are activated by direct 

engagement of the receptor with a PAMP/MAMP/DAMP [69].  
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The arthropod immune response to Gram-negative bacteria is handled by the 

immune deficiency (IMD) pathway, an NF-B pathway analogous to the mammalian 

tumor necrosis factor receptor (TNFR) signaling program (Fig. 5) [70-73]. The IMD 

pathway was discovered in D. melanogaster and is initiated by engagement of 

peptidoglycan recognition proteins (PGRPs) with the cell wall component DAP-PGN  

[74-77]. Studies in non-insect arthropods have challenged this concept, which will be 

discussed in later sections. Importantly, the effector molecules produced by the Toll and 

IMD pathways are antimicrobial peptides (AMPs), while mammals utilize pro-

inflammatory cytokines [72, 78].  

In terms of cytosolic immunity, arthropods do not possess RLRs or NLRs. Recent 

studies in Drosophila established an antiviral cGAS-STING pathway that recognizes 

dsRNA instead of DNA [79, 80]. Furthermore, arthropods use the RNA interference 

(RNAi) pathway for antiviral immunity [81]. 

 

 

Scavenger receptors 

Outside of the classical PRRs, scavenger receptors constitute a subclass of 

membrane-bound PRRs. They were initially discovered for their ability to bind and 

scavenge oxidized low-density lipoprotein (oxLDL), a DAMP associated with 

atherosclerosis [82]. Further studies revealed that scavenger receptors may bind a wide 

range of ligands, and thus have a plethora of functions. These ligands include endogenous 

lipids, exogenous lipids, LPS, lipoteichoic acid (LTA), and parasite-derived proteins 

  



15 
 

  

Figure 5. Comparison of the immune deficiency (IMD) pathway and the 

analogous tumor necrosis factor receptor (TNFR) pathway. 

The IMD and TNFR pathways have several key similarities. Receptor engagement 

leads to the recruitment of death domain-containing adapter proteins. The E3 ubiquitin 

ligase IAP2/cIAP1 or 2 polyubiquitinates IMD/RIP1, which recruits TAK1, TAB2, 

and components of the core NF-κB pathway. In Drosophila, the pathway is activated 

by the bacterial component DAP-PGN, while the mammalian TNFR pathway is 

activated by the cytokine TNF. Finally, IMD pathway activation leads to the 

transcription of AMPs. Conversely, pro-inflammatory genes and cytokines are 

produced following TNFR pathway activation. PGN=peptidoglycan; 

PGRP=Peptidoglycan recognition protein; DAP=diaminopimelic; FADD=Fas-

associated death domain; DREDD=Death related ced-3/Nedd2-like caspase; 

IAP2=Inhibitor of apoptosis 2; Uev1a=Ubiquitin-conjugating enzyme E2 variant 1A; 

TAK1=transforming growth factor β-activated kinase 1; TAB2=TAK1-binding 

protein 2; Key=Kenny; POSH=Plenty of SH3s; CYLD=Cylindromatosis; DNR1= 

Defense repressor 1; SCF complex=Skp, Cullin, F-box containing complex; N-Rel=N-

terminal Relish; AMPs=antimicrobial peptides; TNF=Tumor necrosis factor; 

TNFR=Tumor necrosis factor receptor; RIP1=Receptor-interacting serine/threonine-

protein kinase 1; TRADD=Tumor necrosis factor receptor type 1-associated DEATH 

domain; TRAF=Tumor necrosis factor receptor–associated factor; Otulin=OTU 

deubiquitinase with linear linkage specificity; IKK=I-kappa-B kinase; NEMO=NF-

kappa-B essential modulator; LUBAC=linear ubiquitin chain assembly complex; 

NF=nuclear factor. 
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 [82, 83]. Like other PRRs, scavenger receptors are highly expressed on myeloid cells 

(e.g. macrophages) and endothelial cells [83]. 

 

Scavenger receptor class B (SRB) family 

Scavenger receptors can be generally divided into 9 classes (A-I) and are grouped 

by shared structure. The SRB family comprises an ancient group of lipid scavenger 

receptors that have two transmembrane passes and an extracellular CD36 domain (Fig. 6) 

[82, 83]. Although its origins are unclear, homologs are present in virtually all metazoans 

as well as the protist Dictyostelium discoideum, suggesting the ancestral gene arose over 

300 million years ago [84]. Studies in Dictyostelium discoideum demonstrate that its 

primordial functions include phagocytosis and antibacterial immunity [84]. Mammals 

encode three homologs: SCARB1 (SR-BI), SCARB2 (LIMP-2), and CD36 

(CD36/SCARB3) [83, 85]. CD36 and SR-BI are found in the plasma membrane, while 

LIMP-2 is a lysosomal membrane protein [86, 87].  

  

Figure 6. Protein domain alignment of SRB family members. 

Comparison of relevant SRB family members in Ixodes scapularis, Drosophila 

melanogaster, Mus musculus, and Homo sapiens by protein domains. Percentages on 

the right represent the percent identity to I. scapularis Crq; numbers in parentheses 

represent the E value. CT=cytoplasmic tail, TMD=transmembrane domain. 
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Mammalian CD36 is the most well-studied of the SRB proteins. Early literature 

implicated CD36 in atherosclerosis and severe malaria due to its ability to scavenge 

oxLDL and Plasmodium-infected red blood cells (RBCs) [87-89]. In the past few 

decades, CD36 has been assigned a variety of other roles, including apoptotic cell uptake, 

bacterial recognition, fatty acid transport, metabolic regulation, tumor growth, 

peroxisome proliferator-activated receptor- signaling, jun N-terminal kinase (JNK) 

signaling, inflammasome activation, and co-receptor functions with TLR2 and TLR4 [90-

100]. 

In addition to mammals, SRB functions have been studied in D. melanogaster. 

There are up to 14 SRB family members in dipteran insects with general roles in lipid 

uptake, pheromone detection, and immunity [100-103]. One homolog named Croquemort 

(Crq), or “catcher of death”, was identified in D. melanogaster for its ability to recognize 

apoptotic cells [104]. Similar to mammalian CD36, it is expressed by immune cells or 

hemocytes [104, 105]. Later studies demonstrated that Crq contributes to phagocytosis, 

pathogen clearance, lipid scavenging, and JNK signaling in flies [105-108]. Little is 

known about CD36 homologs in non-insect arthropods. One homolog, named H1SRB, 

was characterized in the Asian longhorned tick H. longicornis and appears to be involved 

in microbial phagocytosis [109]. Furthermore, female ticks that were silenced for h1srb 

and allowed to feed did not reach the same engorgement weight as control ticks, 

suggesting a role in tick blood feeding [110].
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Open questions: tick immunity 

The fundamentals of arthropod immunology were established in the insect model 

organism D. melanogaster. These discoveries paved the way for understanding the 

biology of medically relevant insects, such as mosquitoes and tsetse flies, with hopes of 

tackling vector-borne disease transmission. During the past decade, there have been 

efforts to understand the immune system of I. scapularis, which is the predominant 

vector for  arthropod-borne diseases in North America. However, several studies 

demonstrated that the framework established in D. melanogaster may not be relevant for 

non-insect arthropod vectors. 

In ticks, the IMD pathway was determined to be involved in immunity to A. 

phagocytophilum and B. burgdorferi [111, 112]. Further investigation revealed that ticks 

do not possess some of the signaling molecules typically found in the canonical IMD 

pathway. Several of the components of the tick IMD pathway are conserved 

with Drosophila, such as Relish, Uev1a, Bendless, and IAP ubiquitin ligases [111, 112]. 

However, ticks and other chelicerates do not possess the adapter molecules IMD and Fas-

associated death domain (FADD), as we know it, or transmembrane PGRPs [112-115]. 

Instead, ticks appear to use alternative signaling molecules for IMD pathway activation, 

including the molecule p47, which is polyubiquitylated by X-linked inhibitor of apoptosis 

(XIAP) to restrict B. burgdorferi and A. phagocytophilum infection [116] (Fig. 7).  
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Research in tick immunity may reveal novel members of previously established 

signaling pathways. For instance, the tick IMD pathway was found to be activated by 

lipids derived from A. phagocytophilum infection, including 1-palmitoyl-2-oleoyl-sn-

glycero-phosphoglycerol (POPG) [112]. Priming with POPG induced tick immune 

activation and reduced bacterial burden [112]. The absence of clear upstream pathway 

members, including transmembrane receptors and adapter proteins, may indicate that 

ticks evolved different sensing mechanisms for tick-borne bacteria.  

Figure 7. Comparison of the IMD pathway in D. melanogaster and I. scapularis. 

The tick IMD pathway resembles the circuit discovered in flies, but with several key 

differences. Although ticks encode the core components of the NF-κB signaling 

cascade, they are lacking transmembrane PGRPs and the adapter proteins IMD and 

FADD. Therefore, the receptor for the tick IMD pathway is unknown. It is also 

unclear if the JNK pathway converges with the IMD pathway in ticks, what the 

functions of the tick JNK pathway are, and what the downstream genetics readouts 

are. XIAP=X-linked inhibitor of apoptosis, Hep=Hemipterous, Bsk=Basket, Jra=Jun-

related antigen, Kay=Kayak, MKK7=mitogen-activated protein kinase kinase 7, 

JNK=Jun N-terminal kinase. 
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In this project, I sought to identify potential receptors for the I. scapularis IMD 

pathway. We incubated biotinylated POPG with tick cell lysates and performed a pull-

down assay using streptavidin beads. We eluted proteins for mass spectrometry 

identification and filtered hits for membrane proteins and receptors. One hit was 

annotated as “scavenger receptor class B type I (SR-B1)”. A basic local alignment search 

tool (BLAST) analysis revealed that this molecule is homologous to the Drosophila 

receptor Crq, a member of the CD36 superfamily [104, 106]. CD36 molecules are known 

to bind lipids and play roles in arthropod and mammalian immunology [90-100, 107, 

108]. 

Project goals and specific aims 

Given the lack of canonical IMD receptors in the tick genome, we speculated that 

Crq may be the lipid receptor for the I. scapularis IMD pathway. We hypothesized that 

Crq binds the infection-derived lipid POPG and restricts bacterial colonization through 

immune signaling. I characterized I. scapularis Crq in three specific aims (Fig. 8).  
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Figure 8. Graphical abstract for this project. 

The tick protein Croquemort (Crq) was identified as a binding partner of the lipid 

POPG. Aims 1-3 are designed to characterize Crq and investigate the central 

hypothesis that Crq is the lipid receptor for the tick IMD pathway. 
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Specific aims: 

 AIM 1: Investigate the molecular and biophysical interactions between Crq 

and POPG. In Aim 1, I used molecular modeling and surface plasmon resonance (SPR) 

to validate binding between Crq and POPG. I determined that the Crq ectodomain binds 

POPG in the low nanomolar range and is predicted to bind in the main cavity. 

Furthermore, I confirmed that Crq is expressed on the plasma membrane of tick cells. 

These findings will be discussed in Chapter 3. 

AIM 2: Characterize the role of Crq in tick fitness. Because this protein has 

not been characterized in ticks before, I examined how manipulating Crq expression 

affects general fitness parameters. Aim 2 established a role for Crq in tick feeding and 

molting. These results will be discussed in Chapter 4. 

AIM 3: Determine the role of Crq in antibacterial immunity. The goal of Aim 

3 was to investigate if Crq is a member of the tick IMD pathway. Here, I demonstrated 

that Crq relays antimicrobial signals through the IMD and JNK pathways. I determined 

that Crq and the transcription factor Jun restrict colonization of the Lyme disease 

spirochete B. burgdorferi. Furthermore, I discovered in vivo genetic readouts for the IMD 

and JNK pathways. These findings will be discussed in Chapter 5. 

