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Abstract

Ticks are regarded as one of the most ancient, unique, and highly evolved ectoparasites. They

can parasitize diverse vertebrates and transmit a number of widespread infections. Once acquired
from infected hosts, many tick-borne pathogens, like Borrelia burgdorferi, are confined within the
tick gut lumen and are surrounded by discrete gut barriers. Such barriers include the peritrophic
membrane (PM) and the dityrosine network (DTN), which are in close contact with resident
microbiota and invading pathogens, influencing their survival within the vector. Herein, we
review our current state of knowledge about tick-microbe interactions involving the PM and

DTN structures. As a model, we will focus on /xodes ticks, their microbiome, and the pathogen
of Lyme disease. We will address the most salient findings on the structural and physiological
roles of these /xodes gut barriers on microbial interactions, with a comparison to analogous
functions in other model vectors, such as mosquitoes. We will distill how this information

could be leveraged towards a better understanding of the basic mechanisms of gut biology and
tick-microbial interactions, which could contribute to potential therapeutic strategies in response to
ticks and tick-borne infections.
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Most tick-borne pathogens, such as the Lyme disease spirochetes (black circle), are acquired
within the tick gut along with the host-derived blood meal. Acellular gut barriers like peritrophic
membrane (solid blue line) and dityrosine network (green dotted line) in tick gut potentially cover
the gut epithelial cells and physically separate them from the lumen, ultimately influencing the
persistence of many tick-borne pathogens. This review highlights our current state of knowledge
about tick-microbe interactions involving these gut barriers. This image was created using
BioRender (https://biorender.com/).
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Introduction

Ticks represent a major group of arthropod vectors that are present worldwide and transmit
a number of serious infections (Parola & Raoult, 2001). They exhibit a high degree of
heterogeneity in terms of their habitat, biology, and genome, which possibly dictates their
remarkable vectorial competence, as evidenced by their ability to harbor a diverse range

of pathogenic agents, including viruses, bacteria, protozoa, and nematodes (Jia et al.,

2020). The hematophagous and ectoparasitic behavior of ticks facilitates the acquisition

and transmission of certain pathogens between reservoir hosts and ticks, as well as frequent
transmission from ticks to incidental hosts. Many human and animal diseases are caused

by tick-borne pathogens. For example, tick-borne encephalitis (TBE) (Beaute, Spiteri,
Warns-Petit, & Zeller, 2018) is elicited by a virus of the family Flaviviridae, the TBE

virus (Mansfield et al., 2009), which occurs in many European countries, northern China,
Mongolia, and the Russian Federation, while Lyme disease, or Lyme borreliosis, is caused
by the bacteria Borrelia burgdorferisensu lato, which is prevalent in North America and
Eurasia (Radolf, Caimano, Stevenson, & Hu, 2012). The latest estimate from the United
States Center for Disease Control and Prevention (CDC) suggests that, in recent years, there
were likely over 400,000 new cases of Lyme disease annually in the U.S. alone (Kugeler,
Schwartz, Delorey, Mead, & Hinckley, 2021). This infection is predominantly transmitted by
Ixodes scapularis ticks, in addition to closely related species, such as /. pacificus, 1. ricinus,
and /. persulcatus, that are found across specific geographical regions of North America,
Eurasia, and Asia. While many distinct tick species transmit various human diseases, /xodes
ticks are considered as one of the most prolific vectors; besides Lyme disease and TBE, they
also transmit numerous other human infections, such as anaplasmosis, babesiosis, Powassan
virus, and B. miyamotoi disease. In fact, 13 newly recognized tick-borne pathogens have
been identified in the Western Hemisphere during the last two decades, including ones
transmitted by /xodes ticks (Paddock, Lane, Staples, & Labruna, 2016). Despite the high
incidence of tick-borne diseases and an increasing awareness of ticks as prolific vectors of
prevalent human diseases, there remains an unmet need for preventive vaccines, as well as a
deeper understanding of the fundamental molecular biology of ticks as disease vectors.

