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Abstract

INTRODUCTION: Ticks have evolved into a monophyletic group of highly adapted blood-
feeding ectoparasites that originated from a clade of free-living scavenger mites nearly 225 million
years ago. Unlike most geographically confined tick species that prefer a single vertebrate host,
Ixodes spp. can parasitize many vertebrates and transmit diverse pathogens. Ixodid ticks undergo
only three feeding events during their multiyear lifespan, ingesting blood meals that are nearly
100 times their weight. Their characteristic physiological adaptations were likely shaped by their
sophisticated hematophagy and associations with coevolving vertebrate hosts. The molecular basis
of how ticks maintain their complex postembryonic developmental program as well as their
vectorial competence remains unclear. Ticks contain a functional JAK-STAT signaling cascade
that induces robust antibacterial responses capable of limiting the proliferation of tick-borne
pathogens. The pathway is activated in many arthropods by cytokine-like molecules such as
Unpaired (UPD). However, the /xodes scapularis genome is unusually devoid of recognizable
UPD orthologs.

RATIONALE: We recently discovered a cross-species cell signaling pathway in which a
mammalian interferon (IFN-y) ingested with the tick blood meal activates the /xodes JAK-STAT
pathway, generating potent microbicidal activities within the vector. To further elucidate a parallel
interferon-like defense system in ticks, we have explored the identity and characteristics of the tick
receptor for IFN-y to uncover the mechanisms and biological significance of a cross-species cell
signaling cascade that extends from mammals to their ectoparasites.

RESULTS: We identified an /. scapularis receptor, Domel, which binds with high selectivity
and affinity to vertebrate (mouse, human, and avian) IFN-y. Unlike Dome orthologs in other
arthropods, including non- Zxodes ticks, Domel features unique extracellular regions found in
vertebrate cytokine receptors. Domel colocalizes with IFN-y on the luminal surface of the tick
gut epithelium. The receptor is induced by ingested IFN-y and regulates microbicidal responses
orchestrated by the JAK-STAT pathway. Unexpectedly, Domel not only augmented tick immune
responses, but was also required for /. scapularis development. Systemic Domel knockdown
persisted from subadult to female /. scapularis and their offspring, and severely impaired tick
fecundity and postembryonic development, reflected by failure to molt, loss of bilateral symmetry,
and malformed internal organs and appendages, including missing legs, mouthparts, and anal
pore structures. The Domel-JAK-STAT pathway, present in most Ixodid tick genomes, directed
the maintenance of the gut proteome and microbiome, in addition to supporting the regeneration
and proliferation of gut cells, including stem cells. Domel-JAK-STAT signaling dictated tick
metamorphosis and organ development through the Hedgehog and Notch—Delta biochemical
networks, ultimately impacting the ability of /xodes to transmit Borrelia burgdorferi, the Lyme
disease pathogen, to naive murine hosts.

CONCLUSION: We identify how certain conserved metazoan cell signaling pathways flexibly
adapt vertebrate IFN-y for use in arthropod immunity and development through the Domel
receptor. Our studies highlight the evolutionary dependence of the major blood-feeding arthropod
1. scapularis on mammalian hosts through cross-species signaling mechanisms that extend from
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mammals to their ectoparasites and influence arthropod immunity, vectorial competence, and
development.

Abstract

Ancestral signaling pathways serve critical roles in metazoan development, physiology, and
immunity. We report an evolutionary interspecies communication pathway involving a central
Ixodes scapularis tick receptor termed Domel, which acquired a mammalian cytokine receptor
motif exhibiting high affinity for interferon-gamma (IFN--y). Host-derived IFN-y facilitates
Domel-mediated activation of the /xodes JAK-STAT pathway. This accelerates tick blood
meal acquisition and development while upregulating antimicrobial components. The Domel-
JAK-STAT pathway, which exists in most Ixodid tick genomes, regulates the regeneration

and proliferation of gut cells—including stem cells—and dictates metamorphosis through the
Hedgehog and Notch—Delta networks, ultimately affecting /xodes vectorial competence. We
highlight the evolutionary dependence of /. scapularis on mammalian hosts through cross-species
signaling mechanisms that dually influence arthropod immunity and development.

Graphical Abstract
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Mammalian-arthropodal crosstalk integrates vector immunity and development. The

Ixodes scapularis protein Domel recruits mammalian IFN-y from the tick’s blood meal. The
interaction activates the tick JAK-STAT pathway, triggering signaling intermediaries, including an
antimicrobial protein and Hedgehog protein, which affects tick metamorphosis, gut homeostasis,
and pathogen transmission. Knockdowns of pathway components highlight the biological
significance of cross-species signaling between mammals and their ectoparasites, which converge
to regulate both arthropod immunity and development.

1duosnue Joyiny

Ticks thrive in nature through prolonged periods of environmental extremes and metabolic
quiescence (1). During their multiyear lifespan, /xodes ticks undergo three feeding cycles,
marked by a nearly 100-fold increase in body volume (2). Blood meal ingestion is aided
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by bursts of cellular proliferation, differentiation, and hypertrophy, which are central to
organ development. Host specialization in ticks (3), including highly evolved hematophagy,
supports the tick’s unique physiological adaptations, particularly blood meal ingestion and
storage, survivability through extended intermolt periods, and the maintenance of complex
reproductive and developmental programs (4), the molecular aspects of which remain
unknown.

Arthropod vectors transmit diverse human pathogens, accounting for 17% of all infectious
diseases around the globe (5). Among all arthropods, ticks constitute the most ancient

and predominant group of vectors as they can parasitize almost any vertebrate class,
including primeval reptiles (1). Although most tick species are confined within a given
geographical region and prefer a single host, /xodes spp. parasitize various hosts across
multiple continents (6). In the US, ~95% of vector-borne diseases, including common
infections similar to Lyme disease, are associated with ticks—particularly /xodes scapularis
(7). Despite their importance, the molecular aspects of /xodes postembryonic development
and biology remain enigmatic, partly because of their long life cycle, genetic intractability,
and phylogenetic distance from model arthropods. Comparative genomics studies have

also suggested unique molecular properties within ticks (8). The /xodes genome encodes
known components with puzzling omissions (9-11). For instance, the immunodeficiency
(IMD) signaling pathway is operative in /. scapularis, but its central molecule, IMD, and

a few other components do not appear to be present (10). Ticks also have a functional
JAK-STAT pathway, which evolved in the earliest branching events of metazoan animals
(12), comprising a few principal components (13). However, the biological effects of its
activation are complicated by the use of several ligands, including cytokines (14), and

its interaction with other pathways (15). Most arthropods produce their own cytokine-like
molecules. Unpaired (UPD), for example, can bind a transmembrane receptor called Dome,
which activates the JAK-STAT pathway that can support arthropod immunity (16) and
development (17). Dome proteins, despite showing high sequence diversification, feature
an extracellular region with a cytokine-binding homology module and multiple fibronectin
type-I11 domains (18). Although flies encode multiple UPD ligands for Dome (17), there is
a surprising absence of UPD orthologs in the /. scapufaris genome (9, 19). Here we report
that an /. scapularis Dome ortholog, which binds mammalian interferon-gamma (IFN-y)
acquired from the blood meal, triggers downstream tick JAK-STAT signaling cascades

that integrate critical episodes of vector immunity and development. This study therefore
highlights the adaptive flexibility of ancestral signal transduction pathways (22, 20) through
the co-option of cross-species signaling between mammals and their ectoparasites.

