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ABSTRACT 

Title of Dissertation: XIAP-p47 Pairing Activates the Immune Deficiency Pathway in the Lyme 

Disease Tick Ixodes scapularis 

Erin E. McClure Carroll, Doctor of Philosophy, 2019 

Dissertation Directed by: Joao Pedra, Ph.D., Associate Professor, Department of Microbiology 

and Immunology 

 

Globally, vector-borne diseases account for 17% of all infectious diseases. Most vectors 

are blood-feeding arthropods, which transmit bacterial, viral, and parasitic diseases to humans 

and animals. The tick Ixodes scapularis transmits seven pathogens, including Borrelia 

burgdorferi, the agent of Lyme disease. Lyme disease is the most important vector-borne disease 

in the United States and causes an estimated 329,000 infections annually. Best described in the 

model organism Drosophila melanogaster, the arthropod immune deficiency (IMD) pathway 

responds to microbial infection through activation of Relish, a nuclear factor (NF)-κB family 

transcription factor.  

In I. scapularis ticks, the E3 ubiquitin ligase X-linked inhibitor of apoptosis (XIAP) 

regulates the IMD pathway through ubiquitylation. Yet, the tick genome notably lacks homologs 

to genes encoding key IMD pathway proteins as described in Drosophila. How XIAP activates 

the IMD pathway in response to microbial infection is poorly characterized and targets of XIAP-

mediated ubiquitylation remain unknown. In this study, we identified the XIAP enzymatic 

substrate p47 as a positive regulator of the I. scapularis IMD network. XIAP polyubiquitylates 

p47 in a lysine (K)63-dependent manner and interacts with the ubiquitin-like (UBX) domain of 

p47. p47 also binds to Kenny (IKKγ/NF-κB essential modulator [NEMO]), the regulatory 



subunit of the inhibitor of NF-κB kinase (IKK) complex. Replacement of the amino acid lysine 

with arginine in the p47 linker region completely abrogated molecular interactions with Kenny. 

Furthermore, reduction of p47 transcription levels through RNA interference in I. scapularis 

limited Kenny accumulation, reduced phosphorylation of IKKβ (IRD5), and impaired cleavage 

of the NF-κB molecule Relish. Accordingly, disruption of p47 expression increased microbial 

colonization of the tick-transmitted spirochete B. burgdorferi and the rickettsial agent Anaplasma 

phagocytophilum. In summary, we demonstrated that XIAP ubiquitylates p47 in a K63-

dependent manner, culminating in Relish activation and antimicrobial responses. Manipulating 

immune signaling cascades in I. scapularis may lead to innovative approaches to reducing the 

burden of tick-borne diseases. 
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CHAPTER 1: INTRODUCTION AND BACKGROUND 

 

1.1 Vector-borne infectious diseases 

Infectious diseases remain a significant public health threat despite antibiotics and 

vaccines. According to data from the World Health Organization, 17% of all infectious 

diseases are vector-borne
1
. Blood-feeding arthropods such as mosquitoes, sandflies, and 

ticks transmit bacterial, viral, and parasitic infections to humans, leading to over 700,000 

deaths annually as well as significant morbidity and economic costs
1
. Recent severe 

outbreaks of vector-borne infections have strained healthcare systems and highlighted the 

need for improved control of arthropod vectors of disease
2
.  

 

1.2 Ticks as vectors 

Ticks are globally distributed ectoparasites that transmit infectious diseases to 

humans and other animals
3,4

. They exclusively feed on blood and have been found on 

every continent except Antarctica
5
. As the top vector of veterinary infections, ticks cause 

tremendous economic losses and contribute to global food insecurity
3,6

. Ticks are also 

important vectors of human disease, especially in the Northern hemisphere
4,6

. Globally, 

the expansion of tick populations and distributions has been aided by climate change
7
. 

Human encroachment on tick habitats
8
 coupled with larger tick populations and rising 

incidences of emerging and re-emerging infectious diseases
9
 mean that people are at 

increased risk for acquiring tick-transmitted infections
4,6,10-12

.  

Ticks are arthropods and belong to the subphylum Chelicerata, which also 

contains spiders, scorpions, and mites
13

. Ticks can be divided into three main families: 

Nuttalliellidae, Argasidae, and Ixodidae. The family Nuttalliellidae contains only a single 
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species, Nuttalliella namaqua
14

. All of the other tick species are categorized as either soft 

(argasid) or hard (ixodid) ticks. Soft ticks tend to be larger and longer-lived, and exhibit a 

flexible cuticle that readily expands during blood-feeding
15

. Hard ticks have a tough 

cuticle and additional morphological and life cycle characteristics that distinguish them 

from soft ticks
13

. Both argasid and ixodid ticks transmit infectious diseases, but hard ticks 

contribute most to the global tick-borne disease burden
16

.  

 

1.3 Ixodes scapularis 

The most medically relevant arthropod vector of disease in the United States is 

the blacklegged tick Ixodes scapularis. I. scapularis belongs to the Ixodes ricinus 

complex, which consists of four species of evolutionarily related ticks with broad 

distributions
17

. I. ricinus is a widespread European tick, while Ixodes persulcatus inhabits 

central Asia
18

. In North America, Ixodes pacificus can be found on the West Coast of the 

United States
18

.  I. scapularis was primarily distributed in the Northeast and the Upper 

Midwest; however, the tick’s range has expanded in recent years to include most states 

east of the Mississippi River
18,19

. This work will focus on the I. scapularis tick. 

I. scapularis is a three-host tick that lives approximately two years (Figure 1)
19-22

. 

These ticks feed once per life stage and seek progressively larger hosts as they mature. 

The I. scapularis life cycle starts when larval ticks hatch from eggs in the spring to early 

summer. They have six legs and are barely visible to the human eye. During the late 

spring and summer, larvae parasitize hosts such as small rodents and birds. They molt 

into larger, eight-legged nymphs in the late summer. The newly emerged nymphs 

overwinter unfed until the spring of their second year of life. They then feed on small 
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mammals and birds during the late spring and summer and molt into sexually dimorphic, 

3 mm long adults in the fall. Adult ticks mate either off host or on large mammals while 

the female takes a final bloodmeal either that fall or following winter dormancy. Males 

feed minimally, if at all, and die after mating. Female adults overwinter, deposit eggs in 

the spring to early summer, and die
20

.  

 

 

 

Figure 1: The life cycle of Ixodes scapularis ticks. 

I. scapularis is a woodland-associated, three-host tick with approximately a two-year lifespan. A tick 

must take a single bloodmeal prior to molting and maturing into the next life stage. In the spring to 

early summer, eggs hatch into larvae. Larval ticks feed on small mammals and birds in the summer, and 

molt into nymphs in late summer to early fall. Unfed nymphs overwinter and emerge ready to feed the 

following spring before larvae are active. Nymphs are the most clinically relevant life stage of I. 

scapularis ticks as they transmit the infections acquired during as larvae to humans during their 

bloodmeal. Next, nymphs molt into adults in the fall. Adult ticks mate either off host or on large 

mammals (e.g. white-tailed deer), and the adult female must feed one final time to acquire sufficient 

nutrients to lay eggs. The female tick overwinters and lays eggs the following spring. Adult ticks of 

both sexes die following mating and oviposition. f, female; m, male. Figure adapted from the Centers 

for Disease Control and Prevention
20

.  
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The hallmark anatomical feature of hard ticks like I. scapularis is the scutum, a 

dark plate covering part or most of the dorsal surface of the tick (Figure 2)
15,23

. The 

mouthparts consist of the chelicerae and hypostome flanked by the palps
24

. The serrated 

chelicerae cut into host skin to generate the feeding lesion. The barbed hypostome 

anchors the tick and serves as a conduit by which blood is ingested and saliva egested
24

. 

Like other hard ticks, I. scapularis sips slowly from the feeding lesion at first. During this 

initial engorgement phase, new cuticle is synthesized to accommodate the “big sip,” a 

colorful term which describes the final phase of tick feeding. During the big sip, the tick 

consumes a large volume of host blood prior to detaching
5,13

.  

The most prominent internal anatomical features of I. scapularis are the salivary 

glands and midgut, which undergo morphological changes as the tick feeds and 

matures
25

. The salivary glands are responsible for synthesizing and secreting a variety of 

factors that enable efficient and long-term feeding
26-29

. Some of these factors include 

Figure 2: Highlights of external and internal I. scapularis anatomy. 

Externally, hard ticks can be distinguished from soft ticks by the presence of the scutum, a hard plate 

located on the tick dorsum. In I. scapularis, the size of the scutum depends on the life stage and sex of 

the tick. The tick mouthparts allow feeding, and consist of the hypostome and chelicerae, which are 

flanked by the palps. Internally, the hemocoel, or body cavity, of I. scapularis contains the major 

organs, which are bathed in a circulatory fluid known as hemolymph. Internal organs change in 

structure and characteristics depending on feeding status and life stage of the tick. The salivary glands 

and midgut are the most relevant organs in the context of tick-transmitted diseases
15

. 
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immunomodulatory and anti-inflammatory molecules, anti-coagulants, analgesics, and 

cement proteins that protect the tick from host immunity and physical dislodgement. 

Blood enters the midgut, the digestive organ of I. scapularis (Figure 2), while excess 

fluid is intermittently secreted into the host as saliva until the tick has fed to repletion and 

detaches. Salivary secretion during engorgement serves to concentrate the ingested blood 

two- to threefold. The bloodmeal remains in the midgut and is slowly digested 

intracellularly
5,25

.  

 

1.4 Pathogens transmitted by I. scapularis 

Seven pathogens, which include bacteria, viruses, and parasites, can be 

transmitted by I. scapularis (Table 1)
19,30

. Some ticks have narrowly defined host ranges; 

however, I. scapularis feeds promiscuously and does not require a human host to 

complete its life cycle
22

. Humans are incidental hosts for the I. scapularis-transmitted 

pathogens, which are maintained in reservoir populations such as small rodents
19

, 

meaning that humans are only accidentally infected
19,30

.  
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Table 1: Pathogens transmitted by I. scapularis. 
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The most common pathogen transmitted by I. scapularis is the Lyme disease 

spirochete Borrelia burgdorferi. In most cases, Lyme disease is characterized by 

erythema migrans (bullseye rash) and other symptoms such as fever and joint pain
18,31

. 

While usually remedied with a course of antibiotics, about 10% of patients develop a 

poorly understood post-treatment syndrome characterized by persistent joint pain and 

neurological impairment
32,33

. About 30,000 cases of Lyme disease are reported annually 

in the United States, although the true number is likely 10 times higher, and these cases 

cost between $700 million and $1.3 billion in direct medical expenditures in 2015
34-36

. 

Borrelia mayonii also causes some cases of Lyme disease; however, it was only first 

recognized as a pathogen in 2016 and as such has not been well-studied
37,38

. Borrelia 

miyamotoi, a relative of relapsing fever spirochetes, causes a disease characterized by 

fever, headache and laboratory findings of leukopenia, thrombocytopenia and elevated 

liver transaminases, but not cyclic fevers
39,40

. B. miyamotoi can be cleared with 

antibiotics
40

.  