Hard ticks like /xodes spp. can quest for days, and once latched on a host, they usually
remain attached to the dermis for several days while ingesting copious amounts of blood, as
much as 100-fold greater than their own body volume. A large blood meal is fundamental

to tick survival throughout intermolt periods, which are characterized by many months

of feeding deprivation; it is also a requirement for the support of the molting process,

the subsequent growth of new organs (such as an additional pair of legs or reproductive
organs in fed nymphs), and egg-laying in fed females (Sauer, 1986; Sonenshine, 1993).
Additionally, blood meal ingestion provides an opportunity for pathogens to be acquired by
or transmitted via sub-adult or adult ticks. Ticks also maintain a diverse microbiome (Greay
et al., 2018) in various organs, often including pathogenic microorganisms (Bonnet & Pollet,
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2021), which are transmitted to the next host during a subsequent blood meal, following

a defined route. Of note, the duration of microbial transmission to the host in relation to
tick attachment varies greatly by the type of pathogen (Eisen, 2018). For example, upon
acquisition from an infected host, the Lyme disease agent B. burgdorferi exclusively resides
within the gut of an /xodes tick, often through the lengthy period of intermolt development.
During the tick’s subsequent blood meal, spirochetes exit the gut and move to the hemocoel
and ultimately the salivary gland, where they can be transferred to the host dermis along
with tick saliva (Piesman, Mather, Sinsky, & Spielman, 1987; Piesman, Oliver, & Sinsky,
1990). In contrast, most other tick-borne pathogens, like agents of anaplasmosis or TBE,
do not colonize the tick gut for long periods of time; rather, they cross the gut barriers and
colonize the salivary gland for subsequent transmission to hosts (de la Fuente et al., 2017).
Such “saliva-assisted” transmission of pathogens has been reported for many blood-feeding
arthropods, including many examples in ticks (Nuttall, 2019).

The ability of ticks to ingest and store the components of their blood meal in gut

epithelia, while simultaneously maintaining their resident microorganisms, indicates an
intimate interaction between gut components and invading pathogens. In addition to the
microbicidal cellular or humoral immune responses of the gut epithelia, specific acellular
or tissue barriers also exist within the tick gut that impact the survival or dissemination of
vector-transmitted pathogens. One acellular component called the peritrophic membrane or
peritrophic matrix (PM), which lines the gut of arthropods (Hegedus, Toprak, & Erlandson,
2019), is formed during blood feeding in ticks (Kariu, Smith, Yang, & Pal, 2013; Yang

et al., 2021; Zhu, Gern, & Aeschlimann, 1991). The PM appears to provide digestive

and immunological or defensive roles for the vector. Composed of chitin and proteins or
glycoproteins, it serves as a molecular sieve to separate the lumen from the ectoperitrophic
space, thereby selectively controlling the transfer of molecules from the partially digested
blood meal components between these two areas. The PM has been shown to exhibit a
protective function for the epithelial gut cells by acting as a mechanical barrier against
abrasive foodstuffs, invasive microbes, and secreted toxins from pathogens (Hegedus et al.,
2019). Furthermore, its structural integrity has been correlated with the ability of pathogens
to colonize epithelial cells, as the disruption of the PM in /. scapularis ticks has been shown
to affect the persistence of B. burgdorferi spirochetes in the gut (Yang et al., 2021). Overall,
a complex relationship exists in ticks between pathogens and the PM, as the presence

or disruption of the PM can either positively or negatively affect the survival of specific
tick-borne pathogens.