Identification of a mammalian IFN-y-binding tick receptor

We previously found that mammalian IFN-y acquired during a tick’s bloodmeal can trigger
a potent antimicrobial response within the vector (21). As hematophagy in ticks originated
with primeval vertebrates and evolved to include modern mammals (4), we explored whether
the /. scapularis genome acquired a cytokine receptor that binds IFN-+y, such as through
lateral gene transfer (22), with the ability to trigger immune signaling in ticks. We adopted
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an unbiased approach using coimmunoprecipitation (Co-IP) assay with whole tick lysates
and mammalian IFN-y as bait, coupled with mass spectrometry. We found that mouse IFN-
v bound a tick protein, annotated as B7P616 and termed hereafter as Domel (ISCW001458),
which has similarity to Drosophila Dome (fig. S1). Basic Local Alignment Search Tool
analysis revealed that the /xodes genome encodes four additional Dome orthologs (23)
bearing 23 to 67% identity to Domel, termed hereafter as Dome2 (ISCW013495), Dome3
(ISCW013496), Dome4 (ISCW008121), and Dome5 (ISCW016699) (fig. S2) (9), although
these were not identified in our assay. In addition to transmembrane and cytoplasmic
regions, Domel features a large extracellular amino-terminal region containing a signal
peptide, immunoglobulin (1G) domain, and three putative fibronectin type-111 domains

(Fig. 1A). The extracellular region also contains a mammalian cytokine-binding motif, the
interfer-bind PF09294 (24, 25), present in rodents (natural hosts of /. scapularis) and humans
(incidental hosts) but absent in non-/xodes arthropods, including flies, mites, spiders, and
other ticks (Fig. 1B). A ClustalW2 sequence alignment revealed homology between the
Domel interfer-bind motif and bona fide IFN-y receptors in mice and humans (Fig. 1C),

as further supported by a phylogenetic tree analysis of basal eukaryotic lineages (Fig. 1D).
The Domel interfer-bind motif was widespread across phyla, including a limited selection
of bacterial species (fig. S3).

As Domel was predicted to be a glycoprotein of 1308 amino acids with a large extracellular
domain (~704 residues), we generated recombinant versions of the entire ectodomain and
additional truncations, using mammalian and bacterial expression systems, respectively,

and generated antibodies in mice (fig. S4, A to C). The recombinant Domel ectodomain
produced in transfected mammalian cells migrated as a single 125-kDa protein. By contrast,
native Domel in the ISE®6 tick cell line or in fed nymphal tick guts was detected as multiple
proteins of 70 to 100 kDa, suggesting additional post translational processing (Fig. 1E). The
Domel ectodomain housed several N- and O-linked glycosylation sites (fig. S4A) and was
glycosylated only when produced in mammalian cells, but not in Escherichia coli (Fig. 1F).
Confocal immunofluorescence analysis indicated that native Domel was localized on the
surfaces of ISE6 cells (Fig. 1G) and tick gut epithelial cells facing the lumen (Fig. 1H). The
protein did not appear to be exclusive to the gut, as immunoreactivity was detected in other
tick samples, including hemocytes and the salivary gland (Fig. 1H).

We next confirmed the interaction of recombinant Domel with mammalian IFN-y. A yeast
two-hybrid assay showed a selective interaction between mouse IFN-y and Domel (Fig.
2A). In a pull-down assay, Domel interacted with IFN-y (Fig. 2B). A microtiter well-based
assay indicated that immobilized Domel bound IFN-y, but not tumor necrosis factor (TNF)
(Fig. 2C), reaching saturation with the addition of IFN-y (Fig. 2D). The binding kinetics
assessed by biolayer interferometry (BLI) showed that Domel bound IFN-y with high
affinity (Kp of ~40 nM) (Fig. 2E). Notably, Dome1 also bound chicken and human IFN-y
with high affinities (Fig. 2, F to H). IFN-y and Domel were found to colocalize on the
surface of ISE6 cells as well as on the tick gut surface in vivo (Fig. 21). Thus, Domel
specifically binds mammalian IFN-y on the luminal surface of the tick gut epithelium.
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IFN-y induces the microbicidal JAK-STAT signaling pathway in ticks through Domel

The transmembrane Dome receptor activates the JAK-STAT signaling pathway (17). We
therefore explored whether Domel induces the /xodes JAK-STAT pathway, which can
trigger microbicidal responses. DomeI mRNA (Fig. 3A) and protein (fig. S4D) were

both induced in feeding nymphs. Expression was enhanced during nymphal infestation on
Borrelia burgdorferi-infected hosts (B. burgdorferiis a common Lyme disease agent) (fig.
S4E), which produce systemic IFN-y (Fig. 3A, rightmost panel and fig. S6A) acquired

in the tick’s blood meal. The induction of Dome1 (Fig. 3A) and other known immune
components (21) appeared specific to spirochetal infection as their expression remained
unaltered in ticks exposed to another pathogen, Anaplasma phagocytophilum (fig. S5).
Although Domel mRNA was detectable in multiple tick organs (Fig. 3B), protein expression
was most obvious in the gut (fig. S6B). Using mutant mice that either could produce IFN-y
(/fngri-knockout) or were deficient in IFN-y (/fng-knockout), we found that Domel was
induced by interferon in the tick gut but not in other organs (Fig. 3, C and D). Host

IFN-vy influenced blood meal engorgement in ticks, as most nymphs that parasitized animals
lacking the cytokine fed to repletion at least 24 hours later than those that engorged on
IFN-y—producing mice (Fig. 3E).

To further understand the biological significance of interferon signaling in ticks—
particularly the roles of its arthropod receptor, Domel—we generated DomeI-knockdown
ticks through RNA interference (RNAI) (fig. S6B). The microinjection of double-stranded
RNA (dsRNA) targeting Domel in the tick gut substantially reduced its expression 48
hours after feeding in comparison to control (dsGFP) nymphs (Fig. 3F). Domel knockdown,
which was concurrently observed in the salivary glands and hemolymph (fig. S6B), did

not affect the expression of other Dome homologs, except for a small but detectable
decrease in Dome5 transcripts (fig. S7). The impact on Dome5 protein levels was minimal,
however (fig. S7). To assess whether Dome1l deficiency impaired the activation of the
JAK-STAT pathway, we allowed nymphal ticks to parasitize B. burgdorferi-infected mice.
The knockdown of Domel resulted in lower levels of JAK mMRNA (Fig. 3G), STAT
phosphorylation (Fig. 3H), and transcripts of antimicrobial gene DaeZ (Fig. 3I). In addition,
Domel deficiency reduced B. burgdorferilevels in the guts of knockdown ticks (Fig. 3, J
and K). Higher reactive oxygen species (ROS) activity was detected in DomeI-knockdown
guts, as well as the altered expression of representative enzymes associated with oxidative
stress, which may have contributed to the decreased spirochete levels (fig. S8). The
regulation of tick microbicidal immune responses was specifically triggered by Domel and
did not involve other homologs, such as Dome5. Indeed, a separate knockdown of Dome5
had no effect on tick immune responses, biology, or vectorial competence (fig. S9). Thus,
Domel can recognize mammalian IFN-y and trigger a cross-species immune signaling
cascade through the JAK-STAT pathway, ultimately influencing B. burgdorferilevels.