In addition to the spirochetes, I. scapularis ticks transmit two other bacterial 

pathogens known as Anaplasma phagocytophilum and Ehrlichia muris subspecies 

eauclairensis. As obligate intracellular bacteria, these bacteria adopt a drastically 

different lifestyle than the Borrelia spirochetes. A. phagocytophilum preferentially infects 

neutrophils and causes human granulocytic anaplasmosis (HGA)
41-44

, while E. muris 

subsp. eauclairensis causes a mild ehrlichiosis in humans
45-47

. Anaplasmosis patients 

exhibit non-specific symptoms that often include fever, headache, chills, and occasionally 

liver damage. Anaplasmosis ranges in severity with older patients experiencing more 

severe symptoms. Doxycycline is the antibiotic of choice for treating HGA and 
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erhlichiosis
41,45,46

. Except for B. miyamotoi, bacterial pathogens transmitted by I. 

scapularis are only maintained transstadially in ticks and thus must be acquired by every 

new generation of ticks through feeding on reservoir hosts
19

.  

Ticks in the I. ricinus complex transmit flaviviruses belonging to the tick-borne 

encephalitis (TBEV) serocomplex
48

. TBEV is endemic to Europe and parts of Asia, while 

the North American representative of the TBEV serocomplex is Powassan virus 

(POWV). POWV is a rare, untreatable neurotropic viral infection against which no 

vaccines are available
48

. Initially, POWV infection presents as a fever followed by a 

wave of encephalitic symptoms that include paralysis and loss of coordination
49

. Long-

term neurological side effects are evident in about half of POWV survivors
48

.  

The seventh pathogen transmitted by I. scapularis is the apicomplexan parasite 

Babesia microti, which, like other apicomplexans like Plasmodium spp., infects host 

erythrocytes
19,50,51

. Babesiosis ranges from asymptomatic illness to severe disease. 

Patients with mild cases exhibit fever, flu-like illness, and anemia, while the signs of 

severe disease include disseminated intravascular coagulation and organ failure. Co-

infection of B. microti with other tick-transmitted pathogens may lead to more severe 

disease
50,52

. A two-week regimen of anti-parasitic and anti-bacterial drugs is used to treat 

babesiosis
50,53

. 

Most of our knowledge of tick-microbial interactions comes from studies of B. 

burgdorferi (Figure 3)
54

. I. scapularis larvae acquire B. burgdorferi by feeding on an 

infected host. The ingested spirochetes colonize the midgut and reside there for the entire 

life of the tick. The fed larva molts into a nymph, which is the most clinically relevant 

tick life stage, owing to its small size and ability to transmit pathogens
18,31

.  
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Figure 3: Transmission of Borrelia burgdorferi by I. scapularis – a model for the transmission of 

tick-borne microbes. 

I. scapularis ticks acquire B. burgdorferi by feeding on infected hosts as larvae or nymphs. Spirochetes 

colonize the tick midgut persistently at low levels throughout the life of the tick. (1) The incoming 

blood of a subsequent bloodmeal triggers the resident spirochetes to replicate rapidly. (2) Some 

spirochetes access the hemocoel and migrate to the salivary glands (SG), where they are (3) egested into 

the host along with tick saliva. Ticks must remain attached to the host for 24-48 hours for efficient 

spirochete transmission to occur
54

.  
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The nymph feeds on a host, triggering exponential replication of the resident 

spirochetes in the midgut lumen in response to the influx of blood
55

. A few spirochetes 

manage to breach the midgut epithelium and disseminate to the tick’s salivary 

glands
54,56,57

. From there, the B. burgdorferi bacteria are egested into the host with tick 

saliva during feeding
56

. I. scapularis ticks must feed for 24-48 hours for efficient 

bacterial transmission to occur
55,58

. Multiday feeding is also necessary for the 

transmission of B. microti
58

, while POWV can be passed to the host within minutes to 

hours of feeding
59

.  

 

1.5 Arthropod immunity 

Arthropods have complex immune systems that protect them from microbial 

infection
60

. Immunity is particularly relevant to vector-borne diseases, since the arthropod 

immune system influences vector competence, i.e., the ability to acquire, maintain, and 

transmit pathogens
61

. Arthropods engage innate cellular and humoral immunity programs 

to modulate microbial loads and to protect themselves from detrimental microbial 

invasion but lack classical adaptive immunity
61,62

. Our understanding of arthropod 

immune signaling pathways has been informed almost solely by the Drosophila 

melanogaster (hereafter referred to as Drosophila) model
60

. 

Arthropods have an open circulatory system that contains hemolymph, a blood-

like organ containing hemocytes
63

. Plasmatocytes are the most abundant type of 

hemocyte
64,65

. These professional phagocytes engulf pathogens and clear debris in a 

manner similar to macrophages
65

. Crystal cells are another class of hemocyte tasked with 

producing prophenoloxidase, which is cleaved to generate active phenoloxidase during 
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the melanization immune response. Collectively, hemocytes sequester and kill invading 

microbes through cellular immune responses
66

.  

The hallmark of arthropod humoral immune activation is the production of 

antimicrobial peptides (AMPs) by plasmatocytes, enterocytes, and cells in the fat 

body
61,64,66

. Microbial ligands induce AMP production through two humoral immune 

signaling networks. In the Toll pathway, some members of the poorly named Gram-

negative binding protein family (GNBPs) and peptidoglycan (PGN) recognition proteins 

(PGRPs) detect Gram-positive bacteria and fungi
67-69

. GNBP1 binds to lysine-type PGN 

(Lys-PGN) and forms a complex with PGRP-short A (PGRP-SA). Activated GNBP1 

processes the PGN, allowing PGRP-SA-mediated recognition
70,71

. Another short PGRP 

transcript, PGRP-SD, also recognizes Lys-PGN, but without a cofactor
72

. Fungal β-

glucans are detected by GNBP3
73

. Following recognition of the microbial ligands, a 

series of protease cascades leads to the cleavage of the cytokine Spätzle (Spz). Cleaved 

Spz dimerizes and activates the Toll receptor. Toll signaling culminates in MyD88-

mediated nuclear factor (NF)-κB activation and subsequent AMP (e.g., drosomycin) 

production
67

.  

The second arthropod humoral immune signaling pathway is the immune 

deficiency (IMD) pathway, which responds to Gram-negative bacteria and is functionally 

analogous to the tumor necrosis factor (TNF) receptor pathway in mammals
60,74,75

. The 

Janus-activated kinase (JAK)-Signal transducer and activator of proteins (STAT) 

pathway participates in antiviral responses and crosstalks with the Toll and IMD 

networks; however, the JAK-STAT pathway technically does not constitute humoral 

immunity
61

. 
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1.6 The immune deficiency pathway 

In Drosophila, the IMD pathway is triggered by diaminopimelic (DAP)-type PGN 

found primarily in Gram-negative and some Gram-positive bacteria
75

 (Figure 4).  

  

Figure 4: A comparison of immune deficiency (IMD) pathway architecture in Drosophila and I. 

scapularis. 

The IMD signaling network in I. scapularis ticks contains the same core signaling relay as Drosophila 

and culminates in the phosphorylation and cleavage of the nuclear factor (NF)-κB molecule Relish. 

Similar to Drosophila, the IMD pathway is regulated by lysine (K)63-polyubiquitylation mediated by 

X-linked inhibitor of apoptosis (XIAP), an E3 ubiquitin ligase analogous to Drosophila Inhibitor of 

apoptosis 2 (IAP2). However, upstream signaling components, such as the receptor and central adaptor 

molecules, as well as the targets of Relish are unknown in the tick system. PGN, peptidoglycan; PGRP, 

Peptidoglycan recognition protein; DAP, diaminopimelic; FADD, Fas-associated death domain; 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. 
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As in the Toll pathway, PGRPs detect PGN
76

. Transmembrane PGRP-LC binds 

DAP-PGN in concert with the two secreted co-receptors PGRP-SD
77

 and truncated 

PGRP-long E (PGRP-LE)
75

. Full-length cytosolic PGRP-LE surveys the intracellular 

space and detects cytoplasmic monomeric DAP-PGN (also known as tracheal cytotoxin 

[TCT])
75

, which is transported into the cytosol by solute carrier family (SLC) 46 

transporters
78

. Other PGRPs dampen IMD responses by degrading free DAP-PGN or by 

antagonizing PGRP-LC
79

. 

The binding of DAP-PGN to PGRPs recruits a protein complex consisting of the 

death domain-containing adaptor proteins Imd
80

 and Fas-associated death domain protein 

(FADD)
81

, as well as the caspase-8 homolog Dredd in Drosophila
82,83

. Dredd cleaves 

Imd, exposing a polyubiquitylation site, allowing the E3 ubiquitin ligase Inhibitor of 

apoptosis 2 (IAP2) to ubiquitylate Imd in a lysine (K)63-dependent manner
84,85

.  The 

resulting ubiquitin scaffold functions as a docking platform for a downstream kinase 

cascade
86-89

, which culminates in the phosphorylation and cleavage of the NF-κB 

molecule Relish
90,91

. The N-terminal Relish fragment translocates to the nucleus and 

activates genes encoding proteins involved in the immune response, such as AMPs
79,91-93

.  

For decades the insect model organism Drosophila has been used to study 

arthropod-pathogen interactions and immunity
61

. However, increasing evidence suggests 

that Drosophila may not faithfully represent non-insect arthropods, such as ticks, whose 

ancestral lineage diverged from insects and crustaceans over 500 million years ago
61,62,94-

96
. For example, the IMD pathway exists as two distinct immune circuits in Drosophila 

and I. scapularis
97

. While both pathways are triggered by microbial ligands and result 

ultimately in the cleavage of the NF-κB molecule Relish to initiate antimicrobial 
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transcriptional programs, key differences exist between the upstream signaling cascades 

(Figure 4). 

Homologs to the key Drosophila IMD pathway genes, such as imd, fadd, and the 

transmembrane PGRP ird7 have not been identified in the tick genome
62,94-96,98

. 

However, we discovered that I. scapularis employs an alternative IMD signaling network 

to limit B. burgdorferi and A. phagocytophilum acquisition
97

. While the tick IMD 

pathway retains most of the core IMD pathway components found in insects, some key 

differences remain. We showed that microbial lipids (e.g., 1-palmitoyl-2-oleyl-sn-

glycerol-3-phosphoglycerol (POPG)) activate the IMD pathway, although the receptor to 

which they bind is currently unknown
97

. In the Drosophila IMD pathway, IAP2 

positively regulates signal transduction through K63-ubiquitylation of the adaptor Imd. In 

I. scapularis, the Really Interesting New Gene (RING)-type ubiquitin ligase XIAP is 

responsible for positively regulating the IMD pathway (Figure 4)
97,99

. Together with the 

Ubiquitin activating enzyme E1 (Ube1) and the heterodimeric E2 conjugating enzyme 

complex Ubiquitin-conjugating enzyme E2 variant 1A (Uev1a) and Bendless, XIAP 

performs K63-linked ubiquitylation and restricts B. burgdorferi and A. phagocytophilum 

infection
97,99

. 

