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Tick borne pathogens, such as Anaplasma spp., Ehrlichia spp., Rickettsia spp., Babesia and Theileria sensu stricto
species, cause infectious diseases both in animals and humans. Different types of immune effector mechanisms could be
induced in hosts by these microorganisms. The components of innate immunity, such as natural killer cells, complement
proteins, macrophages, dendritic cells and tumor necrosis factor alpha, cause a rapid and intense protection for the acute
phase of infectious diseases. Moreover, the onset of a pro-inflammatory state occurs upon the activation of the
inflammasome, a protein scaffold with a key-role in host defense mechanism, regulating the action of caspase-1 and the
maturation of interleukin-18 and IL-18 into bioactive molecules. Innate immunity is activated immediately after the infection
and inflammasome-mediated changes in the pro-inflammatory cytokines at systemic and intracellular levels can be
detected as early as on days 2-5 after tick bite. The knowledge of the innate immunity mechanisms could lead to the
development of new methods of emergency diagnosis and prevention of tick-borne infections.
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| 1. Introduction

Tick-borne diseases are emerging infectious diseases caused by bacterial, viral and parasitic pathogens, including the
bacteria Anaplasma spp., Ehrlichia spp. and Rickettsia spp., and the protozoa Babesia spp. and Theileria spp .

Anaplasma species (order Rickettsiales, family Anaplasmataceae) are obligate intracellular pathogens, which survive in
host cells avoiding the host immune response [&. The genus includes species affecting companion, domestic and wildlife
animals. Anaplasma marginale and Anaplasma phagocytophilum are two relevant pathogenic species, with the latter also
able to infect humans [l Other species pathogenic towards animals are Anaplasma bovis, Anaplasma centrale,
Anaplasma ovis and Anaplasma platys 4.

Ehrlichia species (order Rickettsiales, family Anaplasmataceae) are able to infect several vertebrate hosts &. Ehrlichia
genus includes six species: E. chaffeensis, E. ewingii, E. canis, E. muris, E. ruminantium and E.ovis that affect several
vertebrate hosts BZ, E. chaffeensis and E. ewingii are also important zoonotic agents B2 Ehrlichia efficiently
establishes an intracellular infection and avoids immune defenses in vertebrate and invertebrate hosts through complex
molecular and cellular reprogramming strategies L1914,

Rickettsia genus (order Rickettsiales, family Rickettsiaceae) includes obligate intracellular bacteria causing increasingly
emerging human febrile diseases, including Mediterranean Spotted Fever, Rocky Mountain Spotted Fever, Epidemic
typhus, murine typhus, scrub typhus 2. Within the Rickettsia genus, Spotted Fever Group comprises two main
pathogens: R. rickettsii, responsible for Rocky Mountain Spotted Fever, the most severe rickettsioses in the western
hemisphere, and R. conorii, responsible for Mediterranean Spotted Fever, whose spreading and severity is increasing
throughout Europe and Africa 13l. The Typhus Group includes the pathogenic agents of epidemic typhus (R. prowazekif)
and murine typhus (R. typhi), displaying severe outbreaks worldwide. After a tick bite, bacteria replication within the
infection site can lead to a necrotic lesion (eschar) and, subsequently, endothelial cells are the first cellular targets for
rickettsia infection, with vascular severe damages.

Babesia sensu stricto (Order Piroplasmida, family Babesiidae) includes infecting agents of a wide range of domestic and
wild animals 241231 |t comprehends both the so-called large (B. caballi, B. bigemina, B. canis, B. rossi, B. vogeli) and
small (B. gibsoni, B. bovis) Babesia species 8. The pathogens infect red blood cells where they reproduce asexually.

Theileria sensu stricto species (order Piroplasmida, family Theileridae) are the aetiologic agents of a variety of diseases in
domestic and wild ruminants 2217 They include all the Theileria species pathogens for cattle, i.e. T. annulata, T. parva, T.
orientalis 181, After the tick bite, injected sporozoites infect leukocytes and multiply inside them by merogony. Mature
schizonts develop into merozoites, which are released and invade erythrocytes, forming piroplasms 28],



The interaction of tick-transmitted pathogens with the host immune system has been widely studied 12[201121][22][23]

| 2. History

Many pathogens are transmitted by tick bites, including Anaplasma spp., Ehrlichia spp., Rickettsia spp., Babesia and
Theileria sensu stricto species. These pathogens cause infectious diseases both in animals and humans. Different types
of immune effector mechanisms could be induced in hosts by these microorganisms, triggered either directly by pathogen-
derived antigens or indirectly by molecules released by host cells binding to these antigens. The components of innate
immunity, such as natural killer cells, complement proteins, macrophages, dendritic cells and tumor necrosis factor alpha,
cause a rapid and intense protection for the acute phase of infectious diseases. Moreover, the onset of a pro-inflammatory
state occurs upon the activation of the inflammasome, a protein scaffold with a key-role in host defense mechanism,
regulating the action of caspase-1 and the maturation of interleukin-1(3 and IL-18 into bioactive molecules.