Domel contributes to tick intermolt development through the JAK-STAT pathway

DomeI-knockdown ticks, despite complete blood meal acquisition (Fig. 4A), began to
display reduced body weights and discolored cuticles 10 to 20 days after feeding (Fig. 4B).
Domel mRNA and protein deficiency was maintained throughout the intermolt stage and
in newly molted adults (fig. S6C). Most of the Dome1-knockdown nymphs were unable to
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molt after feeding, in contrast to control ticks (Fig. 4C). This suggested that Domel—in
addition to orchestrating mammalian interferon—induced microbicidal immune responses
within the vector—also plays a critical role in tick intermolt development. To better
understand the role of Domel in subadult ticks, we performed systemic RNAI in newly
engorged larvae. DomeI-knockdown intermolt larvae showed severe growth defects 20 days
after dsSRNA treatment and blood meal engorgement, with most ticks unable to molt (Fig.
4D). By contrast, nearly all control larvae molted to nymphs. The few DomeI-knockdown
ticks that were able to molt displayed a loss of bilateral symmetry and morphological
defects, ranging from malformed mouthparts (palps and/or hypostome) to leg abnormalities,
including unequal numbers of limbs on either side of the body (three versus four limbs) and
rudimentary or underdeveloped legs without a base (coxa), in addition to darker abdomens
and incomplete ecdysis (Fig. 4, E and F, and fig. S10).

To evaluate whether Domel was critical for fecundity and early larval development, Dome1-
deficient adult females were allowed to parasitize rabbits and subsequently lay eggs. Similar
to nymphs (Fig. 4A), a knockdown in Domel did not influence the repletion time or
engorgement weight of fed adults, but did affect the quality, number, and size of the egg
masses as well as the emergence of larvae, many of which were born with growth defects
(Fig. 4G and fig. S11), similar to those previously observed in nymphs.

Domel, but not Dome5, was the main driver of these phenotypic defects because eggs

and emerged larvae from Dome1-knockdown females produced Dome5 protein at levels
comparable to control ticks, whereas Domel protein remained largely undetectable (Fig.
4G and fig. S11). These Domel-regulated developmental abnormalities were likely driven
by the Ixodes JAK-STAT pathway, as the separate and systemic RNAI silencing of JAK

or STAT transcripts yielded comparable effects on tick development (Fig. 5 and fig.

S12, A to D). Although DomeI-knockdown ticks exhibited the most prominent body
deformities (Fig. 4, E and F), some similarities were observed in the overall appearances

of JAK- or STAT-knockdown ticks, including the presence of darkened abdomens (fig.
S12B). Moreover, newly molted nymphs in which the expression of Domel, JAK, or STAT
was separately knocked down also displayed comparable developmental defects, including
shorter hypostomes and palps, as well as deformities in the palp bases, legs, and anal pores
(Fig. 5 and fig. S12, B to D). Cross-sections of whole nymphal ticks revealed a completely
digested blood meal with normal development in control ticks, whereas Domel-, JAK-, or
STAT-knockdown ticks presented enlarged and abnormally developed bodies surrounding a
large bolus of blood meal, suggesting impaired digestive activities in the gut (Fig. 5H). Thus,
Domel contributes to tick intermolt development through the JAK-STAT pathway.

Gut biology and microbial homeostasis are maintained by Domel

As Domel deficiency affected multiple aspects of tick immunity and development, we
assessed possible alterations in the gut proteome and microbial homeostasis, in addition

to the influence of B. burgdorferion Domel signaling. Both DomeZ1 knockdown and B.
burgdorferiinfection affected the tick gut proteome (Fig. 6A and tables S1 to S4). Compared
with naive hosts, the impact of Domel knockdown in ticks feeding on B. burgdorferr-
infected hosts was reflected by the more robust down-regulation of several proteins known

Science. Author manuscript; available in PMC 2024 January 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rana et al.

Page 8

to support organ development, homeostasis, replication, and immune responses (table S4).
Thus, Domel signaling is more critical for the correct functioning of the gut when B.
burgdorferiis present. Domel regulated pathogen levels and influenced the STAT protein
(Fig. 3), which is known to affect the acellular gut barrier known as the peritrophic matrix
(PM), important for gut homeostasis (26). Therefore, we examined the influence of Domel
deficiency on PM function and the gut microbiome. The expression of gut peritrophin

gene PM5was reduced in Domel-knockdown ticks (Fig. 6B). The PM barrier was

also compromised, as indicated by the altered permeability of the fluorescein-conjugated
high molecular weight dextran (Fig. 6C). Furthermore, Domel knockdown affected the
diversity of the gut microbiome, including predominant bacterial genera such as Rickettsia,
irrespective of B. burgdorferiinfection (Fig. 6D). JAK-STAT-suppressed ticks showed
similar effects on tick biology and gut microbial homeostasis (fig. S13), indicating that they
constitute key drivers of Domel-induced responses. Thus, Domel regulates gut homeostasis
and microbial diversity.

Domel supports gut regeneration and stem cell proliferation through the Notch-Delta and
Hedgehog signaling pathways

We next investigated the cellular and molecular mechanisms by which the silencing

of Domel affects gut homeostasis. During feeding, the tick gut undergoes bursts of
developmental and remodeling events to acquire, ingest, and store a large volume of blood.
To perturb this process, we induced experimental colitis in ticks by microinjection of 2%
dextran sodium sulfate (DSS). DSS-treated ticks showed impaired feeding, as indicated
by the reduced number of engorged ticks (Fig. 7A) and overall lower body weights (Fig.
7B). There were no differences in engorgement weights of ticks treated with only DSS and
those coinjected with DSS and GFP dsRNA, but reduced weights were observed in ticks
coinjected with DSS and Dome1 dsRNA (Fig. 7B), suggesting that Dome1 is required for
the regeneration or remodeling of gut tissues.

Domel contributed to the optimal maintenance of gut cell populations (Fig. 7C), likely

by supporting their proliferation (Fig. 7D). Experimental tissue injury with DSS triggered
extensive cell proliferation in nymphal guts, evidenced by a significant increase in 5-
ethynyl-2’-deoxyuridine (EdU)-positive cells (Fig. 7E). The proliferative population, which
highly expressed Domel (Fig. 7F), was decreased in DSS-treated DomeI-knockdown

ticks (Fig. 7E, right panels), suggesting that Domel plays an essential role in cell
proliferation after tissue injury. /. scapularis also displayed heightened gut cell proliferation
when parasitizing IFN-y—sufficient mice compared with IFN-y—deficient mice (fig. S14),
underscoring the influential roles of host IFN-vy in the up-regulation of Domel and the
acceleration of blood meal engorgement in ticks (Fig. 3E). Domel-mediated regulation of
proliferative cells also involves gut stem cells, as their numbers were reduced in knockdown
ticks (Fig. 7G).