Chapter 6 focuses on a collaborative effort to study conserved functions of 

mammalian CD36. We partnered with Dr. Ron Do at the Icahn School of Medicine at 

Mount Sinai and identified a population of individuals with loss-of-function (LoF) 

mutations in the CD36 gene. We determined that CD36 LoF is associated with increased 

diagnosis of Lyme disease and immune dysfunction. 
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CHAPTER 2: MATERIALS AND METHODS 

Bacteria, mice, and ticks 

Escherichia coli BL21 (DE3) cultures were grown at 37°C overnight in 

lysogeny broth (LB; Millipore Sigma) supplemented with 100 μg/ml ampicillin. 

Low passage Borrelia burgdorferi B31 clone MSK5 was grown in Barbour-

Stoenner Kelly (BSK)-II medium with 6% normal rabbit serum [117]. B. 

burgdorferi were grown at 34°C for tick cell stimulations and 37°C for mouse 

infections, never exceeding 108 bacteria per ml. Plasmid profiling was performed, 

as described elsewhere [117]. Age matched, six- to ten-week-old C3H/HeJ mice 

were supplied by Jackson Laboratories. C57BL/6J mice were supplied by Jackson 

Laboratories or the University of Maryland Veterinary Resources. I. scapularis 

nymphs were supplied by Oklahoma State University and University of 

Minnesota breeding colonies. Ticks were housed upon arrival at 23°C with 85% 

relative humidity and a 12/10-hour light/dark photoperiod cycle. All mouse 

experiments were approved by the Institutional Biosafety (IBC, IBC-00002247) 

and Animal Care and Use (IACUC, #0119012) committees at the University of 

Maryland School of Medicine and complied with National Institutes of Health 

(NIH) guidelines (Office of Laboratory Animal Welfare [OLAW] assurance 

number A3200-01). 

 

Tick cell culture 

The I. scapularis cell lines IDE12 and ISE6 were cultured in L15C300 

medium supplemented with 10% heat-inactivated fetal bovine serum (FBS, 
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Millipore Sigma), 10% tryptose phosphate broth (BD), and 0.1% bovine lipoprotein 

concentrate (MP Biomedicals) at 34°C. Tick cells were grown to confluence and either 

seeded at 4x105 cells/well in 24-well plates (Corning) or 1x106 cells/well in 6-well plates 

(Millipore Sigma) or sub-cultured in capped T25 flasks (Greiner bio-one). All cell 

cultures were verified by PCR to be Mycoplasma-free (Southern Biotech).  

 

I.  scapularis Crq identification by mass spectrometry 

Lipid binding partners were identified by performing co-immunoprecipitation 

with biotinylated POPG (Avanti). 50 μl of streptavidin beads were incubated with 50 g 

biotinylated POPG in TBS buffer at 4C for 1 hour. Residual biotin sites were blocked 

using biotin blocking buffer. 1 mg of ISE6 cell lysates were added and incubated 

overnight at 4C. Proteins were eluted and measured by silver staining before performing 

mass spectrometry (University of Maryland School of Medicine Protein Analysis 

Laboratory). Identified proteins were filtered using the Contaminant Repository for 

Affinity Purification (CRAPome) database to remove common contaminants [118]. 

 

Plasmids 

 The plasmids pET-14b (#69660) and DsRed-N1 (a gift from Michael Davidson, 

#54493) were obtained from Novagen and Addgene, respectively. Constructs were 

amplified from ISE6 cell line complementary DNA (cDNA) with high-fidelity 

polymerase. For generating a His-tagged Crq ectodomain (Crq-His) recombinant protein, 

codon-optimized I. scapularis crq was cloned into the pET-14b vector with a primer set 

containing NdeI and XhoI restriction sites (Appendix Table 1; pET14b-Crq-ecto-His). 
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The ectodomain was predicted by using the TMHMM transmembrane helix prediction 

software to identify transmembrane domains [119]. For ectopic expression of Crq-dsRed, 

full length croquemort was cloned into the DsRed-N1 vector with a primer set containing 

NheI and EcoRI restriction sites (Appendix Table 1; DsRed-N1-Crq). All constructs 

were verified through Sanger sequencing.  

 

Lipid analysis 

B. burgdorferi, previously grown in BSKII media, were counted under a dark-

field microscope. Bacteria were centrifuged at 7084 g (8000 rpm) for 5 minutes, washed, 

and resuspended in tick cell media. ISE6 cells were stimulated with B. burgdorferi at 

MOI 500 and uninfected ISE6 cells were used as control. After 1 and 24 hours, cells were 

harvested using a cell scraper and centrifuged at 3320 g for 10 minutes at 4°C. Media 

supernatant was aspirated, and remaining media was carefully removed using pipette. 

Cell pellets were snap-frozen in liquid nitrogen and stored in -80⁰C before being shipped 

to Metabolon Inc. for analysis. Four replicates were shipped each for uninfected and B. 

burgdorferi-stimulated ISE6 cells. 

Sample preparation was carried out at Metabolon Inc, in a manner similar 

to a previous study [120].  Briefly, ISE6 cell samples were subjected to methanol 

extraction and split into aliquots for analysis by ultrahigh performance liquid 

chromatography/mass spectrometry (UHPLC/MS).  The global biochemical 

profiling analysis comprised of four unique arms consisting of reverse phase 

chromatography positive ionization methods optimized for hydrophilic 

compounds (LC/MS Pos Polar) and hydrophobic compounds (LC/MS Pos Lipid), 
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reverse phase chromatography with negative ionization conditions (LC/MS Neg), as well 

as a HILIC chromatography method coupled to negative (LC/MS Polar) [121]. All 

methods alternated between full scan MS and data dependent MSn scans. The scan range 

varied slightly between methods but generally covered 70–1000 m/z.   

Metabolites were identified by automated comparison of the ion features in the 

experimental samples to a reference library of chemical standard entries that included 

retention time, molecular weight (m/z), preferred adducts, and in-source fragments as 

well as associated MS spectra and curated by visual inspection for quality control using 

software developed at Metabolon.  Identification of known chemical entities was based 

on comparison to metabolomic library entries of purified standards [122].   

 

Recombinant Crq ectodomain (Crq-His) expression and purification  

His-tagged Crq ectodomain (Crq-His) was successfully purified using the E. coli 

BL21 expression system. To purify Crq-His, E. coli BL21 (DE3) were transformed with 

the pET-14b-Crq-His plasmid and streaked onto LB agar plates containing 100 ug/ml 

ampicillin (Quality Biological) at 37°C. Individual colonies were used to make starter 

cultures and were grown in antibiotic-containing LB broth at 37°C for 12-18 hours. 

Starter cultures were added to larger volumes of LB and grown until reaching an OD600 

of 0.4-0.8. E. coli were induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside 

(IPTG) for 3 hours at 37°C. Cells were collected by centrifugation, resuspended in 1X 

phosphate buffered saline (PBS) containing lysozyme, 0.05% CA630, and protease 

inhibitors (Thermo Scientific) and sonicated for 30 minutes using the Model 120 Sonic 

Dismembrator (Fisherbrand).  
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Samples were centrifuged at 12,000 rpm for 15 minutes. Pellets were 

resuspended in denaturation buffer (6 M guanidine-HCl, 300 mM NaCl, 20 mM 

Tris, pH 7.4) and incubated for 1 hour at 37°C. Supernatant was obtained and 

incubated with prepared Hi60 Ni Superflow resin (TakaraBio) for 1 hour at room 

temperature or overnight at 4°C. The resin was washed four times with 

denaturation buffer. To elute His-tagged protein, beads were incubated with 

elution buffer (6 M guanidine-HCl, 300 mM NaCl, 20 mM Tris, 150 mM 

imidazole, pH 7.4) for 15 minutes before eluting into 50% final concentration 

glycerol. Elution buffer was removed through two dialysis steps (first 6 hours, 

second overnight) against 1X PBS, 200 mM NaCl, 10% glycerol. Proteins were 

concentrated using Amicon Ultra centrifugal filters (Millipore Sigma) and 

quantified using bicinchoninic acid (BCA) assay (Thermo Scientific). For protein 

used in two-dimensional nuclear magnetic resonance spectroscopy (2D-NMR), 

individual colonies were used to inoculate MOPS minimal media containing just 

15NH4Cl as the sole nitrogen source for the expression of 15N-labeled Crq-His. 

Cultures were induced and purified as described above. 

 

NMR experiments and sample preparation  

NMR samples contained 15 μM 15N-labeled Crq in PBS, 10% D2O. A 1H-

15N transverse relaxation optimized spectroscopy (TROSY) heteronuclear single-

quantum coherence (HSQC) spectrum [123] was collected at 298 K on a Bruker 

Avance III 950 MHz spectrometer equipped with a z-gradient cryogenic probe. 

NMR data were processed with NMRPipe [124] and analyzed with CcpNmr 
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Analysis [125]. All proton chemical shifts were referenced to external trimethylsilyl 

propanoic acid (TSP) at 25 °C (0.00 ppm) with respect to residual H2O (4.698 ppm). 1H-

15N chemical shifts were indirectly referenced using a zero-point frequency ratio of 

0.101329118.  

 

Surface plasmon resonance 

Surface plasmon resonance (SPR) of protein-lipid interactions was performed 

using a Biacore T200 instrument (GE Healthcare) (University of Maryland School of 

Medicine Biosensor Core). The carboxymethyl-dextran surface of a Biacore CM5 chip 

(flow cell-2, GE Healthcare) was activated with a 35 μl injection of 0.1 M NHS and 0.1 

M EDC in water. Crq-His or a negative control protein (100 μl of 10 μg/ml dilution) were 

directly immobilized to the chip (9200 resonance units). Remaining NHS-ester sites in 

the flow cell were blocked with 1M ethanolamine, pH 8.2. The flow cell-1 of the same 

CM5 chip was used as reference and activated in a similar manner. Analytes (POPG) 

were diluted in HBS-EP buffer with 0.05% P20 (Activa) and injected into the flow cells 

to calculate association. The surface was washed with buffer to determine the 

dissociation of analyte-ligand complexes. Data was analyzed using the BIAeval 2.0 

software and dissociation constants were calculated (KD = Kd/Ka). Reference surface data 

(flow cell-1) were subtracted from the reaction surface data to eliminate refractive-index 

changes of the solution, injection noise, and non-specific binding to the blank surface. 

Furthermore, the signal from a blank injection with buffer alone was subtracted from the 

resulting reaction surface data. 
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RNA interference and tick experiments 

For in vitro experiments, small interfering RNAs (siRNA) for crq, relish, 

dorsal, and tak1 and their scrambled controls (scRNA) were synthesized by 

Millipore Sigma with dTdT overhangs. IDE12 cells were plated at 4x105 cells per 

well (24 well plate, RNA extraction) or 1x106 cells per well (6 well plate, protein 

extraction). siRNAs (1 μg per ml) were transfected into IDE12 cells using 

Lipofectamine 3000 (ThermoFisher). After 7 days, cells were either harvested 

without stimulation or stimulated with POPG before harvesting. For protein 

extraction, IDE12 cells were harvested, washed with PBS, resuspended in 1X 

RIPA lysis buffer (Millipore Sigma) with Halt protease and phosphatase inhibitor 

cocktails (Thermo Scientific), and stored at -80°C. For RNA extraction, IDE12 

cells were harvested in Trizol (Ambion) and stored at -80°C.  