Inflammasomes as Key Multimolecular Mechanisms Reacting to Infections

The innate immune signalling structures, the so called innate immune sensors, include Toll-like receptors (TLRs), Nod-like
receptors (NLR), absent in myeloma (AIM2), C-type lectin receptors, retinoid acid-inducible gene I-like receptors (RIG I-
like) and cyclic GMP-AMP synthase (CGAS)/STING (stimulator of interferon genes) 24123 The best analyzed pathways
are those activated from TLR and NLR receptors, which localize and respond to antigens either on membrane surface or
inside the cells, respectively (281, TLRs are pattern recognition receptors, which sense a broad range of microbial ligands
leading to expression of genes involved in inflammation and other immune responses 24, while NLR proteins are
cytosolic pathogen recognition receptors (PRRs) able to oligomerize into a large inflammasome. Inflammasome is a
protein scaffold with a key-role in host defence mechanism regulating the action of caspase-1 (CASP1) and the
maturation of interleukin-1p (IL-1p) and IL-18.

The inflammasome activation was shown to be induced during infections by Gram negative- (i.e., Escherichia coli), Gram
positive- (i.e., Staphylococcus aureus), Gram variable-bacteria (i.e., Mycobacterium tuberculosis), DNA- (i.e., Adenovirus),
RNA-virus (i.e., Hepatitis C virus), Fungi (i.e., Aspergillus Fumigatus) and Protozoa (Leishmania spp.) 28129,

Upon activation, multimeric complexes assemble to function as activation platforms for the autoproteolysis of CASP1, a
protease which cleaves pro- IL-1B and IL-18 into their mature forms B (Figure 1).
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Figure 1. Inflammasomes activation and production of IL1(3 and IL18: Surface-expressed TLRs, such as TLR1, 2, 5, and
6, bind TLR-dependent stimuli, for example bacterial PAMPs. Following this binding, TLRs, through the adaptor protein

MyD88, activate the transcription factor NF-kB to induce the expression of inflammatory genes, such as IL1p and IL18,
leading to the production of pro-IL13 and pro-IL18. On the other hand, different PAMPs or DAMPs activate the



inflammasome through various NLRs, such as NLRP3. Inflammasome leads to active Caspase-1 that processes pro-
IL1B/pro-1L18, leading to the active form of IL1B and IL18. Active cytokines leave the cell and act as pro-inflammatory
molecules.

The most well-established inflammasomes are NLRP1 (nucleotide-binding domain leucine-rich repeat-containing [NLR]
family, pyrin domain [PYD]-containing 1), NLRP3 (NLR family, PYD-containing 3), NLRC4 (NLR family, caspase activation
and recruitment domain [CARD]-containing 4), AIM2 (absent in melanoma 2), and pyrin. It was reported that other NLR
family proteins, including NLRP6 and NLRP9b, may also form functional inflammasomes 211,

In particular, TLR2 promotes NLRP3 inflammasome activation providing a priming signal (signal 1) necessary for
activation of the inflammasome by a second potassium-depleting signal (signal 2) 22

Activation of inflammasomes causes a sequence of responses, including release of IL-1f3 andIL-18 and the induction of
pyroptotic, or inflammatory, cell death through cleavage of gasdermin D (GSDMD) 22838l GSDMD is a pore-forming
protein, which cleavage by the inflammatory caspases critically determines pyroptosis by releasing the cleaved
gasdermin-N domain that bears intrinsic pyroptosis-inducing activity B4. In particular, active CASP1 enzymatically cleave
GSDMD into two fragments (the N domain and C domain). The GSDMD-N domain can form pores on lipid membranes,
drive K+ efflux and induce pyroptosis through cell membrane disruption 231261,

Inflammasomes can interact directly with the inflammatory effector CASP1 through CARDs or by utilizing the adaptor
apoptosis-associated speck-like (ASC) protein to mediate the interaction between PYD-containing sensors and CARD-
containing CASP1.