The function of Domel likely involves developmental transcription factors, such as
components of the Notch—Delta, epidermal growth factor receptor (EGFR), and Hedgehog
signaling pathways. Enhanced expression of Domel was observed during early molting
from larva to nymph (fig. S15A), whereas the knockdown of Domel impaired the
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expression of representative transcription factors from the Notch-Delta, EGFR, and
Hedgehog pathways in nymphs (fig. S15B). Hox genes, a group of downstream transcription
factors, were also induced after larval molting (fig. S15C). Notably, these genes were
down-regulated in Domel-knockdown ticks, compared with control ticks, whereas other
transcription factors, such as SE7 and POU, remained unaffected (fig. S15D). Because Hox
genes are regulated by the Hedgehog pathway (27), we created Heagehog-knockdown ticks
using RNA.. Similar to Dome1-, JAK-, or STAT-knockdown larvae, Hedgehog-silenced
ticks were also unable to complete molting, displayed defects in multiple organs including
the anal pore and legs, presented darkened abdomens, and often exhibited a complete loss
of mouthparts (fig. S16). Furthermore, Hedgehog knockdown affected the expression of
Notch, suggesting that their expression is connected during tick intermolt development.
Thus, Domel regulates cellular proliferation and the homeostasis of gut tissues through
JAK-STAT signaling through the Hedgehog and Notch—Delta pathways.

Ixodes Domel-JAK-STAT pathway is required for optimal feeding of B. burgdorferi-
infected ticks and pathogen transmission

We next assessed whether Domel or the JAK-STAT pathway affects pathogen survival
throughout the tick intermolt stages as well as pathogen transmission to naive hosts. In

B. burgdorferi-infected larvae, the suppression of Domel mRNA and protein, along with
JAK and STAT mRNA, was maintained in molted nymphs (Fig. 8A and fig. S12E).
Notably, despite the substantial impact of Domel-JAK-STAT on gut homeostasis and B.
burgdorferiacquisition in ticks from infected hosts (Fig. 3 and Fig. 6), lower levels of
spirochetes were detected throughout the intermolt period and in newly molted nymphs
(Fig. 8B). When Domel, JAK, or STAT were silenced in B. burgdorferi-infected ticks, only
control (dsGFP) or JAK-knockdown ticks completed feeding on naive C3H mice, whereas
only a minority of the DomeI- or STAT-knockdown ticks (0 to 6%) were able to attach

or engorge(fig.S12F).Control or JAK-knockdown ticks displayed regular hypostomes and
normal engorgement, but some of the Domel- or STAT-knockdown ticks that attempted
host attachment exhibited malformed mouthparts, such as broken or distorted palps or
hypostomes (Fig. 8C). Impaired feeding in DomeI- or STAT-knockdown ticks was further
demonstrated by the reduced average time of tick attachment (Fig. 8D), numbers of fed
ticks (Fig. 8E), and engorgement weights (Fig. 8F). After tick infestation, B. burgdorferi
was undetectable in mice parasitized by DomeI-knockdown ticks, whereas low levels were
recorded in STAT- and JAK-knockdown groups (Fig. 8, G and H, and fig. S12G). Despite
the detection of spirochete-specific signals in the JAK-knockdown group (Fig.8H), culture
analysis further confirmed that most animals remained uninfected (table S5).

Given the critical role of the /. scapularis Domel-JAK-STAT pathway in the utilization

of cross-species IFN-vy signaling mechanisms, we searched for these signaling components
in the major tick genomes. Representative components of the Domel-JAK-STAT pathway
were present in all examined major tick vectors (fig. S17), providing support for their more
widespread and evolutionary roles across diverse tick species. Despite the conservation of
Domel orthologs, there was a high degree of diversification across major tick groups (fig.
S18). However, the core Domel functions were likely maintained in ticks. For example,
the interfer-bind motif was absent in Domel orthologs from most non-/xodes tick genera
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(fig. S17) whereas the transcripts for Domel orthologs were detectable in the American

dog tick (Dermacentor variabilis) and lone star tick (Amblyomma americanum), which

were expressed during tick engorgement on mammalian hosts (fig. S19). Silencing of the
Domel ortholog in D. variabilis showed that it supported cellular proliferation and microbial
homeostasis in the gut (fig. S20), similar to its /. scapularis counterpart. Thus, the role of
Domel is conserved across diverse tick genera.

Discussion

This study highlights the complex roles of Domel as a central receptor for a mammal-
arthropod signaling cascade with converging effects on vector immunity and development.
The protein is essential for the interspecies regulation of gut homeostasis, immunity, and
blood meal digestion through the tick JAK-STAT pathway. These events, triggered by

the incoming blood meal and expedited by the interaction between host-acquired IFN-y
and Dome1, are crucial for the tick’s postembryonic development and organogenesis,

and are further supported by the Hedgehog and Notch—Delta biochemical networks. The
integration of immunity and developmental functions in a single gut receptor enables ticks
to sense danger signals emanating from infected hosts, thereby accelerating blood meal
acquisition, which is essential for tick metamorphosis. Overall, this study underscores the
notable flexibility of conserved cell signaling pathways, in addition to the commandeering
of elements that can drive the complex cross-species regulation of immune responses,

gut homeostasis, and organ development. It also emphasizes the intimate evolutionary
relationship between ticks and their hosts at paramount points in the arthropod life cycle,
marked by critical episodes of blood meal acquisition.

Mammalian cytokines affect the immunity and physiology of blood-feeding vectors (21, 28,
29), although the origin of cytokine receptors in arthropods remains unknown. Ticks, such
as /. scapularis, are cosmopolitan in their selection of hosts, including lizards. As ancient
ticks fed on primeval reptiles, it is possible that Domel originated early in the evolution of
tick hematophagy. Indeed, Domel orthologs are present in representative reptilian, avian,
and mammalian species (fig. S3), in addition to all examined tick groups (fig. S18). The
occurrence of an IFN-y-binding motif in Domel highlights how the evolution of vector
parasitism offers opportunities for the acquisition of novel gene traits. The integration of
Domel’s interfer-bind motif in multiple tick species (figs. S17 and S18), together with its
high-affinity interactions with mammalian or avian interferons, likely provides ticks with

an ability to intercept immunity signals from a variety of infected mammals. Notably,
although it remains unknown how /. scapularis evolved the ability to bind IFN-vy, the
interfer-bind motif is detectable in several bacterial species, including Roseburia spp., which
exist in the guts of both mammals and /. scapufaris (30, 31), pointing to lateral gene

transfer events as a possibility (22, 32). Regardless, IFN-y-induced Domel controls the
proliferation of /. scapularis gut cells, which would favor the intake of a large blood meal,
augmenting tick survivability. Moreover, microbicidal responses triggered by Domel-JAK—
STAT signaling may support tick development by preserving essential nutrients, such as
N-acetylglucosamine, the building block of tick chitin and bacterial peptidoglycan (33, 34).
The silencing of the JAK-STAT pathway or the knockdown of DomeZ with multiple RNAI
strategies (fig. S21) impairs organ development and tick metamorphosis, which suggests that
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these vectors reset their postembryonic development with each feeding cycle, revealing a
critical role for a limited ancestral cell signaling pathway in the subadult development of
ticks.

Because the role of the Domel-JAK-STAT pathway on tick development is evident in the
absence of IFN-y or B. burgdorferiinfection, it is likely that Domel binds endogenous tick
ligands or other blood meal—derived factors. However, we were unable to identify additional
Domel ligands in ticks, including UPD orthologs. Some other arthropods also lack genes
encoding UPD, including non- /xodes ticks (35), although some can alternatively produce
endogenous ligands, such as Vago in Aedes mosquitoes (16) and novel C-type lectins in
shrimp (14), that bind transmembrane Dome receptors and activate the JAK-STAT pathway,
triggering antimicrobial immune responses. The biological significance of the expression of
five Dome homologs in a single species such as /. scapularis remains puzzling, although

the functions associated with Domel seem to be nonredundant to that of its homologs. The
interference with tick development and metamorphosis through the knockdown of Domel,
JAK; or STAT impedes pathogen transmission from infected ticks to mammalian hosts,
suggesting that these proteins may represent potential targets of anti-tick measures.