 

1.7 Open questions in the tick IMD pathway 

The absence of genes encoding key classical IMD pathway components suggests 

several open questions. For instance, the targets of I. scapularis Relish are unknown, as 

homologs to AMPs specifically regulated by Drosophila Relish are absent in I. 

scapularis
98

, and attempts to find Relish-regulated genes in ticks have proven fruitless. 
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The receptor of the tick IMD pathway is also unknown. Despite lacking transmembrane 

PGRPs, the I. scapularis IMD signaling network responds to DAP-PGN and two lipid 

agonists
97

. The diversity of agonists suggests that there may be several receptors or co-

receptors that lead to IMD pathway-regulated Relish cleavage. The molecular mechanism 

linking XIAP-mediated polyubiquitylation and Relish activation is also poorly 

understood. In the Drosophila system, IAP2 polyubiquitylates the adaptor molecule Imd 

(Figure 4)
80,85

. However; in I. scapularis, no homolog to imd or substrates of XIAP have 

been identified. Whether ubiquitylated substrates of XIAP impact anti-pathogen defenses 

in I. scapularis also remains elusive. 

To find candidate substrates of XIAP, A. phagocytophilum-infected I. scapularis 

cell line (ISE6) lysates were incubated with recombinant I. scapularis XIAP tagged with 

glutathione-S transferase (GST). We then co-immunoprecipitated XIAP-GST and 

identified the protein p47 as a potential binding molecule through mass spectrometry. p47 

is a highly conserved protein found in diverse eukaryotes ranging from Saccharomyces 

cerevisiae (Suppressor of high-copy PP1 protein [Shp1])
100-102

, Drosophila (Eyes closed 

[Eyc])
103

, and to mammals (N-ethylmaleimide-sensitive factor [NSF]-like 1 [NSFL1] 

cofactor p47)
104

. It contains two ubiquitin-associated domains: an N-terminal ubiquitin 

binding domain (UBA)
105

 and a C-terminal ubiquitin-like domain (UBX)
105,106

. First 

described as a cofactor of the ATPase p97, p47 binds p97 and targets this molecule to 

various subcellular locations
100,102,104,107,108

. The molecular scaffold composed of p47 and 

p97 is involved in cell cycle regulation and organelle membrane 

biogenesis
100,102,104,107,108

. In yeast, the Shp1 (p47)/Cdc48 (p97) complex has also been 

implicated in membrane formation in autophagy. Shp1 interacted directly with ubiquitin-
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like Atg8 to promote autophagosome biogenesis through an unknown mechanism
109

. p47 

also acts independently of p97 in NF-κB regulation. In humans, p47 blunted NF-κB 

signaling in vitro by promoting the degradation of the polyubiquitylated NF-κB essential 

modulator (NEMO, also known as IKKγ)
110

. 

 

1.8 Project goals 

Given the evolutionary conservation of p47 and the link to regulation of NF-κB 

signaling pathways, we investigated the role of p47 in tick IMD antimicrobial responses. 

We hypothesized that XIAP binds and polyubiquitylates p47 in a K63-dependent manner 

during IMD pathway activation in I. scapularis ticks. I investigated this central 

hypothesis in three specific aims (Figure 5).  
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Figure 5: Graphical abstract of this project. 

The protein p47 was identified as a putative substrate of XIAP in I. scapularis. Aims 1-3 are designed 

to investigate the central hypothesis that XIAP binds and polyubiquitylates p47 in a K63-dependent 

manner during IMD pathway activation in ticks.   
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Aim 1: Examine the molecular and biophysical interactions between XIAP 

and p47. In this aim, I used standard protein biochemistry techniques as well as surface 

plasmon resonance (SPR) to validate the interaction between XIAP and p47, measure the 

binding affinity between the two molecules, and determine which domain of p47 was 

responsible for binding to XIAP. We demonstrated that p47 and XIAP interact with 

nanomolar affinity, and that the UBX domain of p47 is required for binding to XIAP.  

Aim 2: Examine the biochemical interactions between XIAP and p47. The 

goal of Aim 2 was to determine if p47 was an enzymatic substrate of the E3 ubiquitin 

ligase XIAP. I used cell-free ubiquitylation assays to demonstrate that XIAP 

polyubiquitylates p47 in a K63-dependent manner.  

Aim 3: Determine if p47 is member of the IMD pathway in I. scapularis. 

While Aims 1 and 2 focused on the interactions between XIAP and p47, the goal of Aim 

3 was to define the functional role of p47 in I. scapularis immunity. I demonstrated 

impaired IMD pathway signaling as well as enhanced microbial colonization upon p47 

silencing in I. scapularis cell lines and nymphs. I also showed that p47 binds to Kenny, 

another member the IMD signaling network.  

Our findings answered two open questions in the tick humoral immune signaling 

field. First, we demonstrated that p47 is a substrate of XIAP, that is, p47 is 

polyubiquitylated by XIAP in a K63-dependent manner. Second, we also showed that 

p47, as a substrate of XIAP, positively regulates IMD pathway-mediated antimicrobial 

responses in I. scapularis. Collectively, these findings enhance our knowledge of immune 

signaling in ticks, which are critically understudied when compared to other medically 

relevant hematophagous arthropods (e.g. mosquitoes). Furthermore, our data highlight 
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the diversity of arthropod immune systems, and remind us that the simple transposition of 

immune signaling pathways from model organisms to other arthropods may lead to 

poorly characterized immune signaling paradigms and erroneous conclusions. In the 

future, our enhanced knowledge of the I. scapularis IMD signaling network may be 

leveraged to design novel strategies to reduce the global burden of vector-borne diseases.  
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CHAPTER 2: MATERIALS AND METHODS
1
 

The experimental procedures, antibodies, and primers in this chapter have been 

previously published
111

. 

Bacteria. E. coli BL21 (DE3) cultures were grown overnight at 37°C in lysogeny 

broth supplemented with 100 μg/ml ampicillin. Anaplasma phagocytophilum HZ was 

cultured in the human HL-60 cell line (ATCC, CCL-240)
112

. Host-free A. 

phagocytophilum was obtained by mechanical lysis using a syringe. Briefly, infected HL-

60 cells were collected at 2300 x g for 10 minutes at 4°C. The pellet was resuspended in 

cold phosphate buffered saline (PBS) pH 7.4 and lysed by passing four times through a 

25-gauge needle. Cellular debris was collected by centrifuging at 750 x g for 5 minutes at 

4°C. The supernatant was kept and subjected to syringe lysis as above. Host-free A. 

phagocytophilum were collected by centrifuging at 2300 x g for 10 minutes at 4°C. Host-

free bacteria were enumerated by this formula: number of infected HL-60s x 5 

morulae/cell x 19 bacteria/morula x 0.5 (50% recovery)
113

. Low passage B. burgdorferi 

B31 clone MSK5 was grown in Barbour-Stoenner-Kelly (BSK)-II medium supplemented 

with 6% normal rabbit serum at 37°C, as described elsewhere
114,115

. Profiling to ensure 

the presence of necessary virulence plasmids was performed, as described elsewhere
114

.  

 Enzyme-linked immunosorbent assay (ELISA).  A high-binding 96-well 

ELISA plate (Costar) was coated with either no protein, 11.4 pmol bovine serum albumin 

(BSA), 11.4 pmol p47-His, 50 ng recombinant wild-type (WT), Δ UBA, or Δ UBX p47-

His (for recombinant protein binding experiments), or 200 ng pooled flat tick lysate (for 

in vivo binding experiments) in 500 mM carbonate-bicarbonate buffer (pH 9.5) at 4°C 

                                                 
1
 McClure Carroll EE, et al. (2019). p47 licenses activation of the immune deficiency pathway in the tick 

Ixodes scapularis. Proc Natl Acad Sci U S A 116(1):205-210.   
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overnight. Plates were washed with PBS pH 7.4 with 0.05% Tween-20 (PBS-T) three 

times and blocked with 10% heat-inactivated fetal bovine serum (FBS) for 1 hour at room 

temperature, after which they were incubated with the indicated concentrations of GST 

(Thermo Scientific, 20237), XIAP-GST, or Kenny-GST for two hours at room 

temperature. Plates were washed five times with PBS-T and subsequently incubated with 

α-GST (Table 2) followed by an additional 5 washes and incubation with α-mouse IgG 

conjugated to horseradish peroxidase (HRP) for one hour at room temperature (Abcam, 

1:10,000).  Plates were washed seven times in PBS-T and developed with 3,3’,5,5’-

tetramethylbenzidine (TMB) (BD Biosciences) for 10-30 minutes. The reaction was 

stopped with 1 M H2SO4 and the absorbance was read at 450 nm with a 595 nm 

correction (Bio-Rad iMark). Background signal (BSA or no protein) was subtracted from 

the p47-His-coated well signal prior to graphing and statistical analysis. 
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Table 2: Antibodies used in this study.  

*No longer commercially available, **From Rhipicephalus microplus 
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Eukaryotic cell culture. All cell cultures were verified by polymerase chain 

reaction (PCR) to be Mycoplasma-free (Southern Biotech, 13100-01). The human cell 

line HL-60 (ATCC, CCL-240) was cultured in Roswell Park Memorial Institute (RPMI) 

medium supplemented with 10% heat-inactivated FBS (Gemini Bio-Products) and 1X 

GlutaMAX (Gibco). HL-60s were maintained in suspension cultures at densities ranging 

from 1 x 10
5
 to 1 x 10

6 
cells/ml. Human embryonic kidney (HEK) 293T cells were 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 

GlutaMAX, 10% heat-inactivated FBS, and 1% penicillin and streptomycin antibiotics 

(Corning). Mammalian cell cultures were maintained at 37°C and 5% CO2. The I. 

scapularis ISE6 and IDE12 cell lines were cultured in L15C300 medium supplemented 

with 10% heat-inactivated FBS (Sigma), 10% tryptose phosphate broth (BD, 260300), 

and 0.1% bovine lipoprotein concentrate (MP Biomedicals,191476) at 34°C. ISE6 and 

IDE12 cells were grown to confluence and either seeded at 3 x 10
6
 cells/well in 6-well 

plates (IDE12) (Sigma) or 1 x 10
6 
cells/well in 24-well plates (ISE6) (Celltreat), or 

subcultured at 1:1-1:20 in capped T25 flasks (Cellstar)
116

. The S2* cell line was cultured 

in Schneider’s Drosophila medium supplemented with 10% heat-inactivated FBS and 1% 

penicillin and streptomycin antibiotics
117

. The loosely adherent culture was maintained at 

a density between 1 x 10
6
 and 1 x 10

7
 cells/ml at 28°C.  

HEK 293T transfection and co-immunoprecipitation. HEK 293T cells were 

transfected, as described elsewhere
97

. Briefly, 4 μg pCMV-xiap- hemagglutinin (HA), 

pCMV-kenny-HA, pCMV-p47-FLAG, or pCMV-*p47-FLAG plasmids were transfected 

into 1 x 10
6
 HEK 293T cells with Lipofectamine 2000 (Invitrogen) using Opti-MEM I 

Reduced Serum Medium (Invitrogen). After five hours, the transfection reagent was 
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removed, and cells were left in complete medium for 48 hours. Cells were collected, 

washed once with PBS, and lysed in immunoprecipitation lysis buffer (Thermo 

Scientific). The cell lysate (250 μg to 1 mg) was incubated with 30-60 μl α-FLAG-M2 

(Sigma, A2220) or α-HA (Pierce, 26181) cross-linked agarose beads overnight at 4°C. 