For in vivo experiments, siRNAs for crq, relish, jun, and dorsal and their 

scrambled controls were synthesized using the Silencer siRNA construction kit 

(Thermo Scientific) using the primers in Appendix Table 1. I. scapularis nymphs 

were microinjected with 20 – 40 ng of siRNA or scRNA. Ticks rested overnight 

before being placed on anesthetized C3H mice for 20 minutes. Ticks were 

allowed to feed up to five days unless otherwise stated. Fully engorged nymphs 

were collected in tubes, weighed, and either placed in a humidified chamber for 

molting or frozen at -80°C. Tubes containing single ticks were submerged in 

liquid nitrogen and homogenized prior to RNA extraction or methanol extraction. 

Tick feeding time courses were performed with uninfected male C57BL/6J mice. 
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Mouse infections 

C3H mice were used for B. burgdorferi tick acquisition experiments. Briefly, B. 

burgdorferi were washed and resuspended in 50% 1X PBS, 50% normal rabbit serum at a 

concentration of 1x106 B. burgdorferi per ml. Mice were anesthetized with a ketamine-

xylazine sedative and an area of ~2 cm2 was shaved on the back using an electric clipper. 

Mice were injected intradermally with 100 μl of inoculum (1x105 total B. burgdorferi). 

Mice were maintained for at least 14 days prior to tick placement.  

 

Western blotting 

Western blotting was performed as previously described (11). Briefly, protein 

lysates were quantified by BCA assay (Thermo Scientific). Equal amounts of protein 

were boiled in 6X Laemmli sample buffer (Alfa Aesar) containing 5% β-

mercaptoethanol. Samples were loaded in mini-PROTEAN gels (Biorad) subjected to 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were 

then transferred onto PVDF membranes (Biorad) and membranes were blocked with 5% 

milk (Biorad) for 1 hour in PBS-T. Primary antibodies were incubated overnight at 4°C 

in PBS-T with 3% bovine serum albumin (BSA). Blots were washed four times in PBS-T 

and incubated with secondary antibodies for at least 1 hour at room temperature with 

rocking. Blots were washed four times in PBS-T, incubated with enhanced 

chemiluminescence (ECL) substrate solution for 1 minute (Thermo Scientific), and 

imaged. 
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Quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

The PureLink RNA Mini kit (Invitrogen) was used to extract RNA from 

cells or engorged ticks preserved in Trizol. cDNA was synthesized with the Verso 

cDNA Synthesis Kit (ThermoFisher). qRT-PCR was performed with the CFX96 

Touch Real-Time PCR Detection System (Biorad). For bacterial acquisition 

experiments, B. burgdorferi gene expression was measured by absolute 

quantification and normalized to tick actin. Copy numbers for B. burgdorferi recA 

and I. scapularis actin were calculated from a standard curve. For all other 

experiments, levels of gene expression were measured by relative quantification 

and calculated using the 2−ΔΔC
T method [126]. Transcriptional silencing and B. 

burgdorferi burden were quantified using the primers listed in Appendix Table 1.  

 

Protein alignments and modeling 

 Amino acids 30 - 440 of I.s. Crq were used for ectodomain modeling based on 

TMHMM software predictions and previous work on CD36 protein family structure 

[119]. The Crq ectodomain was modeled to the crystal structures of human LIMP-2 

(PDB:4F7b) [127] and human CD36 (PDB:5LGD) [128] using Protein 

Homology/Analogy Recognition Engine (Phyre) 2 [129]. Predicted interactions between 

POPG and the Crq Phyre2 model were subsequently measured using AutoDock [130]. 

Additional structural predictions were performed using the AlphaFold source code [131] 

and accessed through NMRbox [132]. Root-mean-square deviations (RMSDs) were 

calculated in Pymol. Sequence alignments were generated using Multiple Sequence 

Comparison by Log Expectation (MUSCLE) [133] and visualized using JalView [134]. 
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Conserved residues were identified from sequence alignments with LIMP-2 (Q14108) 

and CD36 (P16671).  

 

Subcellular fractionation 

Subcellular fractionation was performed as previously described [135]. Briefly, 

ISE6 cells were resuspended in fractionation buffer and passed through a 27-gauge 

needle 10 times. Cells were incubated on ice for 20 minutes and then centrifuged at 

10,000 x g for 5 minutes. To isolate the membrane fraction, the supernatant was 

transferred and centrifuged at 100,000 x g for 1 hour. The supernatant was reserved 

(cytosol). The pellet was washed in 400 μl, passed through a 25-gauge needle, and re-

centrifuged at 100,000 x g for 45 minutes. The remaining pellet (membrane) was 

resuspended in TBS containing 0.1% sodium dodecyl sulfate (SDS). 

 

Nucleofection and ectopic expression of Crq-dsRed 

800 ng of Crq-DsRed-N1 construct was nucleofected in 1x106 tick cells (ISE6 and 

IDE12) using the 4D-Nucleofector System (Lonza Bioscience). 1x106 tick cells were 

centrifuged at 100 x g for 10 minutes to pellet the cells. The pellet was washed with 10 

ml PBS, resuspended in 20 µl SF buffer (Lonza Bioscience) and 800 ng of Crq-DsRed-

N1 construct was added to the cell suspension. The nucleofection mix was added to a 

multiwell cuvette, inserted into the nucleofector and pulsed using pulse condition EN150. 

The cells were allowed to sit in the cuvette for 10 minutes post-nucleofection before 

being added to pre-warmed L15C300 complete media in a 12 well plate. After 72 hours, 

cells were fixed with 4% paraformaldehyde (PFA), stained with CellMask green plasma 
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membrane (Invitrogen) and Hoechst nuclear (AAT Bioquest) stains, and observed 

under the fluorescence microscope. 

 

Immunostaining and confocal microscopy 

 IDE12 cells were spun down onto microscope slides using a Cytospin (Thermo 

Scientific) and fixed with 4% PFA. Cells were washed three times with PBS and blocked 

with 3% BSA in PBS for 1 hour at room temperature. Primary antibody or rabbit IgG 

isotype control was prepared in blocking buffer and incubated with cells overnight at 

4°C. The following day, slides were washed three times with PBS before addition of goat 

anti-rabbit IgG secondary antibody (Invitrogen). Slides were washed three times with 

PBS and SlowFade Gold Antifade mountant containing 4’6-diamidino-2-phenylindole 

(DAPI; Invitrogen) was added. Coverslips were mounted and sealed with nail polish. 

 Microscopy images were obtained using a Nikon W-1 spinning disk confocal 

microscope. The following laser channels were used for imaging Crq-DsRed-N1 cells: 

561 nm (Crq-DsRed), 488 nm (GFP, plasma membrane), and 405 nm (DAPI). An 

excitation wavelength of 558 nm and an emission wavelength of 583 nm were used for 

obtaining images of Crq-DsRed-N1. For immunostaining, the following laser channels 

were used: 640 nm (mCherry, anti-rabbit Alexa Fluor 594), and 405 nm (DAPI). An 

excitation wavelength of 590 nm and an emission wavelength of 617 nm were used for 

obtaining images of IDE12 cells stained with anti-Crq primary antibody. 

 

Ecdysteroid quantification 

 Fully repleted, whole ticks were frozen in liquid nitrogen and thoroughly 
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homogenized using pestles. 500 μl of methanol was added to homogenate and samples 

were centrifuged at 10,000 x g for 5 minutes. The supernatants were collected on ice and 

the remaining pellet was re-extracted by an additional 500 μl of methanol. The samples 

were dried using a SpeedVac (Thermo Scientific) and dissolved in EIA buffer (Cayman 

Chemical). Ecdysteroid concentrations were determined using a 20E EIA kit (Cayman 

Chemical). 

 

Biobank study population 

The study was approved by the Institutional Review Board of the Icahn School of 

Medicine at Mount Sinai (GCO#07-0529; STUDY-11-01139) according to the tenets of 

the Declaration of Helsinki. Informed consent was obtained for all participants for the 

storage of biological specimens, genetic sequencing, and access to de-identified 

electronic health record data (e.g., clinical diagnoses, laboratory results, family history of 

disease, medical history, medications, demographics). All study participants in BioMe 

were recruited from outpatient sites in the Mount Sinai Health System in New York City 

and the first 31,250 participants underwent exome sequencing. Quality control was 

applied in which samples with discordance between genetic and recorded sex, low 

coverage, contamination, or duplicate samples were removed. In addition, samples 

without complete demographic data, younger than 20 years, related up to third degree 

relatives, or missing ICD-10 data were excluded to produce the final study population. 
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Clinical outcomes 

Lyme disease was the primary outcome and cases were identified by the presence 

of a physician-documented International Classification of Diseases-Clinical Modification 

10 (ICD-10) diagnosis code of A69.2 or a laboratory-confirmed result. The latter was 

defined by a positive IgG/IgM B. burgdorferi antibody test and/or positive B. burgdorferi 

PCR result in accordance with the CDC guidelines. Secondary outcomes comprised 

immunological laboratory measurements, for which median values were obtained: 

percent neutrophils (n=24,296 individuals), percent lymphocytes (n=24,335), 

complement C4 (n=2,111), IL-1β (n=93), and IL-8 (n=93). Median total cholesterol level 

and statin usage were also ascertained for all participants. Thus, if an individual had their 

cholesterol or a laboratory test measured several times a day in the EHR, we displayed 

the median value. Other clinical variables (age, sex, BMI, etc.) were taken at baseline 

when the participants were first enrolled at BioMe.  

 

Exome sequencing and identification of CD36 LoF variants 

 Exome sequencing and quality control are described extensively elsewhere [136]. 

Briefly, samples were prepared, and variant call files (VCFs) were generated with 

Illumina v4 HiSeq 2500 by the Regeneron Genetics Center. These were subjected to the 

Goldilocks Filter (GF) [137] and standard quality control procedures were applied for 

depth-normalized quality scores, depth of coverage, allele balance, and missing 

genotypes. We identified five LoF variants in CD36 based on annotations of frameshift, 

splice donor, splice acceptor, stop gained, stop lost, or start lost using Variant Effect 

Predictor (VEP) [138]. Three rare CD36 LoF variants with allele frequency of less than 
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or approximately equal to 1% were obtained based on a similar threshold previously used 

to enrich for rare, highly impactful variants [139] and used for all downstream analyses. 

 

Association testing of CD36 LoF burden with clinical outcomes 

 We aggregated all alleles for rare CD36 LoF variants carried by each individual 

into a single burden score and assessed this CD36 LoF burden for association with Lyme 

disease. Logistic regression with Firth’s penalized likelihood was used, adjusted for age, 

sex, BMI, and 10 genetic PCs. Firth’s approach offsets the first-order term in the 

asymptotic expansion of the bias of small sample sizes when estimating the maximum 

likelihood [140]. CD36 LoF burden was also evaluated for association with quantitative 

immune measurements using linear regression adjusted for the aforementioned 

covariates. 

 

Statistical analysis 

Statistical significance was assessed with unpaired t test with Welch’s correction. 

Two-way ANOVA post-hoc Sidak test for multiple comparisons was also used whenever 

appropriate. Molting curves were analyzed with the Log-rank (Mantel-Cox) test. We used 

GraphPad PRISM® (GraphPad Software version 9.1.0) for all statistical analyses. 

Outliers were detected by a Graphpad Quickcals program 

(https://www.graphpad.com/quickcalcs/Grubbs1.cfm 

  

https://www.graphpad.com/quickcalcs/Grubbs1.cfm
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CHAPTER 3: I. SCAPULARIS CRQ IS A RECEPTOR FOR THE INFECTION-

DERIVED LIPID POPG. 