These data enhance our understanding of how eumetazoan cell signaling pathways (20,

36) have evolved. They highlight the flexibility and capacity of these pathways to adapt

by integrating new components into existing networks that are likely important for the
emergence of distinct immunological and physiological functions, which are in turn essential
for animal survival in nature, particularly for ticks and other ectoparasites whose intimate
host associations and complex hematophagy influence their persistence.

Materials and Methods

Bacteria, mice, and ticks

A clonal low-passage B. burgdorferiB31 isolate A3, grown in Barbour-Stoenner-Kelly H
(BSK-H) media, was used throughout (21). A. phagocytophilum strain HZ was also used,

as detailed (10). Four-to-six-week-old female C3H/HeN mice, /fng-knockout (B6.129S7-
Ifng™178/3) mice, and /fagri-knockout (B6.129S7- /fngr1t™1A8Y) mice, as well as 6-to-9-
week-old female Dunkin Hartley guinea pigs and 6-week-old inbred female New Zealand
white rabbits, were purchased from Charles River Laboratories or Jackson Laboratories.
Ixodes scapularis, Dermacentor variabilis, and Amblyomma americanum ticks originating
from the tick rearing facility at Oklahoma State University were maintained in the laboratory
(21, 37, 38). All experiments were performed in accordance with the guidelines approved by
the Institutional Animal Care and Use Committee and the Institutional Biosafety Committee.

Nucleic acid isolation and PCR

Total RNA isolation was performed as previously detailed (39, 40). Assessment of
spirochete acquisition or transmission between ticks and C3H mice were performed as
described (40, 41). The relative number of targeted gene transcripts in cDNA was measured
using reverse transcription quantitative PCR (RT-gPCR) following published methods (42).
The oligonucleotide primers used for the RT-qgPCR analysis are indicated in table S6.
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Primers for the detection of various microbial species in the tick gut (43) and expression
analyses of various peritrophin genes have been previously described (26). Primers for
amplifying tick Actb from D. variabilis and A. americanum were designed as reported
earlier (44, 45). The RNA. studies on D. variabilis were conducted on the Dome ortholog
after cloning and sequencing the gene, which is submitted in GenBank with the nucleotide
accession number OP503541.

Recombinant protein expression, purification, and antibody production

Protein induction and purification, as well as the production of polyclonal antibodies, were
carried out using previously described methods (46, 47), with the following modifications.
Secretory signal peptides and a Flag tag were added to the N-terminal, whereas a
polyhistidine tag was linked to the C-terminal. The Domel gene was ligated to the pcDNA
3.0 vector using the Gibson Assembly Master Mix (New England Biolabs) following the
manufacturer’s instructions and transfected into CHO cells using PEI reagent (Polysciences,
Inc). G418-resistant clones were selected and analyzed for the secretion of the recombinant
Domel protein.

Immunoprecipitation and pull-down assays

Recombinant mouse IFN-y (BioLegend) was immobilized to anti-mouse IFN-y monoclonal
antibody (mAb) (clone R4-6A2, BioLegend) that was conjugated with Protein G-Sepharose
4B resin (Thermo Fisher Scientific). Precleaned whole tick lysates were incubated with

the immobilized IFN-y for 2 hours and bound proteins were then analyzed by mass
spectrometry. The anti-mouse IFN-y mAb conjugated with Protein G-Sepharose 4B resin
binding proteins was used as a negative control. For the pulldown assay, purified Domel-
extracellular domain protein was incubated with immobilized mouse IFN-y, followed by
immunoblot analysis (48).

Protein—protein interaction assays

Analysis of IFN-y interaction with Domel and other proteins was performed using a
microtiter assay as reported (49). The ability of Domel to bind IFN-y was measured by
bio-layer interferometry (BLI) using the Octet Red384 system (ForteBio, Pall Corp.). Data
were acquired in kinetics mode with standard settings and analyzed using the Data Analysis
software v9.0 (ForteBio, Pall Corp.). Briefly, anti-Penta-HIS (HIS1K) biosensors (ForteBio,
Pall Corp.) were prehydrated for 30 min in 200 pl of Kinetics Buffer (KB) (PBS+ 0.02%
Tween 20, 0.1% BSA, and 0.05% NaN3). Domel was then loaded onto sensors at a final
concentration of 25 nM. IFN-y was diluted in KB to a final concentration of 5.5 nM to 0.7
UM and a kinetics assay was performed at 30°C. The results were analyzed with a global fit
and 2:1 heterogeneous ligand-binding model using reference subtracted sensors with ligand
or analyte-only controls, according to the manufacturer’s software platform. For protein—
protein interactions in vivo, a yeast two-hybrid assay was used as detailed previously (50).
AD-Domel and BD-IFN-y constructs were cotransformed into yeast gold strains (Takara
Bio Inc.) as per the manufacturer’s instructions and were plated on selective double dropout
(2DO) media lacking leucine and trypsin and then incubated at 30°C for 3 to 4 days. The
colonies were further restreaked on high stringency synthetic 3DO medium missing leucine,
trypsin, and histidine. Colony growth was observed for 7 to 14 days.
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Quantitative proteomics analysis

Samples for proteomics analysis were prepared as described with minor modifications
(51). Processed tick proteins were labeled with the TMTPro 16-plex set (Thermo Fisher
Scientific), fractionated with offline high pH, and analyzed using nanoscale liquid
chromatography-tandem mass spectrometry (hano LC-MS/MS) with an orbitrap Fusion
Lumos mass spectrometer interfaced to an Ultimate3000nano HPLC system.

Measurement of reactive oxygen species

ROS levels in the tick gut tissues were measured as described (52). Dissected tick samples
were incubated with 60 uM dihydroethidium (DHE, Sigma-Aldrich), washed with PBS,

and analyzed by confocal immunofluorescence microscopy (ZEISS LSM 800) for red
fluorescence, using 10X lens and Zen imaging software (version 2.6), as previously reported
(22).

Tick manipulation and infection studies

Gene silencing in ticks was performed according to previously published methods (21,

26) using primers detailed in table S6. For murine infection studies, wild-type C3H, /fng-
knockout, or /fngri-knockout mice were injected with 10°B. burgdorferi and maintained
for 14 days. Microinjected, control, or naive ticks were allowed to feed on infected mice
(25 ticks per mouse). For tick engorgement and transmission studies, each experimental
group included two to five animals. The ticks were collected at various time points (24,

48, or 72 hours) or when fully fed, and were then analyzed using RT-qPCR (21). Similarly,
groups of 25 adult /. scapularis were microinjected using microcapillaries carrying 5 to