Beads were washed three times (XIAP/p47 and Kenny/p47 co-immunoprecipitations) or 

six times (head-to-head comparison of Kenny/p47 and Kenny/*p47 co-

immunoprecipitations) with 50 mM Tris, 150 mM NaCl, pH 7.5 and boiled for 5 minutes 

in 2X Laemmli buffer to elute proteins. Boiled beads and input samples were analyzed by 

western blot for XIAP-HA, Kenny-HA, or p47-FLAG expression. 

Mouse infections. All mouse experiments were approved by the Institutional 

Biosafety (IBC, 00002247) and Animal Care and Use (IACUC, 0216015) 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 

numbers A3200-01, A323-01, A3270-1). Female eight- to 10-week old mice were used 

for tick experiments. C57BL/6 mice were infected intraperitoneally with 1 x 10
7
 host-free 

A. phagocytophilum HZ. C3H/HeJ mice (Jackson Laboratories, 000659) were infected 

intradermally with 1 x 10
5
 low-passage B. burgdorferi B31 MSK5.  

 p47 identification by mass spectrometry. The XIAP-GST co-

immunoprecipitation was performed by crosslinking recombinant XIAP-GST to 

glutathione agarose beads with bis(sulfosuccinimidyl)suberate (BS3, ThermoFisher, 

21580). ISE6 cells were infected with A. phagocytophilum at a multiplicity of infection 

(MOI) of 50 for 30 minutes and then sonicated in 20 mM Tris pH 8.9, 150 mM NaCl, 

0.01% Triton X-100 with protease inhibitors. The lysate was incubated with crosslinked 
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XIAP-GST for 1 hour at 4°C. Beads were washed four times and eluted in 20 mM Tris 

pH 8.9, 150 mM NaCl, 10 mM DTT, 5 mM EDTA, 0.01% Triton X-100 with 

PreScission Protease (GE Healthcare, 27-0843-01). Eluted proteins were precipitated, 

trypsinized overnight, desalted, and analyzed by the University of Maryland School of 

Pharmacy Mass Spectrometry Facility. Identified proteins were filtered to remove 

contaminants (e.g. keratin), XIAP, GST, and other associated proteins, as well as proteins 

involved in metabolism, DNA replication, RNA transcription, and protein synthesis. 

 Plasmids. The plasmids pCMV-HA (Christopher A. Walsh, plasmid #32530), 

pCMV-FLAG (Joan Massague, plasmid #15738), pMT/V5/His (Cyril Gueydan, plasmid 

#63752), and pCoPURO (Francis Castellino, plasmid #17533) were obtained from 

Addgene and were received as gifts from the depositing scientists. All constructs were 

amplified from tick or IDE12 cDNA using high-fidelity polymerase. Bendless and xiap 

were cloned into pGEX-6P-2 as previously reported
97,99

. Xiap was cloned into pCMV-

HA as previously reported for expression in HEK 293T
97

. Kenny cDNA cloned into 

pCMV-HA using the EcoRI and NotI restriction enzyme sites for expression in HEK 

293T cells. GenScript performed codon optimization of tick kenny for expression in E. 

coli. The codon-optimized insert was digested with BamHI and EcoRI and subcloned into 

the pGEX-6P-2 vector.  

GenScript performed codon optimization of p47 cDNA for expression in 

Drosophila S2* cells. Codon-optimized p47 was cloned into the pCMV-FLAG vector 

using the EcoRI and SalI. For expression in S2* cells, WT and mutant p47 genes were 

cloned into the pMT/V5/His vector using the EcoRI and AgeI sites. Domain deletion p47 

mutant constructs were generated from the full-length template using the primers 
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indicated in Table 3 and cloned into the pCMV-FLAG and pMT/V5/His vectors. PCMV-

*p47-FLAG was generated by mutating codons encoding lysine to arginine residues at 

positions 109, 139, 141, 154, and 300 (New England Biolabs, E0554). All plasmids were 

verified by sequencing. 

Protein extraction and subcellular fractionation. Cell pellets or pooled flat 

ticks were lysed with radioimmunoprecipitation (RIPA) buffer (Thermo Scientific, 

89900) buffer with protease inhibitors (Roche, 11836170001), and incubated at 4°C for 

20 minutes prior to centrifugation at 12,000 x g for 15 minutes at 4°C. The supernatant 

was kept at -80°C until western blotting. Cytoplasmic and nuclear protein extracts were 

prepared from 3 x 10
6
 IDE12 cells using the NE-PER Nuclear and Cytoplasmic 

Extraction Kit (Thermo Scientific, 78833) and stored at -80°C. Concentrated protein 

extracts were obtained by following the kit protocol for 10 μl packed cell volume. 

Quantitative reverse transcription PCR (qRT-PCR). The PureLink RNA Mini 

kit (Ambion, 12183025) was used to extract RNA from cells or engorged ticks preserved 

in Trizol. 500 ng RNA was used to synthesize cDNA with the Verso cDNA Synthesis Kit 

(ThermoFisher, AB-1453). P47 silencing and bacterial burdens were quantified by qRT-

PCR using the primers listed in Table 3. 
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Table 3: Primers used in this study. 
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Table 3 Continued 
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Table 3 Continued 

*These sequences were codon-

optimized for expression in 

Escherichia coli, HEK 293T, and 

Drosophila melanogaster hosts. 

Kenny-HA was not codon-

optimized; however, the kenny 

sequence subcloned into the 

pGEX-6p-2 vector was codon-

optimized for E. coli expression.  

 

** Primers were designed based on 

the relish sequence derived from an 

I. scapularis transcriptome (NCBI 

project number: PRJNA230499). 

 

***These primers were used to 

generate the *pCMV-p47-FLAG 

construct, where codons encoding 

lysines 109, 139, 141, 154, and 300 

were mutated to arginine. 
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Recombinant proteins. Recombinant XIAP and Bendless were produced as 

described previously
97

. E. coli BL21 (DE3) was transformed with the pGEX-6P-2-xiap, 

pGEX-6P-2-bendless, or pGEX-6P-2-kenny plasmids and induced with 0.1 mM isopropyl 

β-D-1-thiogalactopyranoside (IPTG) for 18 hours at 18-22°C. Cells were collected by 

centrifugation, resuspended in 20 mM Tris pH 8.9 (XIAP) or pH 8.1 (Bendless and 

Kenny), 300 mM NaCl, 5% glycerol, and lysed three times with the Microfluidics LV2 

homogenizer. Lysates were clarified by centrifugation, and the resulting supernatant was 

incubated with glutathione agarose beads (Thermo Scientific, 16100) for 1 hour at room 

temperature.  Beads were washed three times (50 mM Tris pH 8.0 and 150 mM NaCl) 

prior to elution with 50 mM Tris pH 8.0, 150 mM NaCl, and 10 mM reduced L-

glutathione. Eluates were concentrated on 3 kDa (Bendless-GST), 30 kDa (XIAP-GST), 

or 50 kDa molecular weight cut off (MWCO) (Kenny-GST) spin filter concentrators 

(Amicon EMD Millipore). Concentrated eluates were dialyzed against 1X PBS on 7 kDa 

MWCO desalting columns (Thermo Scientific, 89889). 

Recombinant full-length and deletion mutant p47-His proteins were produced by 

inducing stably transfected pMT-p47-His S2* cells with 500 μM CuSO4 for 48 hours. 

Cells were collected by centrifugation, resuspended in RIPA buffer with protease 

inhibitors and incubated in ice for 30 minutes with periodic brief agitation. The lysate 

was clarified by centrifugation at 3200 x g, 4°C, 30 minutes, and the supernatant was 

incubated with prepared Hi60 Ni Superflow resin (Clontech, 635659) for 1 hour at room 

temperature or overnight at 4°C. The resin was washed once with binding buffer (50 mM 

Tris pH 8.0, 100 mM NaCl, 5 mM imidazole, 0.1 mM EDTA) followed by three buffer 

washes (50 mM Tris pH 8.0, 300 mM NaCl, 10 mM imidazole, 0.1 mM EDTA). 
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Recombinant p47-His was eluted by incubating the resin for 5 minutes in 50 mM Tris pH 

8.0, 50 mM NaCl, 300 mM imidazole, 0.1 mM EDTA with protease inhibitors. All 

eluates were concentrated and dialyzed against 1X PBS.  

RNA interference (RNAi) silencing and tick experiments. P47 silencing RNA 

(siRNA) and the scrambled control RNA (scRNA) were synthesized with the Silencer 

siRNA construction kit (Ambion, AM1620) using the primers listed in this section. To 

silence p47, 3 μg or 10 μg siRNA or scRNA was transfected into 1 x 10
6
 ISE6 or 3 x 10

6
 

IDE12 cells using Lipofectamine 2000, respectively. After 24 hours, the transfection 

reagents were removed, and cells were infected with A. phagocytophilum at an MOI of 50 

(ISE6) or 150 (IDE12) for 18 hours (ISE6), or times indicated (IDE12). IDE12 cells were 

harvested, washed twice with PBS, and stored at -80°C. ISE6 cells were harvested in 

Trizol (Ambion, 15596018) and stored at -80°C. I. scapularis ticks were microinjected 

with 10 ng siRNA or scRNA, as described elsewhere
97

. After resting overnight, ticks 

were placed on infected, anesthetized mice seven (A. phagocytophilum) or 10 (B. 

burgdorferi) days post-infection and allowed to attach for 30 minutes. The anesthetic was 

subsequently removed, and ticks were allowed to feed until repletion. Fully engorged 

ticks were collected, weighed, and frozen in single tubes at -80°C until analysis. Ticks 

were snap frozen in liquid nitrogen and homogenized prior to RNA or protein extraction. 

 S2* transfection. 3 x 10
6
 S2* cells were seeded in 6-well plates and grown 

overnight at 28°C. CaCl2 (240 mM final concentration) was mixed with 19 μg plasmid 

DNA. Sterile H2O was added to bring the solution volume to 300 μl. The DNA/CaCl2 

solution was added dropwise to HEPES-buffered saline (50 mM HEPES, 1.5 mM 

Na2HPO4, 280 mM NaCl, pH 7.1). The resulting solution was incubated at room 
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temperature for 30 minutes, vortexed briefly, and added dropwise to the S2* cells. After 

incubating for 24h, cells were washed twice followed by the addition of fresh complete 

medium. Stably transfected S2* cell lines were generated by co-transfecting the pMT-His 

plasmid of interest and 1 μg pCoPURO. After 24 hours, cells were washed twice and 

grown in fresh complete medium for 48 hours. Successfully transfected cells were 

selected with 5 μg/ml puromycin. 

SPR. The Biacore 2000 instrument (GE Healthcare) was used to perform SPR. 

XIAP-GST or GST alone was captured to a Biacore CM5 chip (GE Healthcare) coated in 

α-GST antibodies. To determine the association and dissociation constants (KD = Kd/Ka) 

of the protein-protein interaction, increasing concentrations of p47-His diluted in HBS-

EP buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% v/v Surfactant 

P20) were flowed over the chip. Non-specific binding was corrected for by subtracting 

the GST: p47-His signal from the XIAP-GST: p47-His signal. Data were fitted with a 1:1 

binding mode with mass transfer using Biacore T200 Evaluation software to determine 

the kinetic rate constants and the KD for the XIAP: p47 interactions. 