Relatively recent studies have identified another acellular structure that can immunologically
separate the lumen from the gut epithelium. An event of tyrosine cross-linking within the
extracellular matrix occurs in the guts of feeding mosquitoes, forming a proteinaceous
molecular barrier termed the dityrosine network (DTN) (Kumar, Molina-Cruz, Gupta,
Rodrigues, & Barillas-Mury, 2010), which is primarily catalyzed by a transmembrane gut
enzyme complex called dual oxidase (Duox) (Ameziane-El-Hassani et al., 2005; Donko,
Peterfi, Sum, Leto, & Geiszt, 2005). Duox, along with another enzyme with potential heme
peroxidase activity work cooperatively in forming the DTN (Kumar et al., 2010). The
formation of the DTN, potentially over the gut epithelia, appears to reduce the permeability
of epithelial cells to immune elicitors, thereby protecting the beneficial gut microbiota,
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which in turn supports invading pathogens, such as Plasmodium parasites in the Anopheles
mosquito gut (Kumar et al., 2010) or B. burgdorferiin the /. scapularistick gut (Yang,
Smith, Williams, & Pal, 2014). Duox in arthropods is likely a multi-functional enzyme; in
addition to the DTN, it also regulates gut homeostasis and the microbiome in the Drosophila
gut via the production of reactive oxygen species (ROS) (Ha, Oh, Bae, & Lee, 2005). In

the following paragraphs, we will review tick gut barriers, specifically the PM and DTN,
and their impact on invading pathogens in the feeding gut upon acquisition from infected
hosts. In particular, we will focus on /. scapularisticks and their responses to Lyme disease
pathogens as a model. We will attempt to summarize studies that are pertinent to the basic
concepts of tick immune and physiological responses, emphasizing the less-appreciated
roles of the intricate tick gut tissue barriers that influence pathogen survival or dissemination
within the vector.

The peritrophic matrix in the gut

One of the relatively well-characterized insect gut barriers is called the peritrophic
membrane or peritrophic matrix (PM). This acellular structure lines the gut epithelia of
arthropods and separates the endoperitrophic area of the lumen from the ectoperitrophic
zone (Hegedus et al., 2019; Lehane, 1997). The porous matrix along the surface of the gut
allows for the selective transport of compounds. Compositionally, the PM contains chitin,
which is an N-acetylglucosamine polymer, as well as proteins and additional carbohydrates
or glycoproteins. Chitin is synthesized by the chitin synthase (CS) enzyme. In insect species,
CS is often encoded by two genes, CHS-A and CHS-B; it has been observed that the
expression of CHS-B is restricted to gut epithelial cells that produce the PM (Arakane

et al., 2004), and that the experimental inhibition of chitin synthesis by a chitin inhibitor
named Dimilin impaired PM formation in the Locusta migratorialocust (Clarke, Temple,
& Vincent, 1977). The /. scapularis genome encodes for multiple CS enzymes (Gulia-Nuss
et al., 2016). Proteins that participate in PM structures can vary in number and function
across various arthropod species. Studies have focused on a specific group of proteins,
called peritrophins, due to their ability to affect chitin interactions through the formation

of disulfide bonds between their cysteines and the cysteines present in the chitin-binding
domain (Tellam, Wijffels, & Willadsen, 1999; Toprak et al., 2016). Heavily glycosylated
peritrophins appear to share functional similarities with mammalian mucins, including the
protection of epithelial cells against pathogens and proteolytic events, the lubrication of
foodstuffs during passage through the gut, and the selective transport of molecules across the
matrix (Strous & Dekker, 1992; Tellam et al., 1999).

Two major types of PM have been identified in arthropods: Type I, which originates from
the gut, and Type Il, which is formed by specialized tissues in the cardia (anterior gut). The
PM often creates a highly ordered orthogonal or hexagonal lattice, as indicated by electron
microscopic analysis (Hegedus et al., 2019). The PM can be a permanent or temporary
structure, likely depending on the specific feeding pattern and biology of each organism. It
has been shown that blood ingestion serves as the signal for PM production, but it is not
clear as to how this process is controlled (Hegedus et al., 2019; Yang et al., 2021; Zhu et al.,
1991).
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The PM appears to have multiple functions in arthropod physiology. It accounts for the
functional compartmentalization of the gut lumen, which likely supports the digestive
processes. Macromolecules are first processed in the endoperitrophic space; then, the
digested products are translocated through the PM to the ectoperitrophic area for final
digestion (Bolognesi, Terra, & Ferreira, 2008; Caldeira, Dias, Terra, & Ribeiro, 2007; Jordao
& Terra, 1991). In addition, the PM seems to act as a mechanical barrier that protects

gut epithelial cells from abrasive food particles. The midgut epithelium of a PM-lacking
Bombyx mori mutant was highly abraded, and membranous bodies were released from its
surface to the bolus (Sudha & Muthu, 1988).