 

Introduction 

Arthropod-borne illnesses contribute to mortality and morbidity worldwide and 

represent a significant threat to human and animal health. In North America, the 

blacklegged tick I. scapularis is the primary arthropod vector for microbes that cause 

disease, including the Lyme disease spirochete B. burgdorferi [141, 142]. Larval or 

nymphal I. scapularis may acquire B. burgdorferi while feeding continuously on small, 

infected mammals [141, 142]. This blood meal provides I. scapularis with the energy to 

molt into nymphs or adults, respectively, and thus an opportunity to transmit microbes 

during subsequent feeding. The acquisition of B. burgdorferi activates tick immune 

pathways, including the IMD pathway, that limit bacterial colonization [112, 142]. 

Furthermore, arthropod immune defense is an energetically costly process that trades off 

with other fitness parameters, such as reproduction [143]. Despite their burden on public 

health, the molecular interactions between the tick immune system, physiology, and the 

microbes they encounter remain unclear.  

Ticks are non-model organisms and members of the subphylum Chelicerata, an 

ancient group of arthropods whose origins predate the evolution of insects and 

crustaceans [9, 10]. Recent studies in these arthropods revealed formerly unknown 

mechanisms of immune recognition [112, 114, 116, 144, 145], which may have larger 

implications for the evolution of innate immunity.  For example, there is a divergence in 

the IMD signaling relay when comparing dipteran insects to non-insect arthropods. Ticks 
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and other chelicerates possess core intracellular components of the “canonical” IMD 

pathway, such as the NF-κB transcription factor Relish; however, they lack 

transmembrane PGRPs and the adapter molecules IMD and FADD [112, 114, 116, 144, 

145]. [112, 114, 116, 144, 145]. Instead, antimicrobial signals in I. scapularis are relayed 

through alternative molecules, such as p47 [116]. These observations suggest the 

existence of an undiscovered immune signaling pathway in ancient arthropods. 

The immune system, feeding behavior, and vectorial capacity of I. scapularis 

make this arthropod a unique model for studying microbial sensing and immunity. In this 

study, we sought to discover immune receptors for the tick IMD pathway. Previous work 

established that the IMD pathway is activated by lipid molecular patterns, such as POPG 

[112]. This chapter will focus on identifying the lipid receptor Crq through its direct 

interaction with POPG. We found that there is a significant increase in POPG in B. 

burgdorferi-infected tick cells. Moreover, we demonstrated that Crq is localized to the 

plasma membrane and binds POPG with nanomolar affinity. 

 

Results 

We hypothesized that B. burgdorferi infection would affect the lipidome of tick 

cells. We first infected the I. scapularis cell line ISE6 with B. burgdorferi and performed 

mass spectrometry on the cell pellets. We observed global changes in lipid composition, 

including increased PG and PC (Table 1). We also measured a decrease in 

lysophospholipids at both time points, suggesting dynamic processes between the 

bacteria and tick cells (Table 1). Notably, a significant increase in the lipid POPG was 

detected after B. burgdorferi infection (Table 1). This observation was consistent with 
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prior literature demonstrating that POPG is upregulated during tick-borne bacterial 

infection and stimulates the immune system of ticks [112]. It is important to note that the 

source of POPG is unknown, and it is unclear whether it is derived from eukaryotic or 

bacterial cells. However, POPG has previously been identified as a phospholipid 

component of  B. burgdorferi membranes [44].  

Table 1. Lipid profile of B. burgdorferi-infected tick cells. 

I. scapularis ISE6 cells were infected with B. burgdorferi (MOI 500) for 1 hour and 

24 hours. Lipids were analyzed by mass spectrometry and values were normalized to 

total protein levels. Lipids whose values were significantly different at one or more 

time points are displayed. Results are presented as means relative to uninfected ISE6 

cells. Statistically significant values are bolded and color-coded. Statistical 

significance was evaluated by a two-way ANOVA. Red=decreased; Green=increased; 

uninfected tick cells (n=6); B. burgdorferi-infected for 1 hour (n=4) and 24 hours 

(n=4). 
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Next, we aimed to identify tick factors that bind this lipid. We used biotinylated 

POPG to pull down interacting proteins from tick cell lysates and eluted moieties for 

mass spectrometry identification. We filtered molecular hits by the gene ontology (GO) 

term “membrane” and the keyword “receptor” to identify potential transmembrane lipid 

receptors (Appendix Table 2). One hit was annotated as “scavenger receptor class B type 

I (SR-B1)”. A BLAST analysis revealed that this molecule is homologous to the 

Drosophila receptor Crq, a member of the CD36 superfamily [104, 106]. The CD36 

superfamily is an ancient group of lipid scavenger receptors with roles in metabolism and 

immunity [83, 87, 146]. In Drosophila, Crq is a receptor of apoptotic cells and is 

involved in lipid uptake, antibacterial immunity, and jun N-terminal kinase (JNK) 

activation [106-108]. In mammals, CD36 has pleiotropic functions due to its ability to 

bind various lipid ligands and associate with co-receptors [87, 95]. Lipid scavenger 

receptors have also been shown to contribute to B. burgdorferi phagocytosis in mammals 

[147, 148]. Thus, we focused on this protein, which we named I. scapularis Crq 

(LOC8027712) (Figure 9).  

 

Figure 9. Diagram of pulldown approach.  

Biotinylated POPG was incubated with ISE6 tick cell lysates. Streptavidin conjugated 

beads were used to pull down interacting proteins. Proteins were eluted and analyzed 

by mass spectrometry. SA=streptavidin, PG=phosphatidylglycerol.  
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CD36 molecules have two transmembrane regions, an extracellular portion with a 

characteristic cavity opening and two intracellular tails [83, 127, 128]. Consistent with 

this, Crq possessed an ectodomain and carried two transmembrane domains, as shown 

through transmembrane topology prediction [119]. To better understand the structure and 

function of the Crq ectodomain, we performed several in silico protein analyses. First, we 

aligned Crq with the human molecules: lysosome membrane protein 2 (LIMP-2) 

(Q14108) and CD36 (P16671) (Fig. 10). Then, we modeled the ectodomain of Crq to 

CD36 and performed homology comparisons between Crq and the crystal structures of 

LIMP-2 (PDB:4F7B) and CD36 (PDB:5LGD) using Protein Homology/Analogy 

Recognition Engine (Phyre)2 [129] and AlphaFold Protein Structural Database [131] 

(Fig. 11A and Appendix Fig. 1). Finally, we used the molecular docking software 

Autodock to predict ligand interactions [130]. Altogether, we determined that Crq carried 

a canonical scavenger receptor type fold with a large open cavity or pocket where POPG 

was predicted to interact (Fig. 11A).  

To validate our model empirically, we first expressed and purified a His-tagged 

Crq ectodomain (Crq-His) (Appendix Figs. 2A and 2B). We then confirmed that this 

protein was folded using 2D nuclear magnetic resonance spectroscopy, as determined by 

significant dispersion of Crq 1H and 15N chemical shift values (Appendix Fig. 2C). 

Lastly, we observed that Crq-His bound POPG in the low nanomolar range using surface 

plasmon resonance with single cycle kinetics (Figs. 11B and 11C). Taken together, we 

determined that the ectodomain of Crq bound POPG.  
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e 10. Protein  

Figure 10. Protein alignment of the I. scapularis Croquemort (Crq), CD36, and 

LIMP-2 ectodomains. The sequence of I. scapularis Crq was empirically determined 

from ISE6 cells and translated into the amino acid sequence. The Crq ectodomain 

(amino acids 30-440) was identified from TMHMM predictions and aligned to the 

CD36 (amino acids 330-440) and LIMP-2 (amino acids 28-432) ectodomains. The 

sequence alignment was generated using Multiple Sequence Comparison by Log 

Expectation (MUSCLE) and visualized with JalView. Residues are color-coded by the 

conservation index and percentage identity to I. scapularis Crq. 
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 alignment of the I. scapularis), CD36 and LIMP-2 ectodomains. 
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Figure 11. I. scapularis Crq binds the infection-derived lipid POPG. 

A. Modeling of the I. scapularis Crq ectodomain using Phyre2. The model exhibits a 

canonical scavenger receptor type fold with a large open cavity. Conserved residues are 

labeled in red and potential pocket residues are labeled in yellow. Autodock placed 

POPG (cyan) within the interior of this predicted cavity in 8 out of 9 trials. B and C. 

Representative surface plasmon resonance sensorgram (red) from immobilized 

recombinant Crq ectodomain (Crq-His) binding to POPG injected at 12.5 nM, 25 nM, 50 

nM, 100 nM, and 200 nM. The data was fit to a single cycle kinetic model (black), and 

the dissociation constant (KD) was determined by koff/kon to be 1.8 +/- 0.1 nM from 

duplicate experiments. Arrows denote time of lipid injection.  
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Mammalian CD36 and Drosophila Crq are plasma membrane-bound receptors 

[87, 104, 146]. Next, we performed subcellular fractionation to confirm the membrane 

localization of Crq (Fig. 12A). To visualize Crq localization within the cell, we 

developed a protocol for ectopic expression of fluorescent proteins in tick cell lines (Fig. 

12B and Appendix Fig. 3A). Prior to this work, expression of genes in tick cells was not 

technically feasible because they carry fastidious requirements for genetic manipulation 

[149]. We observed that Crq localized with the plasma membrane in the hemocyte-like 

IDE12 and the neuronal-like ISE6 I. scapularis cell lines (Fig. 12C and Appendix Fig. 

3B). Crq was also detected on the periphery of IDE12 cells using a Crq-specific antibody 

(Fig. 12D). Thus, these data indicate that Crq is a plasma membrane receptor for 

infection-derived lipids.  
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Figure 12. I. scapularis Crq is found in the plasma membrane of tick cells. 

A. Subcellular fractionation of ISE6 cells. B. Schematic representation of ectopic 

expression in tick cells. C. Ectopic expression of DsRed-tagged Crq in the IDE12 tick 

cell line. IDE12 cells were nucleofected with plasmid containing Crq-DsRed or empty 

vector (-). D. Immunostaining of IDE12 cells with a Crq-specific antibody (red). Green - 

plasma membrane; blue – 4’,6-diamidino-2-phenylindole (DAPI). Data represent one of 

two independent experiments. 



47 
 

Discussion 

Through molecular modeling and biophysical assays, we confirmed that Crq 

binds the infection-derived lipid POPG. Our findings were achieved despite the difficult 

nature of transmembrane, hydrophobic, lipid-binding proteins. Purification of the 

recombinant ectodomain could only be accomplished under denaturing conditions and 

using the E. coli protein expression system. Efforts to purify the Crq ectodomain from 

mammalian or insect cells proved fruitless. Additionally, through numerous optimization 

experiments, we determined that this protein required special buffer conditions (e.g., high 

salt concentration, glycerol, etc.) to maintain solubility at usable concentrations. 

Although we isolated enough protein to perform the analyses above, these conditions 

complicated our assays and prevented us from employing many techniques commonly 

used to measure lipid binding. Despite these setbacks, we showed that surface plasmon 

resonance and NMR could be applied to evaluate POPG binding and secondary structure, 

respectively. Forthcoming studies will identify individual amino acids required for 

protein-lipid interactions with these techniques. 

Importantly, we developed an ectopic expression technique to evaluate cellular 

localization in tick cells. Tick cell culture presents various challenges that impede genetic 

manipulation, such as slow doubling time, fastidious growth requirements, low 

transfection efficiency, and inability to generate clonal populations. Using nucleofection 

with specific pulse conditions, we can now attain ~15% transfection efficiency for 

fluorescent protein expression. This technology opens doors for establishing invaluable 

techniques in tick cell lines, such as clustered regularly interspaced short palindromic 

repeats (CRISPR) gene editing, tick protein expression, and co-immunoprecipitation. 
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CHAPTER 4: I. SCAPULARIS CRQ REGULATES TICK FEEDING AND 

MOLTING.  