Non-canonical inflammasome activation has two main effects: (1) the induction of pyroptosis and (2) the secretion of the
pro-inflammatory cytokines IL-1B and IL-18 via the activation of the canonical NLRP3 BARE8IE8 GSDMD is the effector
molecule linking these two downstream processes 223l Indeed, murine CASP11 (CASP4 and CASP5 in humans)
oligomerizes upon binding with cytosolic LPS and becomes active. Active CASP4/5 cleaves GSDMD to drive pyroptosis
and NLRP3 infllmmasome-dependent cleavage of CASP1 U CASP4-mediated NLRP3 activation depends on
potassium efflux 24,

Some recent studies showed that LPS is not directly recognized by caspases but through a receptor called guanylate-
binding protein 1 (GBP-1), which protects in a cell-autonomous manner against infection with bacteria, parasites and
viruses and promotes the activation of human CASP4 upon transfection of LPS 42, Moreover, GBP1 acts as a cytosolic
LPS sensor detecting and targeting the LPS-containing membranes of Gram-negative bacteria, where it assembles a
platform that promotes CASP4 recruitment and activation 431,

An oversimplification of the interactions between canonical and non canonical inflammasomes could happen as follows:
the canonical inflammasomes, through the activation of CASP1, generate the mature forms of IL1(3 and IL18 while the non
canonical inflammasomes, activated by LPS, through bioactivity of CASP4 contributes with IL1 and IL18 to inflammatory
processes and pyroptosis.

There are probably aspects of inflammasome biology, which may be elucidated in the context of infections with
uncommon pathogens. Ticks transmitted pathogens are deeply different from other, more commonly studied microbes,
especially for their life strategy and induced pathology. For example, many of them induce a less severe disease
compared to the pathogens commonly activating inflammasome. Some tick-borne bacteria do not display canonical
PAMPs, such as lipopolysaccharides (LPS) [441(45],

| 3. Data, Model, Applications and Influences

Even though recent studies have shed light on the role of innate immunity during tick-borne infections, much remains
unknown. Host immune response could interact with Babesia spp., Rickettsia spp., Anaplasma spp., Ehrlichia spp. and
Theileria spp. using different cells and/or molecules responsible for the innate immune response onset. Effector
mechanisms of innate immune responses, displayed by host in short time, are able to inhibit symptoms in the acute
infection phases, but they do not contain the infection. Instead, this task is up to T and B cell responses, mounted by the
immune system afterwards and able to induce a long-term protection against pathologies induced by tick-borne microbes.

Tick-transmitted microbes differ both physiologically and in their pathogenic potential from other well-characterized
pathogens. This is likely the result of the exposition of TBPs to the evolutionary pressures of complex interactions among
vertebrate hosts and vectors 48471 As previously proposed 48], tick-host-pathogen molecular interactions evolved as



conflict and cooperation with mutual beneficial effects for all parts. These interactions evidence coevolutionary
mechanisms by which pathogens manipulate tick vector and animal host protective responses to facilitate the infection
and transmission of the disease.

An example of this selective pressure may be the ability of A. phagocytophilum to persist in immune-competent hosts
between seasons of tick activity. This ability is the result of a complex and coordinated interaction that have led the
bacterium to reduce its genomes to only essential genes allowing for nearly infinite numbers of recombined antigens and
macromolecular exchange with its host cell BI49I0 Another finding supporting the close co-evolutionary relationship
among microorganisms, ticks and animal hosts resulted by a recent geographically extensive phylogenetic study on groEL
sequences of A. phagocytophilum, showing a considerable spread of some of its haplotypes and the affinity of some
others towards well-defined groups of vertebrates, ticks and regions 54,

Despite some tick-borne pathogens lack of PAMPs, they may elicit inflammasome activation by inducing a dysregulated
state within the host cell by causing aberrant compartmentalization of molecules, proteins and/or lipids. Consequently, the
downstream inflammasome signalling culminates in proinflammatory cytokine secretion 2 and changes in their plasma
levels can be detected as early as on days 2-5 after tick bite. The GO analysis underlined five key points that need to be
deeply characterized to better understand the role of innate immunity in response to tick borne pathogens. These key
points include IFN-y secretion, inflammasome complex, transferrin receptor activity, macrophage activation and TLR
signalling pathway. IFN-y secretion, TLR signalling and macrophage activation in immune system of hosts infected by tick-
borne pathogens were previously studied but a more profound analysis of these mechanisms needs to be performed for
an optimal understanding of the role of these pathways in immunity against tick-borne pathogens. Future research
projects need to better characterize the role of the transferrin receptor pathway in innate immune response to tick-borne
pathogens.

We hypothesize that research in the fields of inflammasome as well as transferrin receptor pathway, will advance the
discovery of mechanistic details of inflammasome activation and innate immunity, which may ultimately be related with
disease progression and immunological resistance to tick-borne infections. The deep knowledge of the innate immunity
mechanisms could lead to design new strategies of diagnosis and prevention of tick-borne diseases and allow the
assessment of possible new immunotherapies for these infectious diseases.
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