Furthermore, several studies have shown the PM’s defensive role against invasive pathogens
and their released toxins. In insects, a negative correlation was recorded between the
abundance of pathogens in the gut and the presence of the PM. In D. melanogaster,

higher susceptibility to Pseudomonas entomophila infection, in addition to higher lethality
(probably owing to the increased deleterious action of its pore-forming toxin, monalysin),
were linked to a reduction in PM thickness, due to a mutation in the drosocrystallin

(dcy) gene; as Dcy is a chitin-binding protein expressed in the gut, these studies provide
genetic evidence that the PM protects the fly against intestinal bacterial infections (Kuraishi,
Binggeli, Opota, Buchon, & Lemaitre, 2011). A knockdown of the gene that encodes

for transglutaminase (TG), an enzyme that helps to stabilize PM by crosslinking with

Dcy, was lethal in Drosophila and induced the apoptosis of gut epithelial cells after oral
infection with 2. enfomophila (Shibata et al., 2015). In the A. coluzzii mosquito gut, the
synthesis and integrity of the PM were supported by microbiota, while the PM influenced
the persistence and containment of Enterobacteriaceae bacteria within the gut, preventing
a systemic infection, and participated in the restoration of gut homeostasis after a blood
meal (Rodgers, Gendrin, Wyer, & Christophides, 2017). Likewise, Cry toxins, CrylAa
and CrylAc, produced by the Gram-positive bacteria Bacillus thuringiensis were found

to be entrapped by the PM in B. mori, interestingly, the binding of Cry1Ac to the

PM was inhibited by N-acetylgalactosamine (GalNAc), and the pretreatment of CrylAc
with GalNAc completely restored CrylAc passage, indicating that CrylAc binds a PM
protein via GalNAc on a sugar side chain (Hayakawa, Shitomi, Miyamoto, & Hori, 2004).
Additionally, in insecticide-resistant Aedes aegypti mosquitoes, an extensive layer of PM
was found to be burdened with DDT (Abedi & Brown, 1961). In A. aegypti, the PM was
shown to participate in the protection of the midgut cells from the potentially toxic effects
of heme that is generated after hemoglobin catabolism, by specifically binding heme, and
therefore playing an important role in heme detoxification (Pascoa et al., 2002).

In another study, it was shown that PM formation is necessary for the survival of
Leishmania majorin the midgut of the Phlebotomus papatasi vector, as the activity of
exogenous chitinase led to complete blockage of PM formation and subsequent loss of
midgut parasites infections. (Pimenta, Modi, Pereira, Shahabuddin, & Sacks, 1997); an
early parasite mortality (within four hours) was also observed in the absence of exogenous
chitinase, which was associated with the activity of digestive enzymes present in the

gut after the blood meal and was reversed with the addition of a trypsin inhibitor or
Allosamadin, a specific inhibitor of chitinase. Together, these studies suggest that PM favors
parasites persistence by regulating their exposure to proteolytic enzyme present in the fed
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midgut. The disruption of PM formation, following the knockdown of the A. aegypti chitin
synthase (AeCs) gene via RNA interference (RNAI), impaired £ gallinaceum infectivity, as
measured by oocyst intensity (Kato et al., 2008). In the midgut of the A. gambiae mosquito,
reduced infection with £, falciparum parasites was observed upon disrupting the function of
fibrinogen-related protein 1 (FREP1). FREP1, which is secreted from the midgut epithelial
cells, was shown to localize in and interact with the PM. As FREP1 also binds Plasmodium
gametocytes and ookinetes, this protein also has proposed roles in PM penetration and
epithelial invasion by parasites (Zhang et al., 2015).