 

Introduction 

Hematophagous arthropods obtain lipid nutrients from blood. The act of blood-

feeding triggers crucial metabolic processes that regulate development and reproduction 

[150, 151]. During feeding, blood is digested in the arthropod midgut and lipids are 

transported to the fat body and ovaries [150]. Efficient lipid transport is then required for 

important biological processes, such as oogenesis [150]. 

Ticks develop into adults through an incomplete metamorphosis, a process that is 

accomplished by molting or shedding of the exoskeleton [152, 153]. Ecdysteroids, such 

as 20E and ponasterone A, are hormones that regulate arthropod molting and are 

synthesized from dietary cholesterol [152, 153]. During tick feeding, ecdysteroid levels 

spike in order to kickstart molting, which requires a sufficient bloodmeal to occur [16, 

154]. How lipid metabolism and transport regulate molting processes is not well-defined 

in ticks. 

CD36 molecules have various functions, including lipid scavenging, microbial 

sensing, immune regulation, and cell adhesion [87, 146]. One CD36 homolog discovered 

in the Asian longhorned tick H. longicornis was shown to contribute to blood feeding 

[110]. Furthermore, various studies have demonstrated a relationship between ecdysone 

signaling and subsequent regulation of immunity [155-158]. Based on Crq’s ability to 

bind lipids and its predicted role in immunity, I hypothesized that Crq may be involved in 
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tick fitness. I investigated this concept by disrupting crq expression and measuring 

feeding and metamorphosis. 

 

Results 

We allowed nymphs to feed until repletion and measured crq expression over 

time. We found that crq was upregulated during early tick feeding but not during full 

engorgement (Appendix Fig. 4A). To determine if Crq affects tick feeding, non-

engorged I. scapularis nymphs were microinjected with small interfering RNA (siRNA) 

to silence crq expression or scrambled control sequence (Fig. 13A). Injected I. scapularis 

nymphs were allowed to attach and feed until repletion. We did not observe a difference 

in attachment between treatments (Appendix Fig. 4B). However, the average weight of 

crq silenced ticks was significantly lower than scrambled controls (Fig. 13B), indicating 

that Crq has an important role in arthropod feeding. 

Because CD36 facilitates the transport of lipids, including cholesterol into 

mammalian cells, we posited that crq silencing would disrupt the molting process in I. 

scapularis. We allowed fully repleted crq silenced nymphs to molt into adults and 

measured their molting capacity. Metamorphosis to adults was comparable between 

silenced and control ticks (Appendix Fig. 4C). However, molting in crq silenced ticks 

was delayed by 8 days when compared to scrambled controls (Fig. 13C).  

We then hypothesized that the delay of molting in silenced ticks was due to 

defective ecdysteroid production. In Drosophila, cholesterol is converted into 20E by a 

family of enzymes encoded by the “Halloween” genes [153, 159] (Fig. 13D).  
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Figure 13. I. scapularis Crq regulates tick feeding and molting. 

A. crq silencing efficiency in ticks microinjected with crq siRNA (sicrq) or scrambled 

RNA (sccrq). Ticks were allowed to feed to repletion (up to five days) (n=22-24). B. 

Weight of fully repleted nymphs microinjected with sicrq or sccrq (n=55-58). C. 

Molting curve of sicrq and sccrq nymphs that successfully molted into adults. 

Nymphs were allowed to feed until repletion and time of molting was monitored 

(n=17-19). D. Diagram of 20-hydroxyecdysone synthesis in D. melanogaster. 

Enzymes shaded in magenta were found in the I. scapularis genome, enzymes shaded 

in gray were not found. E-G. Expression of ecdysteroid synthesis enzymes 

(“Halloween genes”) in fully repleted sicrq and sccrq nymphs (n=21-25). H. 

Concentration of ecdysteroids in fully repleted sicrq and sccrq nymphs (n=6-9). 

Results are represented as means +/- SE. At least two biological replicates were 

performed. Statistical significance was evaluated by an unpaired t test with Welch’s 

correction (A, B and E-H) or a Log-rank (Mantel-Cox) test (C). *, p<0.05. g=grams, 

pg=picograms, ml=milliliters. 
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I. scapularis carries homologs of most ecdysteroid enzymes, excluding the enzyme 

encoded by phantom, which converts 5β-ketodiol to 5β-ketotriol via hydroxylation of 

carbon 25 on the tetracyclic steroidal backbone [160, 161] (Fig. 13D). We then quantified 

the expression of ecdysteroid-related genes in crq silenced nymphs and observed 

decreased transcription of disembodied (Fig. 13E), shadow (Fig. 13F) and shade (Fig. 

13G), but not the ecdysone receptors ecr and usp (ultraspiracle) (Appendix Figs. 4D and 

4E). Supporting these findings, crq silenced nymphs produced lower levels of 

ecdysteroids compared to controls (Fig. 13H). These data suggest that Crq maintains tick 

fitness through ecdysteroids. 

 

Discussion 

We discovered that Crq maintains tick fitness through feeding and molting. crq 

silencing in nymphs reduced expression of several Halloween genes and production of 

ecdysteroids. In hematophagous arthropods, ecdysteroids are derived from cholesterol 

obtained in the bloodmeal. Blood-feeding has also been shown to induce ecdysteroid 

production [154]. Therefore, it is unclear whether these results are due to decreased 

enzyme expression or a direct result of the reduced bloodmeals taken by crq silenced 

nymphs. It is plausible that feeding regulates enzyme expression, or that synergy from 

both processes leads to diminished ecdysteroids and thus delayed molting. Nonetheless, 

our findings show that Crq maintains tick fitness by regulating lipid-dependent metabolic 

processes. 

Despite taking reduced bloodmeals, the proportion of crq silenced ticks that 

molted was comparable to the control treatment (Appendix Fig. 4C). Therefore, it is safe 
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to assume they produced enough hormone to metamorphosize. To determine if Crq 

affects ecdysteroidogenesis by cholesterol transport, a cholesterol uptake assay can be 

performed with crq silenced cells and control cells. Furthermore, RNA sequencing of crq 

silenced and control ticks may provide additional insights into its regulation of 

cholesterol influx and ecdysis genes. 

Because Crq is predicted to be involved in immunity, it is possible that Halloween 

gene expression is regulated by immune signaling. Multiple studies have demonstrated 

that ecdysone regulates IMD and JNK signaling [155-158], but none have defined a 

converse relationship. In silico analysis of the disembodied, shadow, and shade promoter 

sequences may reveal predicted binding sites for conserved transcription factors, such as 

NFκB and/or activator protein 1 (AP-1). Moreover, silencing of the transcription factors 

relish and jun can be performed in ticks and evaluated for the same parameters as in 

Figure 13. 
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CHAPTER 5: I. SCAPULARIS CRQ RESTRICTS B. BURGDORFERI 

COLONIZATION THROUGH THE IMD AND JNK PATHWAYS. 

 

Introduction 

The dogma of arthropod immunity, which was established in the insect model 

organism D. melanogaster, states that Gram-negative bacteria activate the IMD pathway 

through the cell wall component DAP-PGN [74, 75]. Engagement of immune receptors 

called PGRPs leads to the activation of the NF-κB transcription factor Relish [76, 77]. 

Recent studies in ticks, however, demonstrated that the IMD pathway of non-insect 

arthropods is wired differently from Drosophila. For example, ticks and other 

chelicerates encode genes for the core NF-κB pathway, including Relish [112]. 

Importantly, genome and functional analyses revealed that chelicerates lack key upstream 

components, such as transmembrane PGRPs and the adapter molecules IMD and FADD 

[112, 114, 116, 144, 145]. Instead, the tick IMD pathway is activated by the lipid POPG 

and uses “non-canonical” molecules to relay antimicrobial signals, such as p47 [112, 

116]. These observations suggest that ticks may use an alternative immune receptor for 

detecting the lipid molecular patterns of tick-borne bacteria.  

Given the ability of Crq to bind POPG and the lack of canonical IMD receptors in 

the tick genome, we speculated that Crq may be the lipid receptor for the I. scapularis 

IMD pathway. In this chapter, I probed whether Crq is required for IMD pathway 

initiation using established readouts, such as Relish cleavage and B. burgdorferi 

acquisition. I determined that the tick JNK pathway also contributes to antibacterial 
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immunity. Finally, I discovered genetic readouts that can be used to validate immune 

activation in vivo.   

 

Results 

To determine if Crq is required for immune signaling, I. scapularis IDE12 cells 

were transfected with siRNA to silence crq expression (Fig. 14A). RNA interference 

(RNAi) remains the gold standard for disruption of gene function in tick cells, as in vitro 

CRISPR technology has not yet been established in this system [149]. Next, we 

stimulated I. scapularis IDE12 cells with the lipid POPG. POPG stimulation led to higher 

levels of N-Rel, the cleaved form of the IMD-specific NF-κB molecule Relish, as 

previously shown (Fig. 14B) [112]. Importantly, crq silencing reduced Relish processing, 

suggesting that activation of the tick IMD network was dependent on Crq (Figs. 14B and 

14C). Following the initiation of IMD signaling in Drosophila, various proteins are 

recruited to the molecular scaffold, including transforming growth factor-β activated 

kinase 1 (TAK1). TAK1 promotes activation of JNK signaling in parallel to NF-κB 

signaling [70, 72]. Based on this, we observed that POPG stimulation promoted JNK 

phosphorylation, which was dependent on Crq as well (Figs. 14B and 14C). To ascertain 

whether I. scapularis TAK1 was required for POPG-mediated immune activation, we 

transfected IDE12 cells with tak1 siRNA (Fig. 14D). TAK1 was required for both the 

accumulation of N-Rel and JNK phosphorylation during POPG stimulation (Figs. 14E 

and 14F). Altogether, our results show that Crq activated the IMD and JNK pathways in 

a manner dependent on TAK1.  
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The IMD pathway was previously demonstrated to restrict B. burgdorferi 

acquisition in I. scapularis [112, 116]. To determine the role of the tick JNK pathway 

during B. burgdorferi colonization, nymphs were microinjected with siRNA for the 

transcription factor jun before feeding on B. burgdorferi-infected mice. Indeed, jun 

Figure 14. Immune activation by POPG is dependent on Crq and TAK1. 

A. crq silencing efficiency in IDE12 cells. Cells were transfected with crq siRNA 

(sicrq) or scrambled RNA (sccrq) (n=5). B and C. crq silenced or scrambled control 

IDE12 cells were stimulated with 10 ng/ml POPG for the indicated time points. 

Normalized data for sicrq were divided by the corresponding control values and 

expressed as a percentage of sccrq. N-rel values are normalized to actin and pJNK 

values are normalized to JNK (p46). Western blot bands were quantified using 

ImageJ. Western blot images show one representative experiment (n=2-3).  D. tak1 

silencing efficiency in IDE12 cells. Cells were transfected with tak1 siRNA (sitak1) or 

scrambled RNA (sctak1) (n=5). E and F. tak1 silenced or scrambled control IDE12 

cells were stimulated with 10 ng/ml POPG for indicated time points. Normalized data 

for sitak1 were divided by the corresponding control values and expressed as a 

percentage of sctak1. N-rel values are normalized to actin and pJNK values are 

normalized to JNK (p46). Western blot bands were quantified using ImageJ. Western 

blot images show one representative experiment (n=2). Results are represented as 

means +/- SE. Statistical significance was evaluated by an unpaired t test with 

Welch’s correction (A, D) or a two-way ANOVA post-hoc Sidak test for multiple 

comparisons (C, F). *, p<0.05. (-)=unstimulated, N=Rel=cleaved Relish, 

pJNK=phosphorylated JNK.  
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silenced ticks acquired significantly more B. burgdorferi compared to scrambled control 

ticks (Figs. 15A and 15B). Likewise, crq silencing in nymphs resulted in significantly 

higher B. burgdorferi burden (Fig. 15C). Collectively, our findings suggest that Crq led a 

concerted action by the IMD and the JNK signaling networks to promote resistance 

against the spirochete B. burgdorferi in ticks.  