10 pl of various dsSRNA preparations (4 mg/ml), and infested on rabbit ears. For studies
using D. variabilis or A. americanum, separate groups of nymphs (up to 50 per group)
were placed on each individual guinea pig as detailed (53), and allowed to feed to repletion
for 7 to 8 days. Parallel groups of ticks were also microinjected using microcapillaries
carrying 5 ml of various dsRNA preparations (3 to 5 ug/ml). Some of the partially fed ticks
were collected at various time points (24, 48, 72, and 96 hours) and were stored at —80°C
before processing for cell proliferation assays, immunoblotting, or RT-gPCR assays. For cell
proliferation experiments, partially fed (48 or 72 hours) nymphal ticks were microinjected
using microcapillaries carrying 5 ul of 10 mM 5-ethynyl-2”-deoxyuridine (EdU) solution
(Thermo Fisher Scientific), incubated for 4 to 5 hours and dissected to isolate gut samples,
and fixed overnight with 4% paraformaldehyde in PBS. Following three washes with PBS,
samples were permeabilized with acetone for 10 min at room temperature. The samples
were subsequently blocked with 5% normal goat serum in PBS for two hours and incubated
with Click-iT reaction cocktails (Thermo Fisher Scientific) for 45 min, and subsequently
stained with DAPI and processed for confocal immunofluorescence microscopy. Artificial
feeding of nymphs was performed as described in previously published methods (54). To
induce colitis, groups of 25 nymphs, 2 to 4 weeks after molting, were microinjected using
microcapillaries carrying 5 ml of 2% DSS (MP Biomedicals), then allowed to engorge on
mice the following day, and processed accordingly.
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Microscopy and histological analysis

Microbiome

To localize B. burgdorferi, Domel, phosphor-histone H3 (PH3), or other structures including
nuclei, within tick organs or cells, the samples were processed for confocal microscopy
using published procedures (39). To avoid red—qgreen juxtapositions in immunofluorescence
images, the red Alexa Fluor 568 or rhodamine phalloidin signals in some of the samples
were converted to an alternate pseudocolor (violet spectrum) in the ZEISS LSM 800
confocal microscope according to the manufacturer’s instructions. Domel or other primary
antibodies were visualized using Alexa 488-labeled anti-rabbit 1gG or Alexa 568-labeled
anti-mouse or secondary antibodies. The specificity of these secondary antibodies was tested
in samples without primary antibodies or in the presence of normal mouse 1gG (isotype
controls), which did not generate non-specific immunofluorescence signals, as shown in Fig.
1H (see table S7 for a list of all antibodies used in the study). Briefly, tick organs were

fixed in 4% paraformaldehyde at 4°C overnight, and permeabilized with acetone for 10 min
following three washes with PBS. Samples were blocked with 5% normal goat serum in
PBS-T (PBS with 0.05% Tween 20) for 2 hours at room temperature and then incubated
with primary antibodies at 4°C overnight. Following three washes with PBS-T, the tissues
were incubated overnight with Alexa Fluor secondary antibodies. The cell nuclei or F-actin
were stained with DAPI or rhodamine phalloidin, respectively (Thermo Fisher Scientific)
and mounted with antifade mounting medium (Thermo Fisher Scientific). Confocal images
were acquired using either a 10X dry, 40X water, or 63X oil objective lens and ZEN
imaging software (version 2.6, ZEISS). Electron microscopic analyses were performed as
detailed earlier (55). The images of whole ticks were captured using a Canon SX720HS
digital camera under the Olympus SZ61 microscope. For histology, tick samples were cross-
sectioned and subjected to standard hematoxylin and eosin (H&E) staining as reported (40).
The stained slides were processed using a Leica Biosystems anatomic pathology scanner
and captured using ImageScope software. For quantitative analysis, at least 10 random
microscopic areas from three sections were enumerated for cell nuclei. All microscopic
analyses were performed in a double-blinded manner.

analysis

DNA from dsGFP- or dsDomel-microinjected nymphal ticks, either naive or infected

with B. burgdorferi (32 ticks per group), was prepared as described (56). Bacterial 16S
rDNA amplicons were then generated using barcoded 16S universal primers (515F/806R),
sequenced, and analyzed using the QIIMEZ2, version 2020.11 (57). Operational Taxonomic
Units were generated using Deblur (58) and assigned to taxonomic units using a pretrained
Naive Bayes classifier on the VV3-V4 region of the 16S rRNA sequences from the
Greengenes database, release 13.8 (59) at 99% similarity.

Bioinformatics and statistical analysis

Multiple sequence alignments were performed in Jalview 2.11.1.4 and aligned using
TCoffee (60) with default running conditions. Homologs to the Domel protein were
detected using HHPred (MPI Bioinformatics Toolkit) with three iterations of MSA sequence
generation with at least 40% minimum coverage (61). UniProt accession IDs were obtained
using R (4.0.1) and the packages MAPDB (v0.1) and UniProt.ws (v.2.30.0). Phylogenetic
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analysis (also see table S8) was performed using either the neighbor-joining method or the
maximum likelihood method with 1000 replicate bootstrapping (62, 63) and Interactive Tree
of Life (64). The I-TASSER automated modeling suite (65) was used on NIH HPC resources
to construct all models. Structures were annotated and visualized using PyMol (Schrédinger,
Inc.) and figures were created using BioRender (66). Dome orthologs were predicted by
flyBase (67) and the domains and motifs were identified using the SMART (68) as well as
Pfam and Motif Search (24, 25) databases.

Quantitative results are expressed as means + standard deviation (SD). The statistical
significance of the difference between the mean values of groups was analyzed using the
two-tailed Mann-Whitney U or Student’s ftest and one-way ANOVA methods. Results were
analyzed using GraphPad Prism v9 (GraphPad Software Inc.); £< 0.05 was considered
significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Identification and characterization of Ixodes scapularis Domel.
(A) A homology-guided model of Domel and a diagram showing its features and

domains. The domains [IG, three fibronectin type-111 (FN3), transmembrane (TM), and
cytoplasmic] are color-coded in the 3D structure (top) and schematic diagram (bottom).

(B) Acquisition of mammalian interfer-bind motif in Domel. Sequence comparison of
identifiable domains in mammalian cytokine receptors and Dome proteins from selected
species of arthropod subphyla are shown (asterisk: two orthologs in the same species).

(C) Predicted structure and sequence alignment of the cytokine (interfer-bind)—binding
motifs from Domel (dark-colored helices) and IFN-vy receptors (IFNGR) from mice and
humans (light-colored helices). IFNGR (Mus musculus) and IFNGR1 and IFNGR2 (Homo
sapiens) are superimposed to show alignment. (D) Phylogenetic tree of basal eukaryotic
lineage highlighting conservation of Domel through arthropod subphyla and selected
mammals. (E) Domel in a mammalian cell line (CHO), /. scapularis cell line (ISE6),

and nymphal tick lysates from partially (24 hour) fed ticks. Lysates from control (dsGFP-
injected) and Domel-knockdown (dsDomel-injected) ticks were used. Unlike Domel in
CHO or ISE6 cells, native Domel in whole tick lysates appeared as multiple proteins
(arrowheads). Protein loading is shown by Ponceau S staining. (F) Domel is a glycoprotein.
Electrophoresed full or truncated ectodomains (red and black arrowheads, respectively)
were visualized by periodic acid-Schiff (PAS) staining. Protein loading is indicated by
Ponceau S. (G) Domel localization (arrowhead) in tick cells. Nuclei were labeled with
DAPI. (H) Detection of Domel in nymphal guts, salivary glands, and hemocytes by
confocal immunofluorescence microscopy. More Domel immunoreactivity (arrowheads)
was detectable on the surface of gut epithelial cells facing the lumen (upper left and middle
panels) and the surface of hemocytes (lower right panel). Results are representative of three
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independent biological replicates. For [(G) and (H)], 19G from normal mouse sera served as
isotype controls; Domel: green; DAPI: blue; scale bar: 10 um.
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Fig. 2. Domel specifically interacts with IFN-y.
(A) Yeast two-hybrid assay demonstrates specific interaction between Domel and IFN-