Additional microbes seem to have evolved to manipulate PM structure or function in
arthropods, affecting pathogen persistence in the gut. Increased infection was observed in
baculovirus-treated 7richoplusia nilarvae, due to a factor present in baculovirus occlusion
bodies that likely consists of a metalloprotease called enhancin (Derksen & Granados,

1988; Wang & Granados, 1997). Entomopoxvirus (EPV) spindles enhance infection by
disrupting the PM in host insects, possibly using a protein called fusolin that has a
conserved region with a potential chitin-binding domain (Mitsuhashi et al., 2007). Through
a remarkable mechanism adopted by trypanosome surface coat proteins, called variant
surface glycoproteins (VSGs), African trypanosomes can interfere with the PM function

by modulating the transcriptional profile of cardia cells, which are responsible for the

PM synthesis, to successfully establish infection in the tsetse gut (Aksoy et al., 2016).
Babesia microti have been found to penetrate the PM in /. damminiticks by using the
arrowhead, a highly specialized organelle that forms in some Babesia parasites during their
development and invasion through the tick PM (Rudzinska, Spielman, Lewengrub, Piesman,
& Karakashian, 1982). A chitinase gene, named PbCHT1, which encodes for putative
proenzyme with chitin-binding domains, was identified in the rodent malaria parasite £
berghei and shown to facilitate midgut invasion in A. stephensi mosquitoes (Dessens et

al., 2001). Based on its homology to other chitinases and experimental evidence, PbCHT1
seems to be the only chitinase in P berghei, and it was suggested that the gene’s role is
different than directly targeting the PM, since its disruption was correlated with a significant
reduction in parasite infectivity not only in mosquitoes, but also in ookinete-feeds where
the midgut invasion occurs before the PM formation (Dessens et al., 2001). Similarly, the
chitinase PFCHT1 gene in P, falciparum was shown to be essential for the parasites to invade
the A. freeborni midgut (Tsai, Hayward, Langer, Fidock, & Vinetz, 2001). Taken together,
these studies highlight PM’s important role in vector gut physiology and its profound
influence on pathogen persistence in arthropods.

The PM is formed in the midgut of /. scapularis (Yang et al., 2021) or related ticks (Zhu

et al., 1991) during blood meal engorgement on a vertebrate host (Figure 1). More recently,
the nano-LC-MS/MS proteomic analysis of isolated PMs from fed /. scapularis ticks resulted
in the identification of a few constituent PM proteins (Kariu et al., 2013). Amongst these,
one of the most abundant was a 60-kDa protein which shares homology with arthropod
chitin deacetylase (CDA), termed as /. scapularis CDA-like protein (IsCDA). Although the
RNAi-mediated silencing of ISCDA in ticks had no effects on PM structure or spirochete
levels in the gut, the treatment of ticks with ISCDA antibodies significantly affected B.
burgdorferi persistence, without influencing the levels of total gut bacteria (Kariu et al.,
2013). Additional studies indicated the significant role of another protein, termed peritrophic
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membrane chitin binding protein (PM_CBP), which also resembles CDA from B. mori
(YYang et al., 2021). The silencing of PM_CBP in ticks via RNAI led to a significant decrease
in the thickness and function of the PM in 48-hr fed ticks, although there was no marked
impact on spirochete persistence. Notably, when infected ticks were treated with PM_CBP
antibodies, both the PM structure and Borrelia burden were altered in ticks. Consequently,
the transmission of B. burgdorferi from antibody-treated ticks to naive mice was also
affected. Similarly, after feeding on infected mice that were actively immunized with
PM_CBP, the acquisition of Borreliaby /. scapularis ticks was affected (Yang et al., 2021).
Additional research also highlighted PM regulation via the STAT signaling pathway and its
importance to pathogen persistence in ticks. In experiments where the expression of /xodes
transcription factor STAT was diminished, a reduction in the expression of a PM protein
called peritrophin-1 was also observed, in addition to a significant decrease in PM thickness.
The levels of tick-borne pathogens, including B. burgdorferi, were also affected in nymphs
after the targeted silencing of peritrophin-1 via RNAI. Fewer epithelium-bound spirochetes
were observed in nymphs after the knockdown of STAT or peritrophin-1, suggesting that
the STAT signaling pathway and the PM may impact spirochete colonization in /. scapularis
ticks (Narasimhan et al., 2014). In addition, the colonization of /. scapularis by other
tick-borne pathogens, like Anaplasma phagocytophilum, was correlated with decreased
expression levels of certain peritrophin genes. Reduced PM thickness was also observed