Genetic regulation of the tick immune system is poorly understood. Hence, there 

are no widely adopted genetic readouts for most immune pathways in I. scapularis. To 

address this, we sought to identify genes differentially regulated by the tick IMD and 

JNK pathways in vivo. JNK signaling is highly conserved and expression of the 

phosphatase puckered is commonly used as a readout for activation [162]. The I. 

Figure 15. B. burgdorferi acquisition is restricted by Crq and the JNK pathway. 

A. jun silencing efficiency in ticks microinjected with jun siRNA (sijun) or scrambled 

RNA (scjun). Ticks were allowed to feed on B. burgdorferi-infected mice until 

repletion (n=21). B. Bacterial acquisition in sijun and scjun ticks fed on mice infected 

with B. burgdorferi. B. burgdorferi burden was quantified by recA expression (n=20-

24).  C. Bacterial acquisition in ticks microinjected with crq siRNA (sicrq) or 

scrambled RNA (sccrq). Ticks were allowed to feed on B. burgdorferi-infected mice 

until repletion. B. burgdorferi burden was quantified by recA expression (n=14). 

Results are represented as means +/- SE. At least two biological replicates were 

performed. Statistical significance was evaluated by an unpaired t test with Welch’s 

correction. *, p<0.05.  
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scapularis genome encodes a homolog of puckered (annotated as “dual specificity 

protein phosphatase 10”) which was downregulated during jun silencing in nymphal ticks 

(Figs. 15A and 16A). To determine whether Crq regulated puckered, we silenced crq in 

nymphs (Fig. 13A) and allowed them to feed until repletion. Notably, crq silencing 

decreased the expression of puckered (Fig. 16B).  

Figure 16. I. scapularis Crq regulates IMD- and JNK-specific gene expression. 

A. Expression of puckered in jun silenced ticks. Ticks were microinjected with jun 

siRNA (sijun) or scrambled RNA (scjun) and allowed to feed on B. burgdorferi-

infected mice until repletion (n=21). B. Expression of puckered in crq silenced ticks. 

Ticks were microinjected with crq siRNA (sicrq) or scrambled RNA (sccrq) and 

allowed to feed on mice until repletion (n=21-24). C and D. relish silencing efficiency 

and ctenidin-1 expression in relish silenced ticks. Ticks were microinjected with relish 

siRNA (sirelish) or scrambled RNA (screlish) and allowed to feed on mice until 

repletion (n=8-12). E-G. Expression of IMD-related genes in fully repleted sicrq and 

sccrq ticks (n=21-24). Results are represented as means +/- SE. Statistical significance 

was evaluated by an unpaired t test with Welch’s correction. *, p<0.05. 
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Activation of the Drosophila IMD pathway results in the transcription of specific 

AMPs [70, 72]. Unlike Drosophila, arachnids have been shown to constitutively express 

and store their AMPs within hemocyte granules [163, 164]. Ctenidins are a family of 

constitutively expressed, glycine-rich AMPs identified from the spider Cupiennius salei 

that exhibit activity against Gram-negative bacteria [163, 164]. I. scapularis carries 

several peptides annotated as “ctenidin-1-like”. Thus, we investigated whether a gene 

encoding an I. scapularis ctenidin-1 peptide was specifically regulated by the tick IMD 

pathway. We performed protein alignments of the I. scapularis ctenidin-1 with ctenidins 

from C. salei and the related acanthoscurrin-1 from Acanthoscurria gomesiana, 

demonstrating sequence similarity (Appendix Fig. 5). Transcriptional silencing of relish 

resulted in decreased expression of ctenidin-1 both in vivo and in vitro (Figs. 16C and 

16D, Appendix Fig. 6). Conversely, silencing of the Toll-specific NF-κB molecule, 

dorsal, did not affect ctenidin-1 expression (Figs. 17A and 17B, Appendix Fig. 7). 

Importantly, crq silencing not only reduced the expression of ctenidin-1 (Fig. 16E) but 

also the IMD signaling components relish (Fig. 16F) and tak1 (Fig. 16G). These results 

confirmed our earlier findings in I. scapularis and helped establish a more complete 

signaling model in tick immunity (Fig. 18). 
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Figure 17. ctenidin-1 is not regulated by the Toll-specific NF-κB molecule Dorsal 

in vivo.   

dorsal silencing efficiency (A) and ctenidin-1 expression (B) in ticks microinjected 

with sidorsal or scdorsal. Ticks were allowed to feed until repletion (n=8-12). Results 

are represented as means +/- SE. Statistical significance was evaluated by an unpaired 

t test with Welch’s correction. *, p<0.05. 
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Figure 18. Diagram of signaling model in I. scapularis. 

I. scapularis Croquemort (Crq) binds to POPG. Then, Crq relays activation signals to 

the protein TAK1, which subsequently activates IMD and JNK signaling components. 

The IMD-specific transcription factor Relish promotes expression of the constitutively 

expressed antimicrobial peptide ctenidin-1, while the transcription factor Jun promotes 

puckered expression. Crq utilizes both the IMD and JNK pathways to restrict 

colonization by B. burgdorferi. Protein names in gray are missing from the I. 

scapularis genome. 
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Discussion 

Our study shows that the lipid receptor Crq is important for the tick immune 

response to B. burgdorferi. We demonstrated that Crq relays antimicrobial signals 

through the IMD and JNK pathways. Receptors for these pathways were previously 

undefined in chelicerates due to a lack of conservation with Drosophila immune 

components. It is important to note that the immune function of Drosophila Crq has been 

primarily attributed to phagocytosis [104, 106, 107]. Moreover, Crq signaling capacity 

occurs independently of the IMD pathway in flies, although some level of crosstalk 

between cellular and humoral immunity may occur [107, 108]. Thus, our findings 

establish a new paradigm in non-insect arthropod immunology that may have broader 

implications for the evolution of innate immunity. Interestingly, other tick-borne bacteria, 

including Anaplasma spp., activate the tick IMD pathway through POPG [112]. Whether 

CD36 molecules are involved in the immune response to other tick microbes remains to 

be seen. 

We determined that TAK1 contributes to the activation of these pathways during 

POPG stimulation. However, it is unclear what molecular events occur upstream of 

TAK1. It is possible that Crq signals directly to TAK1, or to other intracellular 

components involved in tick IMD signaling, such as the E3 ubiquitin ligase XIAP or p47 

[116]. I. scapularis Crq is predicted to have a 37 amino acid C-terminal cytoplasmic tail, 

a striking difference from the short intracellular tails found in Drosophila or mammalian 

homologs (Figure 6).  Efforts to identify binding partners of the Crq C-terminal tail are 

ongoing. Furthermore, we uncovered  genetic readouts for immune signaling in ticks, 

including a gene encoding a ctenidin-1-like peptide. The ctenidins and acanthoscurrins 
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are effective against Gram-negative bacteria and undergo post-translational processing 

prior to their storage in hemocyte granules [163, 164]. Future studies will determine: 1) 

the mature form of the I. scapularis ctenidin-1 peptide, and 2) if this peptide exhibits 

borreliacidal or bactericidal activity. 
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CHAPTER 6: COLLABORATIVE WORK: LOSS-OF-FUNCTION VARIANTS 

IN THE CD36 GENE ASSOCIATE WITH LYME DISEASE DIAGNOSIS.  

 

Introduction 

The CD36 superfamily is evolutionarily conserved and its origins extend back to 

early metazoans [87]. The human genome encodes three homologs that are involved in 

infection, immunity, and lipid scavenging [85]. Our earlier findings demonstrated that the 

tick CD36 homolog Crq directs immunity against B. burgdorferi. Based on the 

conservation of this family, we reasoned that CD36 molecules may be involved in the 

mammalian immune response to B. burgdorferi.   

During a tick bite, humans may become infected with B. burgdorferi and develop 

Lyme disease [141, 142]. In symptomatic patients, Lyme disease typically presents with 

inflammatory symptoms, including a characteristic bulls-eye rash that forms soon after a 

tick bite, joint pain at later stages of the disease, and the release of proinflammatory 

cytokines [26, 165]. Animal models for assessing the genetic susceptibility to B. 

burgdorferi are challenging because of variable inflammatory responses in common 

mouse strains [166, 167]. To determine whether the CD36 gene family contributes to 

human Lyme disease, we fostered a collaboration between researchers at the Icahn 

School of Medicine at Mount Sinai and utilized BioMe, a New York City-based biobank 

that links exome data to electronic health records. We ascertained whether the CD36 gene 

family is associated with human Lyme disease by identifying individuals with loss-of-

function (LoF) variants in the CD36 gene and performing epidemiological analyses. 
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Results 

We sought to identify individuals with predicted LoF variants in this gene family 

using the biobank BioMe, which integrates exome sequence data to electronic health 

records in consenting adults (Fig. 19) [136]. CD36 is less genetically constrained 

compared to the other family members SCARB1 (SR-BI) or SCARB2 (LIMP-2) according 

to the Genome Aggregation Database (gnomAD) (Appendix Table 3) [168]. Therefore, 

we identified individuals with rare LoF variants in CD36. Out of 28,877 individuals with 

exome sequence and electronic health record data, 394 (1.4%) possessed at least one rare 

LoF variant allele (Fig. 19). In total, three CD36 LoF variants were identified using the 

VEP (Fig. 19). 

CD36 LoF variants have been associated with increased cholesterol levels [169]. 

To validate the functional relevance of these three variants of interest, we obtained 

cholesterol measurements from electronic health records and calculated a CD36 gene 

burden score, which aggregates allele counts across all three predicted LoF variants. We 

observed that CD36 LoF burden was associated with increased total cholesterol (4.4 

mg/dL increase per LoF allele; standard error =2.1 mg/dL; p=0.04), adjusted for statin 

usage and clinical covariates (age, sex, body mass index, and 10 genetic principal 

components) (Appendix Table 4). Then, we correlated CD36 LoF variants with Lyme 

disease in the study population. We identified 256 cases of Lyme disease that were 

physician diagnosed and/or laboratory confirmed in accordance with the Centers for 

Disease Control and Prevention guidelines. We performed a multivariable regression 

analysis of Lyme disease as a function of each CD36 LoF variant. Notably, we found that 

all three CD36 LoF variants were individually associated with Lyme disease (p<0.05; 
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Figure 19. Evaluation of CD36 loss-of-function burden association with Lyme 

disease in 28,877 participants with exome and electronic health records. 

A cohort of 28,877 individuals from BioMe, a health system-based biobank in New 

York City, had linked exome sequence and electronic health record (EHR) data. Three 

rare loss-of-function (LoF) variants in CD36 were identified in 394 individuals with 

annotations of frameshift, splice acceptor/donor, stop gained/lost, or start lost using 

Variant Effect Predictor (VEP). Allele counts for these three variants were aggregated 

into a single CD36 LoF burden score for individuals. Cases of Lyme disease were 

identified in 256 individuals by the presence of a physician-documented International 

Classification of Diseases-Clinical Modification 10 (ICD-10) diagnosis code of A69.2 

or a positive B. burgdorferi antibody or PCR laboratory test. The association of CD36 

LoF burden with Lyme disease was evaluated using multivariable regression with 

Firth’s penalized likelihood, adjusted for age, sex, body mass index, and 10 genetic 

principal components.     
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Fig. 20). Next, we assessed the association of CD36 LoF burden with Lyme disease 

diagnosis, adjusting for clinical covariates. We determined that CD36 LoF burden was 

significantly associated with Lyme disease diagnosis with 2.1-fold increased odds of 

diagnosis per LoF allele (95% confidence interval [CI] = 1.3-3.1; p= 3.1 x 10-4) (Fig. 20).  