Ticks. I. scapularis nymphs were supplied by the NIH Biodefense and Emerging 

Infectious Diseases (BEI) Research Resources Repository. Ticks were housed upon 

arrival at 23°C with 85% relative humidity and a 12/10-hour light/dark photoperiod 

regimen.  

Western blotting. The full western blotting procedure was described elsewhere
97

. 

Briefly, protein lysates were quantified by bicinchoninic acid (BCA) assay (Thermo 

Scientific, 23227). Equal amounts of protein were boiled in 6X Laemmli sample buffer 

(VWR) containing 5% β-mercaptoethanol. Proteins were separated by sodium dodecyl 
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sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Biorad mini-PROTEAN gels) 

and transferred onto polyvinylidene fluoride (PVDF) membranes (Biorad). Membranes 

were blocked for 1 hour with 5% skim milk (Biorad) in PBS-T, followed by overnight 

primary antibody incubation at 4°C in 0.25% skim milk PBS-T at the dilutions indicated 

in Table 2. Blots were washed three times in PBS-T and incubated with secondary 

antibodies for 1 hour at room temperature. Blots were next washed three times in PBS-T 

before 1-2 minutes incubation in fresh enhanced chemiluminescence (ECL) substrate 

solution prior to visualization (Thermo Scientific, 32106). If needed, blots were incubated 

in stripping buffer (Thermo Scientific, 21059) for 15 minutes at room temperature, and 

then washed three times in PBS-T prior to blocking and re-probing with the primary 

antibody.  

Ubiquitylation assays. The in vitro ubiquitylation reactions contained reaction 

buffer (500 mM Tris pH 7.4, 10 mM DTT), 1.5 mM Mg-ATP (Boston Biochemical, B-

20), 155 nM Ube1 (Boston Biochemical, E-305), 250 nM Uev1a (Boston Biochemical, 

E2-662), 375 nM Bendless-GST, 2.4 mM XIAP-GST, 10 mM p47-His, and 50 mM 

ubiquitin (Boston Biochemical, U-100H) and were incubated at 37°C for 1 hour prior to 

stop buffer addition (Boston Biochemical, SK-10). Reactions were dialyzed against PBS. 

P47-His was isolated from the reactions using the protocol for p47-His purification from 

S2* cells. The eluate and flow-through were dialyzed against PBS to remove imidazole 

and subjected to western blotting to assess K63- and K48-specific ubiquitylation (Table 

2). 
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CHAPTER 3: THE E3 UBIQUITIN LIGASE XIAP INTERACTS 

WITH P47
1
 

3.1 Introduction 

The spirochete B. burgdorferi, which causes an estimated 329,000 cases of Lyme 

disease each year
36

, is a zoonotic disease agent transmitted from woodland rodents to 

humans through the bite of infected I. scapularis ticks
31

. I. scapularis is a competent 

vector for six additional bacterial, viral, and protozoan pathogens, many of which cause 

emerging infectious diseases (Table 1)
3-6,19,30

.  Despite the increasing public health 

relevance of I. scapularis, relatively little is known about the tick-microbe interface in 

comparison to other arthropod-borne infectious diseases.  

 The tick immune system impacts the acquisition, maintenance, and transmission 

of tick-borne pathogens
61,118

. Arthropods lack adaptive immunity, and instead rely 

exclusively on cellular and humoral innate responses
60-62

. Drosophila has served as a 

valuable model for elucidating the principles of arthropod humoral immunity; however, 

flies and ticks have evolved under different evolutionary pressures
62,94

. Therefore, it is 

unlikely that simply transposing the signaling paradigms discovered in Drosophila onto I. 

scapularis will yield accurate information about tick humoral immunity. Indeed, we 

discovered that the IMD relay in I. scapularis functions differently than the IMD pathway 

in Drosophila (Figure 4)
97

. Furthermore, B. burgdorferi and A. phagocytophilum trigger 

I. scapularis IMD pathway activation despite lacking the PGN agonists described in the 

Drosophila model
79,97

.  

                                                 
1
 McClure Carroll EE, et al. (2019). p47 licenses activation of the immune deficiency pathway in the tick 

Ixodes scapularis. Proc Natl Acad Sci U S A 116(1):205-210.   
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 The I. scapularis IMD signaling network is regulated by XIAP, an E3 ubiquitin 

ligase that promotes signal transduction through K63-linked ubiquitylation
97,99

. How 

XIAP activates the IMD pathway in response to microbial infection is poorly 

characterized in ticks. To find candidate substrates of XIAP, we co-immunoprecipitated 

recombinant I. scapularis XIAP incubated with infected tick cell lysate and identified the 

proteins by mass spectrometry. The evolutionarily conserved protein p47 was found in 

the pulldown fraction. However, co-immunoprecipitations can sometimes lead to 

spurious results, as non-physiological interactions may occur.  

Therefore, we sought to validate the XIAP-p47 interaction using a variety of 

different approaches, including standard protein biochemistry techniques and SPR. 

Specifically, we hypothesized that XIAP binds to p47. Ticks have been understudied 

despite their considerable global disease burden and increasing public health threat
3-6,19,30

. 

Our findings will improve our understanding of XIAP enzymology as well as define 

additional functions of p47 in arthropods. By characterizing the interaction between 

XIAP and its candidate substrate p47, we will close a critical gap in our knowledge of 

IMD signaling in I. scapularis.  

 

3.2 Results 

Mass spectrometry was used to identify the potential binding partners of XIAP. 

Common “sticky” proteins and contaminants (e.g. keratin) were removed from the list. 

The algorithm Ubpred was used to predict whether candidate proteins were likely to be 

ubiquitylated
119

. The top hit is most similar to the evolutionarily conserved protein p47 
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and was likely misannotated as “protein tyrosine phosphatase” as this tick protein lacks 

genetic evidence of phosphatase activity (Table 4). 

 

Table 4: Putative interacting partners of I. scapularis XIAP. 

 

  

Protein ID* FASTA name Ubiquitylation Prediction 

B7PEL3 Protein tyrosine phosphatase (p47) Yes 

B7QF96 Putative uncharacterized protein No 

B7Q4P0 Putative uncharacterized protein Yes 

B7Q0Q1 Putative uncharacterized protein Yes 

B7PIP9 Ankyrin 2,3/unc44, putative Yes 

B7PJK3 Putative uncharacterized protein No 

B7PSX9 Tropomyosin invertebrate, putative No 

B7PU84 Putative uncharacterized protein Yes 

B7Q121 Putative uncharacterized protein No 

B7Q2T7 Putative uncharacterized protein No 

B7Q740 Putative uncharacterized protein No 

B7Q815 Secreted protein Yes 

B7QD48 Putative uncharacterized protein No 

B7QGQ3 Putative uncharacterized protein No 
*After removal of contaminant proteins, XIAP, and GST.  
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We validated the XIAP-GST co-immunoprecipitation by interrogating the 

molecular interactions between XIAP and p47 in a physiological environment. 

Recombinant plasmids encoding I. scapularis XIAP tagged with HA and p47-FLAG 

were generated and transfected into HEK 293T cells. We co-immunoprecipitated XIAP-

HA and detected the FLAG tag, and vice versa, indicating that I. scapularis XIAP and 

p47 interact under physiological conditions (Figure 6A). Next, we expressed p47-His in 

Drosophila S2* cells and purified the recombinant protein for binding experiments. 

Using ELISA, we showed that p47-His and XIAP-GST interacted in vitro (Figure 6B). 

We then employed SPR to calculate the dissociation constant (KD) of the XIAP-p47 

interaction and measured the binding affinity to be in the nanomolar range (Figure 6C).  

 

Figure 6: The I. scapularis proteins XIAP and p47 interact. 

The binding of XIAP and p47 was validated using three different approaches. A) p47-FLAG and 

XIAP-hemagglutinin (HA) were co-expressed in human embryonic kidney (HEK) 293T cells and co-

immunoprecipitation was assessed by western blotting. Recombinant p47-His and XIAP tagged with 

glutathione S-transferase (GST) were shown to interact through B) enzyme-linked immunosorbance 

assay (ELISA). Equimolar amounts of p47-His or BSA were incubated with increasing amounts of 

XIAP-GST to assess binding by ELISA. C) Surface plasmon resonance (SPR) was performed by 

coating anti-GST antibodies onto a Biacore chip, followed by capture of XIAP-GST or GST alone. 

P47-His was diluted to the indicated concentrations in Biacore buffer and was flowed over the chip. 

Means +/- standard of error (SEM) are graphed. Statistical significance was evaluated by a one-way 

analysis of variance (ANOVA) followed by Tukey post-hoc testing to determine which conditions 

were different from baseline. Experiments were performed at least twice. IB, immunoblot; IP, 

immunoprecipitation; KD, dissociation constant; #, P < 0.0001. Adapted from McClure Carroll, et al 
111

. 
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Our next research question focused on using p47 deletion mutants to determine 

which domain of p47 was required for binding to XIAP (Figure 7A). We cloned 

truncated p47 constructs into the pCMV-FLAG vector and co-transfected these plasmids 

one-by-one with xiap-HA into HEK 293T cells. Only p47-FLAG mutants with UBX 

domains were able to co-immunoprecipitate XIAP-HA, strongly suggesting that the UBX 

domain is responsible for mediating the interaction between p47 and XIAP in I. 

scapularis (Figure 7B). To validate this result, we expressed the His-tagged ΔUBA and 

the ΔUBX p47 truncation mutants in S2* cells and used these recombinant proteins in an 

ELISA-based binding assay. We showed that the binding between ΔUBX p47-His and 

XIAP-GST was approximately 50% less than the interaction between XIAP-GST and the 

WT and ΔUBA p47-His proteins (Figure 7C). Collectively, our results demonstrated that 

I. scapularis XIAP and p47 interact and suggest that the UBX domain of p47 is required 

for the binding of these two tick proteins. 
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3.3 Discussion 

 

Homologs to several key IMD pathway genes described in Drosophila remain 

unidentified in the I. scapularis genome
62,94-96,98

, leaving the underlying regulatory 

mechanisms of the IMD pathway unknown in ticks. XIAP has been well characterized as 

the central regulator of the I. scapularis IMD pathway
97,99

;
 
however, no substrates of 

XIAP had been identified prior to the discovery of p47 as a putative binding partner. To 

our knowledge, the interaction between p47 and a ubiquitin ligase has never been 

reported. Ubiquitin ligases typically bind transiently and weakly to substrates when 

Figure 7: p47 interacts with XIAP through the ubiquitin-like (UBX) domain. 

A) p47-FLAG deletion constructs were transfected into HEK 293T cells with xiap-HA and B) subjected 

to co-immunoprecipitation and western blotting. C) 50 ng p47-His or domain deletion mutants were 

incubated with 5 μM XIAP-GST in triplicate (ELISA). The binding was expressed as a percentage of 

wild-type (WT) p47: XIAP-GST binding. Statistical significance was evaluated by a one-way ANOVA 

followed by a Tukey post-hoc test. Experiments were performed at least twice. (-), mock transfection; 

ns, not significant; UBA, ubiquitin-binding domain; SEP, Shp1, eyes closed, p47 domain; * P < 0.05. 