in nymphs that fed on A. phagocytophilum-infected mice, as compared to nymphs that

fed on control mice. The RNAi-mediated silencing of those peritrophin genes significantly
enhanced the colonization of A. phagocytophilum in the tick gut and salivary glands,
indicating that A. phagocytophilum infection, as acquired from the host, induces changes

in the gut barrier (Abraham et al., 2017).

A newly recognized immune barrier in the gut: the dityrosine network

In Drosophila, it has been shown that dual oxidase (Duox) regulates the microbiome and
homeostasis of the gut through ROS production (Ha et al., 2009). Duox proteins are

named as dual oxidases because they have an NADPH oxidase domain (gp91P"°X) and an
extracellular N-terminal domain, with high homology to mammalian peroxidases. The Duox
peroxidase-like domain probably does not bind heme like other peroxidases, as it lacks the
essential amino acids that are needed for heme binding. Between these NADPH oxidase and
N-terminal domains, there is an EF-hand calcium-binding cytosolic region, indicating that
calcium ions control their activity (De Deken, Wang, Dumont, & Miot, 2002; Donko et al.,
2005; Sumimoto, 2008). It has been shown that Duox enzymes generate hydrogen peroxide
(H205) in a calcium-dependent manner, but not superoxide, which is produced by the other
family members (Ameziane-El-Hassani et al., 2005; Dupuy, Deme, Kaniewski, Pommier, &
Virion, 1988). Duox homologs were identified in lower organisms, including Caenorhabditis
elegans, sea urchins, D. melanogaster, A. gambiae mosquitoes, and /. scapularis ticks
(Edens et al., 2001; Heinecke & Shapiro, 1992; Kumar et al., 2010; Yang et al., 2014).

In C. elegans and sea urchins, Duox enzymes appear to play an additional crucial role

in extracellular matrix formation, providing hydrogen peroxide for the crosslinking of
dityrosine and trityrosine proteins (Edens et al., 2001). Duox knockdown in C. elegans
using RNAI resulted in cuticle morphological defects and the elimination of dityrosine and
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trityrosine linkage formation (Edens et al., 2001). In response to blood feeding, gut epithelial
cells in A. gambiae secrete a heme immunomodulatory peroxidase (IMPer), which works
alongside a dual oxidase to catalyze the formation of a proteinaceous barrier termed as the
dityrosine network (DTN). This network seems to protect gut epithelial cells from invasive
microorganisms and create a suitable lumen environment for the proliferation of bacteria by
effectively controlling gut permeability to immune elicitors. It also supports the development
of malarial parasites within the midgut lumen without detection by epithelial immunity.
Pathogen-specific immune responses were observed after the disruption of the DTN (Kumar
et al., 2010).

The 1. scapularis genome encodes a single Duox protein and about 16 proteins with possible
peroxidase activity. It has been shown that the Duox enzyme is expressed in ticks after
blood meal engorgement, and that an initial upregulation is potentially correlated with gut
microbiome replication (Yang et al., 2014). Interestingly, Duox expression was observed

to be 3-fold higher in ticks that fed on B. burgdorferi-infected mice, as compared to ticks
that fed on naive mice. In addition to Duox expression, immunofluorescence microscopy
analysis revealed the formation of a DTN in the tick gut (Yang et al., 2014); a schematic
diagram showing the possible location of DTN is presented (Figure 1). RNAi-mediated
Duox knockdown has been shown to interfere with DTN formation and negatively regulate
B. burgdorferipersistence in the tick gut (Yang et al., 2014). Additionally, two peroxidases,
annotated as ISCW017368 and ISCW002528, are dramatically upregulated upon spirochete
invasion, with ISCW017368 also affecting DTN formation and spirochete levels in ticks.