Hypercholesterolemia has been shown to increase pathogenicity of B. burgdorferi 

infection [170]. To determine if genetic susceptibility to Lyme disease in individuals with 

CD36 LoF variants was attributed to elevated cholesterol, we included total cholesterol 

levels as a covariate in our multivariable regression analysis. CD36 LoF burden remained 

significantly associated with Lyme disease diagnosis with a 2.0-fold increased odds of 

diagnosis per increase in LoF allele (95% CI = 1.3-3.0; p=1.1 x 10-3) (Fig. 20). This 

finding indicated that rare CD36 LoF variants associate with Lyme disease for reasons 

Figure 20. Association of CD36 loss-of-function with Lyme disease. 

Forest plot on a base-10 logarithmic scale depicts the adjusted odds ratio and 95% 

confidence interval (CI) of Lyme disease associated with each of the three CD36 LoF 

variants, the CD36 LoF burden score (red), and the CD36 LoF burden score 

additionally adjusted for total cholesterol level.  
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other than hypercholesterolemia. Altogether, we determined a significant association 

between human CD36 and Lyme disease. 

In symptomatic patients, Lyme disease typically presents with inflammatory 

symptoms, including bulls-eye rash, joint pain, and release of proinflammatory cytokines 

[141, 142]. Based on the findings stated above, we hypothesized that individuals with 

CD36 LoF variants may have indications of an altered immune response. We analyzed 

immune measurements from the electronic health records of individuals with CD36 LoF 

variants. Among a subset of participants with laboratory results, we found that 

individuals with CD36 LoF variants had a 2.1 percentage point lower mean of neutrophils 

(p=1 x 10-4) (Fig. 21A) and 1.9 percentage point elevated mean of lymphocytes 

compared to individuals without CD36 LoF variants (p=2 x 10-4) (Fig. 21B). Consistent 

with this, the effect size on leukocyte composition with CD36 LoF was similar or greater 

than that observed in previous LoF studies of other genes [171]. Individuals with CD36 

LoF variants also had higher mean levels of specific inflammatory markers, including the 

pyrogenic cytokine interleukin (IL)-1β (p=0.032) (Fig. 21C), the neutrophil chemotactic 

factor IL-8 (p=0.043) (Fig. 21D) and complement C4 (p=0.014) (Fig. 21E). It is 

important to note that not all individuals included in these analyses were diagnosed with 

Lyme disease due to the low frequency of these parameters in the biobank. Nonetheless, 

these findings indicated that individuals with CD36 LoF variants exhibited altered 

immune phenotypes.  
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Figure 21. CD36 loss-of-function is associated with immune dysfunction. 

A. Distribution of neutrophil percentage in individuals without a CD36 LoF variant 

(control; n=23,947) versus individuals with a CD36 LoF variant (CD36 LoF; n=349). 

B. Distribution of lymphocyte percentage in individuals without a CD36 LoF variant 

(control; n=23,984) versus individuals with a CD36 LoF variant (CD36 LoF; n=351). 

C. IL-1β levels in individuals without a CD36 LoF variant (control; n=87) versus 

individuals with a CD36 LoF variant (CD36 LoF; n=6). D. IL-8 levels in individuals 

without a CD36 LoF variant (control; n=90) versus individuals with a CD36 LoF 

variant (CD36 LoF; n=3).  E. Complement C4 levels in individuals without a CD36 

LoF variant (control; n=2073) versus individuals with a CD36 LoF variant (CD36 

LoF; n=38). Results are represented as violin plots (A and B) or means +/- SE (C-E). 

Statistical significance was evaluated by an unpaired t test with Welch’s correction. 

LoF=loss-of-function; pg=picograms; ml=milliliter; IL=interleukin; *, p<0.05. 
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Discussion 

Based on our findings in ticks, we chose to investigate if human CD36 is also 

involved in the immune response to B. burgdorferi. Biobank data revealed that 

individuals with rare CD36 LoF variants have higher prevalence of Lyme disease 

regardless of the genetic diversity and variability among a large population in BioMe 

[136]. These findings were achieved despite the multifactorial and polygenic nature of 

immune traits [172] and distinctive non-heritable factors, such as physical activity, prior 

infections, diet, vaccination status and psychosocial stress [173].  

Although striking, our results have some limitations. First, the epidemiological 

data available in BioMe do not distinguish between different stages of B. burgdorferi 

infection, such as early or late disease, or post-treatment Lyme syndrome [141, 174]. 

Second, electronic health records were obtained from consenting individuals in the 

Mount Sinai Health System, which is based in the New York City metropolitan area 

(Appendix Table 5). While Lyme disease is highly prevalent in the northeastern United 

States, it is unclear whether our results are generalizable to other regions of the United 

States and/or endemic countries elsewhere [141, 174]. Third, clinical and laboratory data 

were only available in electronic health records for a subset of individuals.  

Future endeavors incorporating sequencing and clinical phenotyping should 

provide increased knowledge about the genetic epidemiology of Lyme disease. 

Furthermore, our findings are largely correlative, which makes drawing mechanistic 

conclusions challenging. From these data, it is unclear if CD36 LoF results in 1) reduced 

resistance to B. burgdorferi infection, or 2) increased disease severity due to 

inflammation. Because we observed that I. scapularis Crq is responsible for restricting B. 
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burgdorferi acquisition, we would expect that the human homolog contributes to bacterial 

burden. However, patients with CD36 LoF have higher mean levels of IL-1β, IL-8, and 

C4 without adjusting for Lyme diagnosis, suggesting elevated inflammation at baseline or 

increased susceptibility/prevalence for other infections. 

To determine if CD36 contributes to the mammalian immune response to B. 

burgdorferi, an appropriate animal model or human cell line will need to be utilized. The 

classical murine model for studying Lyme pathology is the C3H mouse, as C57BL/6 

mice are resistant to B. burgdorferi-induced arthritis and carditis [166, 167]. Thus, Cd36-

/- mice would need to be generated in a C3H background to properly assess the 

inflammatory potential of CD36 during B. burgdorferi infection. Moreover, a CD36-/- 

human cell line could be engineered to investigate how CD36 directs immunity during 

bacterial or POPG stimulation. Future studies will determine the relationship between 

CD36 and immunity to B. burgdorferi.  
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS 

 

We uncovered I. scapularis Crq as a potential receptor for POPG and 

hypothesized that Crq binds the infection-derived lipid POPG and restricts bacterial 

colonization through the IMD pathway. We characterized Crq in three specific aims. In 

Aim 1, we validated protein-lipid interactions and demonstrated the plasma membrane 

localization of Crq. In Aim 2, we explored the physiological roles of Crq and determined 

its importance in tick feeding and molting. In Aim 3, we assessed whether Crq is the lipid 

receptor for the tick IMD pathway. We ascertained that Crq activates the IMD and JNK 

pathways during POPG stimulation, regulates immune gene expression, and restricts 

colonization by B. burgdorferi. Collectively, we discovered a novel role for a CD36 

homolog and a primordial immune response that ticks use to limit Borrelia acquisition.  

Our results highlight the importance of studying immunity in non-model 

organisms. Dipteran insects are separated from ancient chelicerates by approximately 700 

million years of evolutionary history [175]. Importantly, infection-derived lipids were 

also shown to activate the Drosophila IMD pathway [112]. Our findings open the 

possibility that ticks possess immune pathways whose origins precede those found in 

more recently evolved organisms, such as Drosophila. It is conceivable that these 

functions are shared across Chelicerata, and phylogenetic analyses may reveal insights 

into the evolution of CD36 among Arthropoda. By studying ancient organisms, such as 

ticks, researchers may uncover that the pathways deemed “non-canonical” by current 

standards are, in fact, classical from an evolutionary point of view [176]. 
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Future directions 

 

The role of Crq in tick immunity and fitness 

We showed that the lipid receptor Crq directs signaling networks in ticks. 

Additionally, we determined these pathways were dependent on the protein TAK1. It is 

currently unknown how Crq initiates signaling and what molecular events happen 

upstream of TAK1. One hypothesis is that the C-terminal cytoplasmic tail recruits 

adapter proteins that form the IMD signaling scaffold. We are planning to clone the C-

terminal tail sequence into a tagged vector, purify the recombinant peptide, and incubate 

with IDE12 cell lysates. Then, we will perform a pull-down assay and send interacting 

proteins for mass spectrometry. Moreover, there are efforts to purify this molecular 

scaffold through its direct interactions with XIAP. Using fast protein liquid 

chromatography (FPLC), we will isolate the complex and identify binding partners by 

mass spectrometry. An alternative hypothesis is that Crq shuttles lipids to intracellular 

space, as CD36 molecules are known fatty acid transporters [100]. In this scenario, POPG 

may be recognized by an intracellular sensor that targets XIAP.  

We observed that immune gene expression was constitutively active in I. 

scapularis, as suggested by studies performed in other chelicerates [163, 164]. Silencing 

of crq in unstimulated conditions also decreased expression of IMD and JNK-related 

genes. Therefore, it is plausible that Crq interacts with other endogenous or dietary lipids 

to regulate immunity and fitness. This is consistent with the lipid scavenging and 

homeostatic functions of the CD36 family established in mammals and insects [83, 87, 
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107, 108, 146]. Because of the evolutionarily ancient nature of this gene family, it is 

understandable that these molecules evolved a plethora of functions. 

Immunity and physiology are intricately tied in arthropods [143]. Thus, it is 

conceivable that Crq regulates fitness through immune signaling. The JNK pathway is a 

highly conserved, pro-survival pathway that contributes to growth, lifespan, and the stress 

response [177]. However, the roles of the JNK pathway in arthropod molting and/or 

feeding are unknown. Several studies have demonstrated a relationship between ecdysone 

signaling and downstream regulation of immunity [155-158], but none have defined a 

converse relationship. Determining how JNK and/or IMD signaling contributes to tick 

fitness are immediate next steps to this work. 

 

Molecular interactions between Crq and POPG 

We demonstrated that the Crq ectodomain binds POPG with high affinity. 

However, it is unclear which residues are needed for lipid interactions. Studies on human 

CD36 have identified critical residues for ligand binding, specifically to fatty acids and 

the protein PfEMP1 from Plasmodium falciparum [128, 178]. Furthermore, we 

performed protein alignments with I. scapularis Crq and two human homologs, CD36 

and LIMP-2, which revealed conserved residues across distant species. By coupling our 

protein alignment to the information ascertained with human CD36, we can determine 

predicted residues for ligand binding. We successfully generated several Crq-His mutants 

through site-directed mutagenesis and are in the process of expressing and purifying the 

mutants for binding assays. Because of the challenges we faced with the wild-type (WT) 

Crq ectodomain, we may not be able to purify the mutants, or they may be too unstable to 
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remain soluble. Despite these possibilities, the suggested experiments would provide 

important insights into Crq’s lipid binding capacity. 

 

Development of technologies for I. scapularis 

One of the primary challenges of studying tick biology is the lack of tools for 

genetic manipulation. Historically, RNAi has been the most effective method for 

studying gene function of ticks. Recent work from our laboratory established a method 

that allows for ectopic expression in vitro. This advancement will promote the 

development of gene editing technologies in ticks, such as CRISPR/Cas9, as well as other 

techniques dependent on gene delivery. For example, CRISPR activation (CRISPRa) is a 

promising approach for endogenous gene overexpression. Our laboratory has 

encouraging results with CRISPRa in tick cells. This technique would nicely complement 

RNAi-based experiments and eliminate issues associated with RNAi, such as off-target 

effects. Furthermore, successful in vivo CRISPR/Cas9 gene editing was recently 

performed in I. scapularis, although edited ticks are chimeric [179]. In vivo validation of 

previous work is on the horizon. 