Adapted from McClure Carroll, et al 
111

. 
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compared to other protein-protein interactions
120,121

. In this case, however; XIAP and p47 

bound to each other more strongly than expected (Figure 6C).  

Canonically, p47 interacts with the ATPase p97, and targets this enzyme to 

various subcellular locations based on monoubiquitin recognition conferred by the N-

terminal UBA domain
104,105,122

.  The C-terminal UBX domain structurally resembles 

ubiquitin; however, it lacks the ability to be conjugated to substrates
123

. The Shp1, EYC, 

p47 (SEP) domain located between the UBA and UBX domains has no known function, 

though one study suggested that the structure resembled a cathepsin L inhibitor
105,124

. 

Finally, the UBX domain and a contact point within SEP domain allow p47 to interact 

with p97
105,107,123

. Consistent with this literature, we observed that p47 and XIAP 

interacted through the UBX domain of p47 (Figure 7). 
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CHAPTER 4: P47 IS AN ENZYMATIC SUBSTRATE OF XIAP
1
 

4.1 Introduction 

Fine-tuned regulatory programs govern the magnitude and duration of 

inflammation
125

. Immune signaling networks are controlled in part through 

ubiquitylation
126

, a process which results in the post-translational conjugation of ubiquitin 

proteins onto substrates
127

. A series of ATP-dependent reactions covalently links the C-

terminus of a ubiquitin monomer to a lysine or methionine residue encoded in a substrate 

protein (Figure 8)
126-129

. Each enzyme in the ubiquitylation cascade confers increasing 

specificity, enabling the cell to exert tight control over ubiquitylation dynamics
130

.  

                                                 
1
 McClure Carroll EE, et al. (2019). p47 licenses activation of the immune deficiency pathway in the tick 

Ixodes scapularis. Proc Natl Acad Sci U S A 116(1):205-210.   

Figure 8: Enzymatic reactions involved in ubiquitylation. 

An E1 activating enzyme activates ubiquitin (U) and transfers the activated protein to an E2 conjugating 

enzyme. The Really Interesting New Gene (RING)-type E3 ubiquitin ligase coordinates the transfer of 

the ubiquitin monomer from the E2 conjugating enzyme to a lysine or the N-terminal methionine in the 

substrate protein. Mono- and polyubiquitylation is possible, with diverse ubiquitin chain topology 

leading to different fates for the substrate protein.  Deubiquitinases (DUBs) cleave and remodel 

ubiquitin chains. All reactions require ATP. Adapted from Metzger, et al
129

.  
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Ubiquitin is an 8.5 kDa protein that contains seven lysine residues (K6, K11, K27, 

K29, K33, K48, K63) and an N-terminal methionine residue
127

. Ubiquitin monomers can 

be conjugated to substrate proteins singly (e.g., monoubiquitylation) or in complex 

polyubiquitin chains consisting of various linkages and chain topologies
126

. The type of 

ubiquitin linkage also has implications for the fate of the modified substrate protein. 

Ubiquitins linked at the K48 position typically tag the substrate for proteasomal 

degradation, while K63-linked ubiquitin modifications promote signal transduction or 

regulate protein-protein interactions
127

. Deubiquitinases (DUBs) also confer an additional 

layer of regulation by stripping ubiquitin from substrates and remodeling chain 

linkages
126-128

.  

Regulation of immune signaling through ubiquitylation has been understudied in 

arthropod vectors of disease, especially in the tick I. scapularis
128,130

. Previously, we 

demonstrated that the E3 ubiquitin ligase XIAP positively regulates tick IMD 

signaling
97,99

. However, the link between XIAP-mediated ubiquitylation and IMD signal 

transduction was poorly understood, as no substrate of XIAP had been identified. In Aim 

1, I proposed to investigate the molecular and biophysical interactions between XIAP and 

the putative substrate p47. However, whether XIAP and p47 interacted functionally as a 

ubiquitin ligase and substrate pair was unknown.  

To our knowledge, there has been only one detailed characterization of post-

translational modifications of p47. Phosphorylation of rat p47 at residue 140 blocked its 

ability to bind Golgi stacks and target p97 to the Golgi membranes for repair after 

mitosis
107

, suggesting that post-translational modifications may regulate p47 function. In 

this section, we investigated the specific hypothesis that XIAP polyubiquitylates p47 in a 
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K63-dependent manner using a cell-free ubiquitylation approach. Ultimately, these 

findings could lead to the discovery of a novel function for p47 as a participant in IMD 

signaling in arthropods. 

 

4.2 Results 

Having demonstrated that XIAP and p47 interact (Figures 6 & 7), we next aimed 

to determine whether p47 was an enzymatic substrate of XIAP. We employed a cell-free 

ubiquitylation assay to assess whether p47 could be polyubiquitylated by XIAP in vitro. 

The reaction consisted of the recombinant proteins human Ube1 (E1), human Uev1a 

(E2), I. scapularis Bendless-GST (E2), I. scapularis XIAP-GST (E3), human ubiquitin 

monomers, I. scapularis p47-His, and ATP (Figure 9A).  

Figure 9: The E3 ubiquitin ligase XIAP polyubiquitylates p47 in a K63-dependent manner. 

A) A cell-free ubiquitylation reaction containing the components necessary for ubiquitylation was 

incubated for 1h at 37°C prior to isolating p47-His with nickel resin. The isolated p47-His protein was 

divided into three aliquots and used for western blots to detect B) K63-specific ubiquitylation and the 

His tag as well as C) K48-specific ubiquitylation. Western blots panels are from separate but 

representative experiments due to limited material. Experiments were repeated at least twice. Numeric 

labels on the left side of the western blot panels indicate molecular weight (kDa). Ub, ubiquitin; Bend, 

Bendless; IN, input. Adapted from McClure Carroll, et al
111

. 
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The ubiquitylation assay was performed with and without p47, the candidate 

substrate, and both reactions were incubated with nickel resin. We observed that XIAP 

generated free polyubiquitin chains in the absence of substrate as previously reported 

(Figure 9B, K63 blot, flow-through [FT], right-most lane)
97,99

, indicating our enzymes 

were functional. We next probed the isolated p47-His (IP) for the His tag and K63-

dependent polyubiquitylation signals (Figure 9B). We detected higher molecular weight 

species after the reaction (Figure 9B, His blot, compare input (IN) and IP p47-His), as 

well as a smear that overlapped with p47-His (Figure 9B, K63 blot, left-most lane). XIAP 

did not ubiquitylate p47-His in a K48-dependent manner (Figure 9C). Altogether, these 

results demonstrated that I. scapularis p47 was ubiquitylated by XIAP in a K63-

dependent manner, and strongly suggest that p47 is an enzymatic substrate of XIAP. 

 

4.3 Discussion 

In the previous chapter we validated that XIAP binds to p47 and determined that 

the interaction between the two proteins is dependent on the UBX domain of p47 

(Figures 6 & 7). However; it was unknown if the interaction between XIAP and p47 was 

a bona fide ubiquitin ligase-substrate pairing. Here, we demonstrated that XIAP, together 

with human Ube1 (E1) and the heterodimeric E2 conjugating enzymes Bendless and 

Uev1a, ubiquitylated p47 in a K63-dependent manner (Figure 9B). These results are 

consistent with our previous work showing that XIAP performs K63-linked 

autoubiquitylation in the presence of Ube1, Bendless/Uev1a, ATP, and ubiquitin
97,99

.  

Due to technical limitations, ectopically expressing proteins in tick cells is 

currently not feasible for routine laboratory applications. Therefore, we employed an in 
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vitro reaction system, which offered the distinct advantage of avoiding the off-target 

ubiquitylation that could occur in a surrogate cell line (e.g., HEK 293T). The in vitro 

assay demonstrated specifically that XIAP is the E3 ubiquitin ligase responsible for 

ubiquitylating p47, since all the inputs were known and controlled. These assays require 

large amounts of protein. Unfortunately, p47 can only be expressed in a eukaryotic 

system, likely due to its requirement for post-translational modifications or toxicity to 

bacterial cells. We purified recombinant His-tagged p47 from Drosophila S2* cells; 

however, the yields were poor. Therefore, the ubiquitylation reactions were performed on 

a small scale, and it was challenging to isolate sufficient amounts of ubiquitylated p47-

His from the reaction to perform more sophisticated experiments. 

 XIAP is a RING-type E3 ubiquitin ligase
99

. Members of this class of ubiquitin 

ligases physically bridge the E2 conjugating enzyme and the substrate protein, but do not 

contain catalytic domains (Figure 8)
129

. That is, RING-type ubiquitin ligases serve to 

coordinate the transfer of the activated ubiquitin monomer from the E2 conjugating 

enzyme to the substrate protein. Accordingly, the function of the E3 ubiquitin ligase is 

linked to the specific E2 enzyme it binds, so the pairing of these two enzymes impacts the 

ubiquitylation pattern on the substrate protein
129

. Previous work has demonstrated that the 

K63 ubiquitin linkage promotes signal transduction by generating scaffolds for protein 

recruitment in many immune signaling pathways, including IMD
79,85,131,132

. Our finding 

that XIAP polyubiquitylates p47 in a K63-dependent manner suggests that p47 may 

belong to the I. scapularis IMD signaling relay. 
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CHAPTER 5: P47 LICENSES ACTIVATION OF THE IMMUNE 

DEFICIENCY PATHWAY IN THE TICK I. SCAPULARIS
1
 

5.1 Introduction 

In the Drosophila model, ubiquitylated substrates of IAP2 positively regulate the 

IMD pathway, leading to the cleavage of the NF-κB molecule Relish and the production 

of AMPs (Figure 4)
79,85

. However, the link between XIAP-mediated ubiquitylation and 

IMD pathway signaling regulation remains poorly understood in ticks, as homologs to 

core Drosophila IMD pathway genes are absent in the I. scapularis genome
62,94-96,98

. We 

identified the protein p47 as a substrate of XIAP (Figure 6) and demonstrated that XIAP 

polyubiquitylates p47 in a K63-dependent manner (Figure 9)
111

. Whether p47 was 

involved in I. scapularis IMD pathway signaling remained unproven.  

We employed several approaches to investigate the specific hypothesis that p47, 

the substrate of XIAP, is a member of the IMD pathway in I. scapularis. First, we 

examined biochemical evidence for the role of p47 in tick IMD pathway signaling. p47 

was silenced in vitro prior to stimulation with A. phagocytophilum. We then determined 

whether p47 expression impacted signal transduction by observing key IMD pathway 

signaling events.  We also checked if p47 interacted with any other canonical members of 

the IMD pathway through co-immunoprecipitation. Finally, we demonstrated that p47 

impacts pathogen infection in I. scapularis ticks. These data improve our understanding 

of the IMD pathway in I. scapularis ticks, which serve as a model for non-insect 
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arthropods. Our findings may inform future strategies for preventing vector-borne 

diseases. 