A reduced abundance of B. burgdorferi could be partially attributed to nitric oxide (NO)
synthase induction and NO production, as observed in ticks when the DTN was impaired
and the expression of ISCW017368 was knocked down (Yang et al., 2014). Further studies
on the function of the Duox enzyme (and other peroxidases) are warranted to better
understand the mechanisms that govern DTN formation and the regulation of pathogen
persistence.

Gut barriers and their molecular constituents as targets for vector- or

pathogen-specific vaccines:

As studies suggest that gut barriers, like the PM and DTN, influence vector physiology
and pathogen persistence, these structures or their molecular constituents serve as potential
targets for vaccines against vector-borne infections. Experimental studies have demonstrated
that the disruption of genes important to PM formation can affect pathogen persistence

in the gut or impose lethal effects, as seen with D. melanogaster (Buchon, Broderick,

& Lemaitre, 2013). The targeting of the chitinase enzyme, which is released by specific
parasites to invade the PM, impaired the persistence of invading microbes in the guts of
mosquitoes (Dessens et al., 2001; Tsai et al., 2001). In /. scapularisticks, antibodies raised
against proteins that resemble CDA were found to affect spirochete burdens in the vector
(Kariu et al., 2013). Additionally, B. burgdorferilevels were reduced after the silencing of
peritrophin-1, although the disruption of certain peritrophin genes significantly enhanced
the colonization of A. phagocytophilumin the 1. scapularistick gut and salivary glands
(Abraham et al., 2017; Narasimhan et al., 2014). Taken together, these studies indicate that
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specific molecules that are critical to the structure and formation of the PM, or are utilized
by pathogens to penetrate the PM or invade the gut epithelia, could serve as possible targets
for vaccines against vector-borne infections. Nevertheless, future studies are warranted to
elucidate PM formation and its functions in disease vectors, including ticks. In addition, as
the DTN has also been shown to influence the burden of malarial parasites or Lyme disease
agents within their respective vectors, further research is required to better understand

the structure and roles of DTN components, particularly as targets for vaccines against
vector-borne pathogens.

Concluding Remarks and Future Prospects:

Evolving hundreds of millions of years ago, ticks have adapted sophisticated hematophagy
processes and evolved an ability to survive in diverse environments across the globe. Given
the remarkable diversity among arthropods, tick biology is likely unique, with significant
divergence from model arthropod species. In fact, recent studies on the biology and vectorial
competence of ticks highlight their roles as atypical ectoparasites and acknowledge their
distinction as prolific vectors of many serious human diseases. Although the environmental
acquisition of microbes by ticks is possible, these excellent blood feeders primarily acquire
pathogens in their guts during the ingestion of a blood meal from a vertebrate host.
Enhancing the roadmap of our existing knowledge of the gut barrier functions that are
relevant to tick-pathogen associations, with an emphasis on the cellular and molecular
mechanisms that govern gut biology and homeostasis, will plant new seeds of innovative
research. While much is known about the tick salivary gland, the identities of tick gut
proteins, especially those that are integral to the structure and function of the gut barriers,
remain enigmatic. Although it is unclear as to precisely how gut barrier disruption impacts
pathogen persistence, physical separation and decreased interaction with the epithelial cells,
resulting in altered microbicidal responses, remain a likely general explanation (Kumar et
al., 2010; Yang et al., 2014). Elucidating the components of the PM and DTN, and how
these structures drive functional interactions with the microbiome and invading pathogens
to determine vector-host interactions, will enrich our knowledge of the intricate biology of
tick-pathogen interactions in the gut, which may contribute to the identification of novel
strategies to control vector-borne infections, including tick-transmitted diseases.
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Figure 1:
A schematic diagram of a part of the tick gut. The diagram shows the occurrence of the

peritrophic matrix (PM) and the possible location of the dityrosine network (DTN) in the
gut of a fed /. scapularistick. The Lyme disease pathogens exist in the gut lumen and

are surrounded by the PM of an infected /. scapularistick. This figure was created using
BioRender (https://biorender.com/).
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