v Although all yeast cells grew on the double-dropout (2DO) media, only those with
reporter gene activation grew on triple-dropout (3DO) media and expressed y-Gal (blue
color), confirming interactions between Domel-IFN-y or positive controls. (B) Anti-IFN-y
antibody pulls down soluble flag-tagged Domel in the presence of IFN-vy (left lane), but
not in its absence (middle lane), confirming a Domel-IFN-+y interaction. The pulled-down
Domel was detected by immunoblot using anti-flag antibodies (right lane). (C) A microtiter
well-based assay demonstrates a specific Domel-mouse IFN-y interaction. By contrast,

no interaction was observed between mouse TNF and Domel. Each data point shows the
average of duplicate wells from one of three independent biological replicates, with similar
results. (D) Dose-dependent binding of mouse IFN-y to recombinant Domel. The assay was
performed as in (C), suggesting a dose-dependent increase in Domel—-IFN-y interaction.
(E) Bio-layer interferometry (BLI) sensorgrams of Domel—-IFN-vy interaction. The affinity
constant of this interaction is presented above the sensorgram. (F and G) Dose-dependent
binding of recombinant chicken IFN-y (F) or human IFN-y (G) to recombinant Domel.
These assays were performed as detailed in (C). (H) BLI sensorgrams of Domel-human
IFN-vy interaction, confirming a high-affinity interaction with human IFN-y, analogous to
those highlighted in the mouse BLI data. (I) Domel and IFN-y colocalization on the surface
of tick cells (left panel) and in tick gut cells (right panel). Recombinant mouse IFN-y was
incubated with ISEG6 cells or dissected tick guts and probed with specific antibodies against
Domel and IFN-y, followed by FITC- or Alexa Fluor 568-labeled secondary antibodies. In
both tick cells and gut tissues, IFN-y colocalized with endogenous Domel protein (arrows).
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Error bars denote mean + standard deviation (SD). Results are representative of 2 to 4
independent experiments. White bar: 10 um. *P < 0.05, Student’s ftest.
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Fig. 3. Domel, induced by host-derived IFN-y, regulates tick borreliacidal responses through the
JAK-STAT pathway.

(A) Domel is induced during tick engorgement and B. burgdorferi infection. The

reverse transcription-quantitative polymerase chain reaction (RT-gPCR) analysis of DomeZ1
transcripts in nymphs fed on naive or infected mice (left panel). The right panel shows
IFN-y levels in murine blood. (B) Expression of Domel in various tick tissues. Nymphs
parasitized mice for 48 hours, and tissues were processed for Domel transcripts and
normalized against tick Actb levels. (C) /fng deficiency down-regulates Dome1 in tick
guts (arrow). Groups of three /fngri-knockout mice, which produce the cytokine (IFN-y

+ R KO) or /fng-knockout mice (IFN-y —KO) were parasitized by nymphs (30 ticks per
group) for 48 hours. Domel1 transcripts were analyzed in tick tissues. (D) IFN-y deficiency
downregulates Domel in fed tick gut. Protein loading is indicated by Ponceau S staining.
(E) Influence of host IFN-y on blood meal acquisition by ticks. In the absence of IFN-vy,
engorgement time is delayed at day 5, when nymphs ingest the major portion of the blood
meal. **P < 0.05, determined using two-tailed Student’s ztest. (F) RNAi-mediated Domel
knockdown by microinjection of unfed nymphs (20 ticks per group), which then fed on
Borrelia-infected mice for 48 hours. Domel mRNA levels were measured by RT-gPCR.

(G to 1) Domel knockdown reduces levels of JAK transcripts (G); STAT phosphorylation
(“M” and arrowhead denote molecular weight markers and phosphorylated STAT protein,
respectively) (H); and DaeZtranscripts (1) in 48-hour-fed ticks. (J) Domel knockdown
affects colonization of B. burgdorferi (green, arrowhead) in the tick gut; nuclei and actin
are labeled with DAPI (blue) and rhodamine phalloidin (violet). The image represents one
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of three biological replicates with similar results. (K) RT-qPCR analysis of B. burgdorferi,
assessed by measuring f/aB transcripts normalized to Actb levels. Results represent two to
five independent experiments, where quantitative data are shown as individual data points;
error bars show the means + SDs (/7= 9 to 30). White bar: 10 um. *P < 0.05, determined
using two-tailed Mann-Whitney U test; n.s., not significant.
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Fig. 4. Domel is essential for optimal tick metamorphosis.
(A) Host blood meal acquisition in Dome1-knockdown ticks. Number of fed ticks

(left panel) and tick engorgement weights (right panel) are shown. (B) Intermolt ticks.
Compared with controls, Dome1-knockdown post-fed (PF) ticks displayed lower weights
(upper panels) and different body colors with exposed exuviae or even death (lower

panels, arrowheads). (C) Impairment of molting success in DomeI-knockdown nymphal
ticks, as assessed by the percentage of molted ticks. (D) Domel silencing in fed larvae
impairs development and molting. The control intermolt ticks (left panels) at 20 days
post-fed (PF) reveal newly formed legs (arrowheads) which were absent or malformed

in Domel-knockdown groups (right panels, arrows). The percentage of molted ticks is
shown in the rightmost panel. (E and F) Compared with controls (E), transstadial Dome1-
knockdown ticks (F) showed deformities (arrows), including in hypostome (H) and palps
(P), uneven legs with unequal lengths, stunted legs without coxa, and darker abdomens
with incomprehensible gut diverticula. (G) Domel is essential for fecundity and larval
development. The data represent an experiment where 80 adult ticks were microinjected
with dsDomel or ds GFP (control) RNA and allowed to engorge on groups of rabbits.
Domel deficiency resulted in abnormal egg and larval development (top right panels),
compared with the controls (top left panels). Domel knockdown was sustained in the mature
eggs, which were analyzed for Domel (bottom left panels) or Dome5 (bottom right panels)
protein levels by immunoblot. See additional results for hatched larvae in fig. S11. Results
are representative of two to five independent experiments where quantitative data are shown
as individual data points; error bars show the means + SDs (/7= 6 to 50). Black or white bar:
100 pm; red bar: 50 pm. *P< 0.05, determined using two-tailed Mann-Whitney U test; n.s.,
not significant.
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Fig. 5. The Ixodes JAK-STAT pathway contributes to Domel-mediated tick metamorphosis.
(A) Knockdown of STAT, but not JAK;, impairs tick attachment. Ticks (25 nymphs per

group) were microinjected with target dSRNA and placed on naive mice. Detached fed

ticks were enumerated. (B) STAT knockdown impairs tick weight. Ticks were weighed after
feeding to repletion. (C) Molting success of knockdown ticks. Compared with controls,

a reduction in molting was evident in JAK- and STA7-knockdown ticks. **P < 0.05,
determined using two-tailed Student’s ftest. (D) RNAi-mediated JAK and STAT knockdown
effects are maintained transstadially. The ticks were analyzed as 48-hour-fed nymphs and