 

5.2 Results 

We demonstrated that p47 interacts with (Figures 6 & 7) and is polyubiquitylated 

by XIAP (Figure 9), the E3 ubiquitin ligase responsible for centrally regulating the IMD 

signaling pathway in I. scapularis in response to microbial infection
97

. Next, we 

investigated whether p47 was a member of the IMD pathway signaling network by 

silencing p47 expression in tick cells and stimulating the pathway with A. 

phagocytophilum. We monitored uninfected cells (“(-)”) and early (one, five, and 60 

minutes) and late (48 hours) activation of the I. scapularis IMD pathway. These 

timepoints were chosen because independent laboratories have demonstrated Relish 

cleavage within minutes of microbial stimulation
85,91,97

. The activation events, which 

included Kenny (IKKγ) accumulation, IKKβ phosphorylation, and Relish cleavage, were 

assessed by western blot. Our findings revealed that when p47 was silenced, we observed 

reduced Kenny accumulation after five minutes (Figure 10A) and no IKKβ 

phosphorylation above baseline (Figure 10B), suggesting that in the absence of p47, the 

IKK complex is impaired. Furthermore, Relish cleavage (indicated by arrowheads) was 

barely detectable in the p47-silenced cells, indicating that defects in IMD pathway 

signaling arise when p47 is absent (Figure 10C). 
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Figure 10: p47 knockdown impairs IMD pathway signaling. 

IDE12 cells were transfected with silencing p47 (si-p47 and si) or control constructs (sc-p47 and sc) 

and stimulated with Anaplasma phagocytophilum multiplicity of infection (MOI) 150. Cytoplasmic and 

nuclear proteins were extracted and the IMD pathway signaling events A) Kenny (IKKγ) accumulation, 

B) IKKβ phosphorylation, and C) Relish cleavage were assessed by western blot. Arrowheads indicate 

bands of interest. Densitometry analysis was performed to normalize the target to the loading control. 

The normalized value for each target and time point was divided by the corresponding scrambled 

control and multiplied by 100. Three experiments were performed. Means± SEM are graphed. Two-

way ANOVA followed by Sidak post-hoc testing was performed to determine statistical significance 

compared to unstimulated samples.  (-), unstimulated; E, early; L, late; p, phosphorylated; * P < 0.05; 

** P < 0.005; **** P < 0.0001. Adapted from McClure Carroll, et al
111

. 
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p47 was shown to bind polyubiquitylated NEMO to negatively regulate NF-κB 

signaling in the human system
110

. In I. scapularis and other arthropods, NEMO is known 

as Kenny. Given that disrupting p47 levels in vitro impaired IMD pathway activation 

(Figure 10), we next sought to determine whether p47 interacted with Kenny in the tick 

system. Recombinant I. scapularis Kenny-GST and p47-His interacted in vitro, as 

demonstrated by ELISA (Figure 11A). We also co-transfected kenny-HA and p47-FLAG 

constructs into HEK 293T cells to investigate whether the proteins interacted in a cellular 

environment. As expected, we detected the HA tag in the p47-FLAG pulldown and vice 

versa, indicating that I. scapularis p47 and Kenny interacted in cells (Figure 11B).  

We predicted that if the ubiquitylation of p47 were to be prevented, p47 would no 

longer bind to Kenny. We selected five lysine residues in the p47-FLAG construct that 

were either candidates for ubiquitin modifications as predicted by Ubpred
119

 or located 

within the putative regulatory region between the UBA and SEP domains
105,107

. Point 

mutations were made to replace the lysines at positions 109, 139, 141, 154, and 300 with 

arginine residues, generating a mutant p47-FLAG construct (*p47-FLAG) (Figure 11C). 

Lysine to arginine replacements are typically made in ubiquitin biology to prevent 

ubiquitylation while retaining the positively charged amino acid to maintain proper 

protein folding
133

. Using a co-immunoprecipitation approach, we demonstrated that the 

*p47-FLAG mutant protein was unable to interact with Kenny-HA (Figure 11D).  
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Figure 11: p47 interacts with Kenny, the regulatory subunit of the IκB kinase (IKK) complex 

A) Recombinant p47-His and Kenny-GST were shown to interact through ELISA. B) Kenny-HA and 

p47-FLAG were co-expressed in HEK 293T cells and co-immunoprecipitation was assessed by western 

blotting. C) Five lysines (indicated by arrows) were mutated to arginine residues by site-directed 

mutagenesis, generating a mutant *p47-FLAG construct. D) Kenny-HA, p47-FLAG, and *p47-FLAG 

were co-transfected into HEK 293T cells followed by co-immunoprecipitation to evaluate Kenny-p47 

binding. Statistical significance was evaluated by one-way ANOVA followed by Tukey post-hoc testing 

to determine which conditions were different than baseline. Experiments were performed twice. ns, not 

significant; * P < 0.05; ** P < 0.01. Published in McClure Carroll, et al
111

. 
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 Our findings in Figures 10 and 11 suggested that p47 is a member of the IMD 

pathway signaling network in I. scapularis ticks. We next sought to determine whether 

p47 affected microbial infection in vitro by silencing p47 in ISE6 cells and infecting with 

A. phagocytophilum (Figure 12A). The expression of p47 was reduced by 31% in the 

cells transfected with siRNA targeting p47 (si-p47) compared to control cells (sc-p47) 

(Figure 12B), which corresponded to a threefold increase in A. phagocytophilum burden 

(Figure 12C).  

We next investigated the role of p47 during microbial colonization of I. 

scapularis ticks. Accordingly, I. scapularis nymphs were microinjected with si-p47 or sc-

p47 siRNA. A subset of microinjected ticks was pooled and lysed to obtain protein 

extracts, while the rest of the ticks fed to repletion on B. burgdorferi- or A. 

phagocytophilum-infected mice (Figure 13A). No difference in weight was observed in 

Figure 12: p47 silencing increases A. phagocytophilum burden in tick cells. 

A) p47 in ISE6 cells was silenced followed by A. phagocytophilum (Ap) MOI 50 infection. B) P47 

expression and C) A. phagocytophilum transcripts were quantified by quantitative reverse transcription 

polymerase chain reaction (qRT-PCR) and normalized to I. scapularis β-actin prior to calculating fold-

change (FC). Results are graphed as means ± SEM and were assessed by Student’s T-tests. ** P < 0.01; 

*** P <0.001. Published in McClure Carroll, et al
111

. 



52 

 

p47-silenced versus the control treatment, indicating that p47 did not impact tick feeding 

on A. phagocytophilum- (Figure 13B) or B. burgdorferi-infected mice (Figure 13C). The 

unfed tick lysate was incubated with either XIAP-GST or GST alone to show successful 

p47 knockdown by ELISA (Figure 13D), as single ticks did not yield enough material to 

detect p47 levels by western blot. Engorged ticks were subjected to qRT-PCR to 

determine p47 expression and bacterial burden. Consistently, despite modest silencing 

(Figure 13E), p47-deficient ticks acquired more A. phagocytophilum (Figure 13F) and B. 

burgdorferi (Figure 13G) when compared to the control ticks. Collectively, the data 

presented this chapter strongly suggest that p47 participates in antimicrobial defenses by 

promoting IMD pathway signal transduction in I. scapularis.  
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Figure 13: Silencing p47 increases microbial infection in vivo. 

A) I. scapularis nymphs were microinjected with si-p47 or sc-p47 siRNA and fed to repletion on 

infected mice. P47 silencing did not impact tick feeding success on B) A. phagocytophilum- or (C) B. 

burgdorferi-infected mice as assessed by tick weight.  D) A subset of unfed, p47-silenced ticks was 

pooled, lysed, and incubated with XIAP-GST or GST in an ELISA binding assay to assess p47 

knockdown. Engorged ticks were subjected to qRT-PCR to quantify (E) p47, (F) A. phagocytophilum 

16S rRNA, and (G) B. burgdorferi recA transcripts. All qRT-PCR values were normalized to I. 

scapularis β-actin prior to calculating FC. Three independent experiments were plotted and analyzed 

together. Means ± SEM are graphed. Statistical significance was assessed by two-way Student’s T-tests. 

* P < 0.05; *** P < 0.001; recA, recombinase A. Adapted from McClure Carroll, et al
111

. 
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5.3 Discussion 

Genetic tools for arthropod research outside of the Drosophila community are 

extremely limited. It is currently not feasible to ablate genes or to routinely ectopically 

express proteins in tick cell lines or animals. The relatively long life cycle and the 

inconvenient developmental characteristics of hard ticks have contributed to the genetic 

intractability of I. scapularis
134

. Therefore, since genetic knockouts are unavailable, we 

rely on RNA interference (RNAi) to manipulate gene expression in I. scapularis ticks. 

SiRNA constructs can be delivered into the tick midgut, salivary glands, or hemocoel to 

modulate gene expression
135-137

. Changes in bacterial load are typically modest
97,99

. 

Nevertheless, despite incomplete knockdowns and the technical challenges of working 

with ticks in the laboratory setting, we demonstrated that p47 promotes signal 

transduction in the I. scapularis IMD pathway (Figure 10), interacts with Kenny, another 

member of the canonical IMD signaling network (Figure 11), and restricts microbial 

infection in cells (Figure 12) and ticks (Figure 13). 

Silencing p47 expression resulted in persistent defects in the biochemical relay of 

the IMD pathway (Figure 10). However, we noticed that some Relish cleavage still 

occurred at one and five minutes post-stimulation in p47-silenced cells (Figure 10C). 

Additional regulation may explain the residual signaling in the I. scapularis IMD 

signaling network. For example, the Drosophila HOIL-1L interacting protein (HOIP) 

ortholog linear ubiquitin E3 ligase (LUBEL) works in concert with IAP2 to activate 

Relish through methionine 1-dependent ubiquitylation of Kenny in flies
138

. This is 

expected, as the transduction of NF-κB signals is likely tightly modulated through 

redundancy to prevent aberrant inflammation and limit fitness costs
110,125

.  
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We showed that p47 binds to Kenny, the regulatory component of the IKK 

complex (Figures 11A & B). In humans, p47 negatively regulates NF-κB signaling by 

interacting with the mammalian homolog of Kenny, NEMO
110

. In that report, p47, 

independent of p97, bound to polyubiquitylated NEMO and led to its degradation through 

an unknown mechanism. In I. scapularis, the interaction between Kenny and p47 has the 

opposite effect and seems to promote signal transduction, as silencing p47 led to defects 

in IMD signaling (Figure 10) and increased microbial infection of cells (Figure 12) and 

ticks (Figure 13). 

 In our model of the tick IMD network, XIAP-mediated K63-dependent 

polyubiquitylation of p47 leads to IMD pathway activation. Therefore, we predicted that 

if ubiquitylation of p47 could be prevented, binding to Kenny would be lost. Indeed, our 

data showed that the mutant *p47-FLAG protein could not bind Kenny-HA in the HEK 

293T system (Figure 11D).  Perhaps the abrogation of binding we observed is due to the 

inability of the *p47-FLAG mutant to be ubiquitylated at those critical residues. Our data 

suggested that XIAP activates p47 via polyubiquitylation, perhaps forming a scaffold 

consisting of K63-linked ubiquitin monomers that enables the recruitment of other 

members of the I. scapularis IMD signaling pathway, as has been described for other 

immune signaling cascades
79,85,131,132

.  