 

Mammalian CD36 and immunity to B. burgdorferi 

 Finally, we aimed to determine if the mammalian homolog, CD36, is important 

for B. burgdorferi infection and pathology. We performed various experiments with 

Cd36-/- C57BL/6J mice to investigate an immune phenotype to B. burgdorferi (data not 

shown). In bone marrow-derived macrophages (BMDM), we measured mild differences 



75 
 

in immune activation after B. burgdorferi stimulation, such as changes in cytokine 

secretion and kinetics of NF-κB/JNK activation. In a mouse infection model, we 

measured increased ankle swelling in Cd36-/- mice infected with B. burgdorferi; however, 

we were unable to observe differences in bacterial load in various tissues, nor were we 

able to measure inflammatory markers in vivo (e.g., neutrophil infiltration, pro-

inflammatory cytokines, etc.). This is potentially due to the C57BL/6J laboratory mouse 

strain, which has been labeled “resistant” to inflammation from B. burgdorferi infection 

[166, 167]. Thus, future efforts to understand the inflammatory potential of murine CD36 

will require knockout mice generated in a C3H background, the classical mouse model 

for Lyme pathology.  

 Because of these limitations, we became interested in alternative ways to study 

mammalian gene function. By collaborating with a human genomics lab, we observed 

that individuals with CD36 LoF variants had significantly higher incidence of Lyme 

disease compared to the general population. These results present an interesting 

opportunity to investigate CD36 and/or Lyme disease at the population level. For 

example, additional analyses would determine if CD36 LoF contributes to other 

immunodeficiencies or infections besides B. burgdorferi. Furthermore, previous work has 

shown that mouse models of hypercholesterolemia enhance severity to B. burgdorferi 

infection [170]. It would be interesting to measure the association between low-density 

lipoprotein (LDL) levels, Lyme disease prevalence, and genetic susceptibility in a larger 

epidemiological study. Lastly, it is possible that murine CD36 and human CD36 behave 

differently during B. burgdorferi infection, as there are notable distinctions between the 

immune systems of mice and humans [180, 181]. To gain insight into human CD36, WT 
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and CD36-/- THP-1 cells could be stimulated with B. burgdorferi or POPG and measured 

for changes in proinflammatory signaling. Additionally, we could individually transfect 

the sequences for the three human CD36 LoF variants into these cells and determine if 

they have the same immune phenotype as CD36-/- cells.   

 

Conclusions 

In conclusion, this project addressed an open question in the field of tick 

immunology. These data built on previous findings demonstrating how the tick IMD 

pathway is different from what was described in Drosophila. Through biochemical, 

biophysical, molecular, and cellular biology experiments, I identified a receptor for 

immunogenic lipids and provided evidence that Crq regulates immune signaling in ticks. 

Furthermore, I determined that Crq is critical for tick fitness and physiology. This work 

expanded our knowledge of non-insect arthropod immunity and may inform future efforts 

to understand the evolution of innate immunity.  
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APPENDIX: SUPPLEMENTARY MATERIAL  

Appendix Table 1. Primers used in this study 
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Appendix Table 1 continued  
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Appendix Table 1 continued  
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Appendix Table 2 

Proteomics results for pulldown assay with biotinylated POPG. Results were filtered 

using the Contaminant Repository for Affinity Purification (CRAPome) database to 

remove common contaminants. Table displays results subsequently filtered by the gene 

ontology (GO) term “membrane” and the keyword “receptor”. PSMs=peptide spectrum 

matches, AAs=amino acids, MW=molecular weight, KDa=kilodaltons, pI=isoelectric 

point. 



81 
 

 



82 
 

 

Appendix Table 3 

 

Appendix Table 4 

  

Gene CHR POS 
Expected 
LoF SNVs 

Observed 
LoF SNVs 

o/e (90% 
CI) 

SCARB1 12 
125261402-
125367214 25 7 

0.028 (0.16-
0.52) 

SCARB2 4 
7079890-
77135046 25 11 

0.44 (0.27-
0.72) 

CD36 7 
79998891-
80308593 23 66 2.8 (1.8-2) 

Variable Estimate SE P Value 

CD36 LoF burden 4.4 2.1 0.041 

Statin -2.3 0.62 1.8 x 10-4 

Age -0.015 0.018 0.42 

Sex -16 0.54  <2.0 x 10-16  

BMI 0.046 0.041 0.25 

Constraint of CD36 family members in the Genome Aggregation Database 

(gnomAD). SCARB1 and SCARB2 were highly constrained (o/e<1) when compared to 

CD36 (o/e>1). CHR=chromosome; POS=position in GRCh37/hg19; LoF=loss-of-

function; SNVs=single nucleotide variants; expected LoF SNVs=expected number of 

LoF SNVs in gnomAD based on a mutational model that accounts for sequence 

context, coverage, and methylation; observed LoF SNVs=observed number of LoF 

SNVs in gnomAD; o/e (90% CI)=constraint score of the ratio of observed to expected 

number of LoF variants in the gene along with the 90% confidence interval. 

Association of CD36 loss-of-function burden with total cholesterol. Addition of a 

CD36 LoF allele was associated with a 4.4 mg/dL increase in total cholesterol. 

Variable=predictor variable in multivariable regression of cholesterol levels; CD36 

LoF burden=burden of LoF variants in CD36 calculated as the sum of all CD36 LoF 

alleles present in a carrier (0=no LoF alleles, 1=one LoF alleles, 2=two LoF alleles); 

BMI=body mass index; estimate=effect size estimate of CD36 LoF burden on 

cholesterol levels adjusted for statin use, age, sex, body mass index, and 10 genetic 

principal components; SE=standard error.  
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Appendix Table 5 

Characteristic BioMe Biobank (n=28,877) 

Age, mean (SD) 58 (26) 

Sex, n (%)   

      Female 16,539 (57) 

      Male 12,338 (43) 

Ancestry, n (%)   

      European 9,559 (33) 

      African 6,847 (24) 

      Hispanic 9,387 (33) 

      Other 3,023 (10) 

Measurements, mean (SD)   

      BMI, kg/m2 28 (6.7) 

      Total cholesterol, mg/dL 180 (39) 

      Neutrophils, % 62 (11) 

      Lymphocytes, % 27 (10) 

      Statins, n (%) 8,368 (29) 

Diagnoses, n (%)   

      CAD 6291 (22) 

      Lyme disease 256 (0.89) 

 

  

Baseline characteristics of study population from the BioMe Biobank. Ancestry, 

self-reported; other, other miscellaneous ancestries besides the ones listed; 

measurements, clinical and laboratory; BMI, body mass index; CAD, coronary artery 

disease. Values in parentheses denote standard deviation (SD) or percent (%) and are 

labeled accordingly. 
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Appendix Figure 1 

 

 

  

Predicted structure of the Crq ectodomain using AlphaFold. The Crq ectodomain 

as predicted by AlphaFold shown as a surface representation (A) and a Ribbon 

diagram (B). C. The predicted structure of Crq (gray) aligned to the Phyre2 generated 

model of Crq (red) (RMSD = 0.89 Å) showing structural similarity between the 

models. Structures were visualized in Pymol. RMSD=root-mean-square deviation. 
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Appendix Figure 2  

Protein purification and 2D-nuclear magnetic resonance spectroscopy of Crq-

His. A. Representative western blot of purified Crq-His (anti-His). B. Coomassie blue 

staining of purified Crq-His. C. 2D-[1H, 15N]-TROSY-HSQC spectrum of Crq-His at 

950 MHz (1H dimension). Approximately 260 of the 384 possible correlations were 

observed in the 2D HSQC NMR spectrum. Correlations were well dispersed in both 

the 1H and 15N dimensions, as compared to chemical shift values in an unfolded 

protein. Correlations were consistent with HN moieties existing in folded regions of 

the Crq-His protein. That ~30% of the possible HN correlations were not observed 

suggest that at least some region(s) of Crq-His were flexible on the chemical shift 

timescale [3]. TROSY=Transverse relaxation optimized spectroscopy; 

HSQC=Heteronuclear Single Quantum Coherence; NMR=Nuclear magnetic 

resonance. 
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Appendix Figure 3  

Confocal microscopy of Crq in ISE6 cells. A. Diagram of the Crq-DsRed-N1 

construct used for ectopic expression. B. Ectopic expression of DsRed-tagged Crq in 

the ISE6 tick cell line. Green - plasma membrane; blue – 4’,6-diamidino-2-

phenylindole (DAPI). Data represent one of two independent experiments. (-)=empty 

vector; ori=origin of replication; MCS=multiple cloning site; NeoR=neomycin 

resistance; KanR=kanamycin resistance; AmpR=ampicillin resistance.  
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Appendix Figure 4 

  

Fitness parameters in crq silenced nymphs. A. Expression of crq over time of 

feeding in naïve I. scapularis ticks (n=3-6 per time point, 3 nymphs pooled per 

replicate). Results are displayed as copies of crq per 105 copies of I. scapularis 

actin. B. Attachment of ticks microinjected with crq siRNA (sicrq) or scrambled 

RNA (sccrq). ~25 ticks were placed per mouse and allowed to feed for up to five 

days. Each point represents the percentage of fully repleted ticks recovered from a 

mouse out of total placed (n=5). C. Metamorphosis of sicrq and sccrq ticks. Ticks 

were allowed to feed until repletion and subsequently monitored for molting. Each 

point represents the percentage of ticks that molted out of total recovered per mouse 

(n=3). D and E. Expression of ecdysteroid receptor genes ecr (D) and usp (E) in 

fully repleted sicrq and sccrq ticks (n=10-24). Results are represented as means +/- 

SE. Statistical significance was evaluated by an unpaired t test with Welch’s 

correction. NS=not significant. 
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Appendix Figure 5 

 

  

Peptide alignment of I. scapularis ctenidin-1 and related glycine-rich peptides 

from spiders. The sequence of an I. scapularis ctenidin-1 peptide (annotated as 

“ctenidin-1-like”) was aligned to the Cupiennius salei (tiger spider) ctenidin-1, C. 

salei ctenidin-3, and Acanthoscurria gomesiana (tarantula) acanthoscurrin-1 peptide 

sequences. The sequence alignment was generated using Multiple Sequence 

Comparison by Log Expectation (MUSCLE) and visualized with JalView. Residues 

are color-coded by the conservation index and percentage identity to I. scapularis 

ctenidin-1. 
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Appendix Figure 6 

 

Appendix Figure 7 

  

ctenidin-1 is regulated by the IMD-specific NF-κB molecule Relish in vitro. relish 

silencing efficiency and ctenidin-1 expression in IDE12 cells. Cells were transfected 

with relish siRNA (sirelish) or scrambled RNA (screlish) (n=9). Results are 

represented as means +/- SE. Statistical significance was evaluated by an unpaired t 

test with Welch’s correction. *, p<0.05. 

 

 

ctenidin-1 is not regulated by the Toll-specific NF-κB molecule Dorsal in vitro.  

dorsal silencing efficiency and ctenidin-1 expression in IDE12 cells. Cells were 

transfected with dorsal siRNA (sidorsal) or scrambled RNA (scdorsal) (n=5). Results 

are represented as means +/- SE. Statistical significance was evaluated by an unpaired 

t test with Welch’s correction. *, p<0.05. 
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