as molted adults. **P < 0.05, determined using two-tailed Student’s #test. (E) Scanning
electron micrographs of knockdown ticks. Unlike normal structures in control nymphs
(arrows), Dome1-, JAK-, and STAT-knockdown ticks presented abnormal appearances, most
noticeably in their malformed mouthparts, legs, and anal pores. (F) Close-up view of the
morphological defects highlighted in (E), indicating defective palp bases, legs, and anal
pores. (G) Quantitative assessment of morphological defects highlighted in (E), denoting
shorter hypostome and palps in Domel- and STAT-knockdown ticks. Additional results are
presented in figs. S10 and S12. (H) Histological analysis of ticks. Engorged larvae were
subjected to standard H&E staining. Enlarged and abnormally developed bodies surrounding
a large bolus of improperly digested blood meal were seen in Domel-, JAK-, or STAT-
deficient ticks. The inset shows a magnified view of the gut contents (arrow), revealing the
presence of the remnants of blood cells and microbes, which are predominant in all groups
except for the control (dsGFP) ticks. Results are representative of two to three independent
experiments where quantitative data are shown as individual data points; error bars show the
means + SDs (7= 3 to 30). Black bar: 100 um; red bar: 20 mm. *~ < 0.05, determined using
two-tailed Mann-Whitney U test; n.s., not significant.
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Fig. 6. Domel supports gut homeostasis in feeding ticks.
(A) Differential production of gut proteins in Dome1-knockdown ticks, in the presence

or absence of B. burgdorferi, analyzed as follows: (i) B. burgdorferi-infected versus

naive control (dsGFP-Bb versus dsGFP), (ii) naive Domel-knockdown versus naive

control (dsDomel versus dsGFP), (iii) B. burgdorferi-infected DomeI-knockdown versus

B. burgdorferi-infected naive control (dsDomel-Bb versus dsGFP-Bb), and (iv) B.
burgdorferi-infected Domel-knockdown versus naive Domel-knockdown (dsDomel-Bb
versus dsDomel). The down- and up-regulated proteins are indicated by green or purple
areas, respectively (see tables S1 to S4). (B) RT-qPCR assays show the down-regulation of
a peritrophin gene, PM5, in Domel-knockdown ticks. (C) Alteration of PM permeability

in DomeI-knockdown ticks. Confocal microscopy showed the guts of 48-hour-fed nymphs,
which had been microinjected with either dsDomeZ1 or dsGFP RNA and were then capillary
fed with fluorescein-conjugated 500,000 (green) or rhodamine red-conjugated 10,000
(violet) MW dextran molecules. The fluorescent beads are marked by arrowheads. L, lumen;
E, epithelial cells. (D) 16S rRNA amplicon analysis of gut microbiota in Domel1-knockdown
(dsDomel) and control (dsGFA) ticks, in the presence or absence of B. burgdorferi (32
nymphs per group), indicates alterations in microbial composition. The left panel denotes
the principal coordinate analysis of weighted UniFrac distances of microbial communities;
the right panel shows the genus-specific total bacterial abundance of Domel-knockdown and
control ticks in naive (dsGFP versus dsDomel) or infected (ds GFP-Bb versus dsDomel-Bb)
conditions. In naive ticks, Domel deficiency altered the abundance of selected microbes
(black arrowheads). In infected ticks, Domel knockdown decreased the abundance of
Borrelia and enhanced the level of Rickettsia (yellow and black arrowheads, respectively).
Results are representative of two to three independent experiments where quantitative data
are shown as individual data points; error bars show the means + SDs (/7= 9 to 20).
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White bar: 20 um. *P < 0.05, determined using two-tailed Mann-Whitney U test; n.s., not
significant.
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Fig. 7. Domel maintains gut homeostasis through tissue regeneration and stem cell proliferation.
(A) Incomplete blood meal engorgement after induction of experimental colitis in DSS-

treated ticks. **P < 0.05, determined using two-tailed Student’s ftest. (B) Domel assists in
tissue regeneration after injury. Ticks injected with DSS and coinoculated with dsDome1
RNA showed reductions in weight compared with the DSS-injected controls (dsGFP).

(C) Domel maintains optimal gut cell population, as assessed by histology. The middle
panel denotes the altered distribution of gut cells in DomeI-knockdown nymphs, showing
cellular reduction (arrowheads) and an enlarged lumen (asterisk), compared with controls
(left panel). The insets show the whole gut diverticula, with green boxes denoting the areas
of magnified images. The right panel shows the microscopic enumeration of gut cells. (D)
Cell proliferation in nymphal guts. Dome1-knockdown and control (ds GFP) nymphs fed on
naive mice for 72 hours to initiate gut cell proliferation. Proliferative EAU* cells are marked
by arrows (middle panels). The right panel shows the quantification of EdU™* cells. (E)
Domel is essential for cell proliferation after gut injury. Nymphs were microinjected with
buffer or DSS, in the presence or absence of dsSRNA (dsDomel or dsGFP). DSS-triggered
gut cell proliferation activity was impaired by DomeZ1 deficiency (left panel, arrow), also
shown by a reduction in cell counts (right panel). (F) Domel is expressed in proliferative
cells. EdU™ cells were positive for Domel expression (violet). (G) Domel regulation of
proliferative cells includes gut stem cells. Dome1-knockdown or control ticks fed on mice
for 48 hours and were stained with anti-phospho-histone H3 (PH3) antibody (left panels,
arrow), and enumerated (right panel). The circle represents a dividing stem cell nucleus in
the control tick. Results are representative of two to three independent experiments where
quantitative data are shown as individual data points; error bars show the means + SDs (7
=6 to 25). For [(D) to (G)], nuclei are labeled with DAPI (blue) or EAU (green); white or
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black bars: 50 um; blue bar: 300 pm. *P < 0.05, determined using two-tailed Mann-Whitney
U test.
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Fig. 8. Ixodes Domel and JAK-STAT signaling pathway is required for optimal blood meal
engorgement of B. burgdorferi-infected ticks and spirochete transmission to mice.

(A) Transstadial knockdown of Domel, JAK, and STAT in infected unfed nymphs. Larvae
that had engorged on B. burgdorferi-infected mice were microinjected with target dsSRNA
and allowed to molt. Transcripts in the infected nymphs were analyzed by RT-qPCR. (B)
B. burgdorferilevels in unfed nymphs, as measured by the RT-qPCR assessment of flaB
transcripts normalized against tick Actb levels. (C) Damaged tick mouthparts. Unlike the
control or JAK-knockdown ticks, the detached Domel- or STAT-knockdown ticks displayed
distorted mouthparts (arrowheads). (D to F) The feeding parameters for the various groups
are presented as the tick attachment time (D), number of fed ticks (E), and engorgement
weight (F). Asterisks denote significant differences between dsDomel or dsS7AT to other
groups. **P < 0.05, determined using two-tailed Student’s ftest. (G and H) Assessment

of pathogen transmission to mice. 12 days after tick feeding, infection in individual
animals was assessed by sera immunoblotting (G), or RT-gPCR assays (H) using one tissue
sample per organ, except for proximal and distant skin samples relative to tick bite sites,

by measuring copies of B. burgdorferi flaB transcripts normalized against mouse Actb
levels. Arrows indicate murine tissue samples in dsDomel or dsSTAT groups where f/aB
transcripts remain undetectable. For immunoblotting, sera from naive mice and mice that
were previously infected with B. burgdorferiwere used as negative (-) and positive (+)
controls, respectively. Loading controls are presented in fig. S12. Results are representative
of three independent experiments where quantitative data are shown as individual data
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points; error bars show the means + SDs (n7= 9 to 36). White bar: 200pum. *~ < 0.05,
determined using two-tailed Mann-Whitney U test; n.s., not significant.
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