 We demonstrated that silencing p47 led to enhanced microbial infection of ticks 

by two clinically relevant I. scapularis-borne pathogens (Figures 12 & 13), strongly 

suggesting that p47 is involved in the antimicrobial defenses of ticks. We observed 

approximately two- to fourfold increases in microbial burden in nymphs that were treated 

with si-p47, despite reducing p47 expression by only about 25%. The factors that 
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influence siRNA silencing efficiency are not well understood in ticks, so the siRNA 

constructs may benefit from experimental optimization
134

. An alternative explanation for 

the discrepancy between modest p47 knockdown and increased microbial burdens may 

be attributed to tick biology. In a typical experiment, the I. scapularis nymphs are 

microinjected and placed on the mice after resting overnight. The ticks feed for up to five 

days on the infected mice, after which they detach and are collected for qRT-PCR. 

Therefore, the p47 expression that we measured almost one week post-microinjection 

likely did not reflect the true expression of p47 during feeding and acquisition of A. 

phagocytophilum and B. burgdorferi. Furthermore, in Drosophila, the expression of some 

IMD pathway genes is controlled by Relish
93,139-141

. If p47 expression is induced by 

Relish in I. scapularis, the true extent of p47 silencing may be obscured in our 

experimental model.  

 Nevertheless, despite the limitations of tick genetic tools, we demonstrated that 

p47 participates in I. scapularis IMD pathway signal transduction. Our findings provide 

evidence for a molecular mechanism that links XIAP polyubiquitylation to Relish 

activation and IMD pathway-mediated antimicrobial responses in ticks. Collectively, 

these data extend our knowledge of tick humoral immune signaling pathways in the 

context of vector-borne diseases and highlight the danger of relying solely on model 

organisms for characterizing vector immunity.  
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS
1
 

 Drosophila has served as a powerful model for innate immunity for decades
60

. 

Yet, even though many arthropods serve as disease vectors, immune signaling pathways 

in non-model organisms like the Lyme disease tick I. scapularis remain poorly defined
62

.  

For example, the Drosophila model was used to discover and characterize the IMD 

pathway, a humoral immune signaling network that, upon activation, results in the 

production of AMPs that kill microbes
74,79

. The details of IMD signaling in ticks were 

unknown, as the I. scapularis genome lacks homologs to key IMD pathway genes 

characterized in Drosophila
61,62,79,95,96,98

.We previously discovered that the I. scapularis 

IMD signaling network is regulated by XIAP-mediated K63 ubiquitylation and limits the 

infection of clinically relevant tick-borne microbes
97,99

. However, the link between 

XIAP-regulated IMD pathway signaling and Relish activation was unclear, because no 

substrates of XIAP had been identified.  

We recently uncovered p47 as potential substrate of XIAP and hypothesized that 

XIAP binds and polyubiquitylates the protein p47 in a K63-dependent manner during 

IMD pathway activation in I. scapularis ticks. This central hypothesis was investigated in 

three specific aims. In Aim 1, we validated the interaction between XIAP and p47, and 

determined that the UBX domain of p47 was responsible for mediating protein-protein 

interactions. In Aim 2, we demonstrated that p47 is a substrate of XIAP, and that the 

ubiquitin linkage conjugated to p47 by XIAP is K63-linked ubiquitin. In Aim 3, we 

assessed whether p47 was a member of the IMD signaling relay in ticks. We 

demonstrated that silencing p47 led to defects in IMD signal transduction and increased 
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microbial infection of ticks. We also showed that p47 interacted with Kenny, another 

member of the canonical IMD signaling pathway. 

Our model suggests that, upon microbial infection, p47 is ubiquitylated by XIAP 

in a K63-dependent manner, generating a ubiquitin scaffold essential for recruiting the 

additional proteins required for signal transduction (Figure 14). Ubiquitylated p47 binds 

to Kenny, the regulatory subunit of the IKK complex, which leads to the phosphorylation 

of Relish by IKKβ. As in Drosophila, IMD signaling culminates in the cleavage and 

nuclear translocation of Relish, and ultimately the activation of immune response genes. 

Our findings provide strong evidence that the pairing of XIAP and p47 licenses IMD 

pathway activation in I. scapularis (Figure 14) and suggest several future research 

directions.  
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Figure 14: Model of IMD pathway signaling in I. scapularis. 

IMD signaling in I. scapularis ticks is triggered by A. phagocytophilum and B. burgdorferi and leads to 

the cleavage and nuclear translocation of Relish (N-Rel) to promote antibacterial responses. The E3 

ubiquitin ligase XIAP, together with the heterodimer Bendless: Uev1a, binds to p47 and regulates the 

signal transduction through K63-dependent polyubiquitylation. Ubiquitylated p47 is responsible for 

recruiting Kenny in the tick IMD network. R, unidentified receptor; C, cytoplasm; N, nucleus. Adapted 

from McClure Carroll, et al111. 
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6.1 The role of the XIAP-p47 complex in IMD signaling in ticks 

 

p47 canonically interacts with the ATPase p97 in a large protein complex, which 

consists of a p97 hexamer assembled in a wheel-like structure with individual p47 

molecules bound to each p97 protein
104,106

. Another study concluded that only three p47 

molecules bound to one p97 hexamer
104

, suggesting that the stoichiometry of the p47 and 

p97 complex may change depending on the cellular context. To our knowledge, no 

reports of p47 binding to a ubiquitin ligase have been published prior to our study
111

.  

Therefore, determining whether the stoichiometry and the binding parameters of 

the p47-XIAP interaction differ from that of the p47-p97 complex may impact our 

understanding of p47 biology. The structural arrangement of p47 and XIAP may also 

have implications for ubiquitylation and IMD signal transduction. For instance, in the 

Drosophila IMD pathway, Imd proteins assemble into large amyloid fibrils upon 

activation of the pathway. Without Imd aggregation, efficient signal transduction is 

prevented and IMD responses are blunted
142

. Large protein complexes, or 

“signalosomes,” are also important for productive signal transduction in NF-κB and other 

inflammatory cascades
143,144

. Perhaps XIAP and p47 nucleate a signalosome required for 

IMD pathway-mediated Relish activation in I. scapularis.  

In Chapter 4, we demonstrated that p47 is the enzymatic substrate of XIAP 

(Figure 9). While we know that p47 is K63-polyubiquitylated by XIAP, the identity of 

the target lysine remains unknown. Diglycine remnant profiling could be performed in 

the future to ascertain which lysine is ubiquitylated
133,145

. In diglycine remnant profiling, 

the ubiquitylated protein is digested with trypsin, which cleaves the protein as well as the 

ubiquitin and leaves a G-G adduct on the modified residue. Mass spectrometry can be 
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used to detect this diglycine remnant, and given enough coverage, the ubiquitylation sites 

can be mapped
133,145

. We would validate the results by using site-directed mutagenesis to 

replace the candidate lysine with arginine. The resulting p47 mutant would likely adopt 

the correct folding, as the charge and size of the amino acid side chains are similar; 

however, the protein would lack the capability to be ubiquitylated at that site. Next, we 

would express the protein and perform the cell-free ubiquitylation assay to show that 

ubiquitylation is abrogated. 

 

6.2 Molecular details of p47-mediated IMD signaling 

 Although we determined that p47 interacts with both XIAP and Kenny to promote 

IMD responses (Figure 14), the detailed molecular mechanism of IMD pathway signal 

transduction remains unknown. Our data suggest that the K63-dependent 

polyubiquitylation of p47 by XIAP is an activating signal that enables p47 to bind to 

Kenny. However; there may be other proteins involved and almost certainly additional 

regulatory mechanisms in place to exert control over Relish activation. In Drosophila, 

IAP2, the analog of XIAP, polyubiquitylates several proteins in the IMD pathway, 

including Imd (Figure 4). We showed that p47 is the substrate of XIAP (Figures 6 & 9); 

however, p47 and Imd have little in common structurally, and p47 lacks the death and 

cryptic receptor-interacting protein (RIP) homotypic interaction motif (cRHIM) 

homology domains that are required for downstream Imd signaling in flies
142

. These data 

suggest that p47 is likely not the central adaptor molecule that replaces Imd one-to-one in 

the I. scapularis IMD pathway. Given that insects and non-insect arthropods diverged 

over 500 million years ago
62,146

, and that ticks and flies have evolved under different 
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selection pressures, it is possible that the IMD pathway exists as two distinct signaling 

circuits in each taxonomic group.  

Another hypothesis is that the tick mode of IMD signaling exists in insects as 

well; however, it is only activated under specific conditions that have not yet been 

explored in Drosophila. In our previous work, Drosophila S2* cells responded to A. 

phagocytophilum-stimulation via the IMD pathway, even though this bacterium lacks 

characterized IMD agonists
97,147

. Furthermore, a series of recent papers implicated other 

proteins in the IMD-dependent response to viral and bacterial infections, suggesting that 

IMD signaling may be more complex than previously characterized
148-151

. Our data, 

together with these recent findings, suggest that IMD signaling relays may adopt complex 

regulatory circuits to contextually tune inflammatory responses. Future experiments 

should determine if p47 also plays a role in the IMD pathway in other arthropods and 

attempt to characterize additional modes of IMD signaling in ticks.  

 

6.3 Linking p47 to other functions in I. scapularis 

p47 was first discovered as a cofactor of the ATPase p97 and participates with 

p97 in the remodeling of organelle membranes
104

. Like p47, p97 is highly conserved and 

is encoded in the genome of I. scapularis
152,153

. However, we did not find p97 in the list 

of potential XIAP binding partners identified through our initial XIAP-GST co-

immunoprecipitation experiment (Table 4). In other contexts, p47 was shown to act 

independently of p97 in the negative regulation of NF-κB
110

, so we did not address in this 

study whether p97 was also involved in IMD pathway signaling. Future experiments 

should determine the role, if any, for p97 in I. scapularis immunity.  
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 The body of published literature on p47 mostly focuses on the role of p47 in 

targeting p97 to various subcellular locations
100,102,104,107,108,152

. p97 hydrolyzes ATP to 

provide energy for membrane remodeling
152

. In yeast, p47 was shown to bind the 

ubiquitin-like molecule Atg8, thereby targeting p97 to the nascent autophagosome and 

perhaps regulating the growth and closure of autophagic membranes
109

. The potential 

connection to autophagy in other systems, such as ticks, is worth exploring. Ticks feed 

only once before molting to the next life stage
15

. Therefore, it is likely that they engage 

autophagy pathways in times of starvation; however, this hypothesis has not been 

explored in tick biology. In other systems, autophagic clean-up of immune signaling 

complexes is one mechanism of resolving inflammation
154

. Future studies could 

determine if IMD pathway signaling is mitigated by autophagy. Perhaps p47 links these 

two processes, and future studies addressing the role of p47 in connecting immunity to 

other aspects of cell biology in I. scapularis are warranted.   

 

6.4 Conclusions  

 In conclusion, this work addressed an open question in the field of tick immunity. 

We previously established that the E3 ubiquitin ligase XIAP regulates the I. scapularis 

IMD pathway, and that the IMD signaling relay is triggered in response to tick-

transmitted microbes
97,99

. E3 ubiquitin ligases ubiquitylate substrate proteins; however, 

no substrate for XIAP had been identified. This work established that the evolutionarily 

conserved protein p47 binds to XIAP through the UBX domain. Furthermore, the data 

demonstrated that XIAP polyubiquitylates p47 in a K63-dependent manner, and that p47 

promotes IMD signal transduction in ticks. Altogether, this work highlights the diversity 
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of arthropod immune signaling pathways and may inform future strategies to prevent 

tick-borne diseases.  
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