1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Pain. Author manuscript; available in PMC 2023 November 01.

-, HHS Public Access
«

Published in final edited form as:
Pain. 2022 November 01; 163(Suppl 1): S57-S68. doi:10.1097/j.pain.0000000000002721.

Interactions between nociceptor sensory neurons and microbial
pathogens in pain
Larissa Staurengo-Ferraril, Liwen Dengl, Isaac M. Chiul"*

IHarvard Medical School, Blavatnik Institute, Department of Immunology, Boston, Massachusetts,
United States of America

Keywords
Microbes; pathogens; bacteria; fungi; virus; toxins; pain; analgesia; nociceptor; neuroimmunology

1. Introduction

Pathogenic microorganisms such as bacteria, viruses, fungi, and parasites have developed
molecular strategies to breach host barriers. Following invasion, pathogens dynamically
interact with surrounding immune cells, epithelial cells, endothelial cells, and the nervous
system and actively attempt to evade host defenses. While host-pathogen interactions are
a key area of research in infectious diseases, less is known about the role of the nervous
system in sensing and defending against pathogens. To detect potentially damaging stimuli
and respond to insults, a dense network of somatosensory neurons called nociceptors
innervate tissues including the skin, meninges, joints, urinary tract, reproductive tract, and
gut [21; 32; 51]. Upon activation by noxious stimuli, nociceptors transduce signals to

the central nervous system (CNS) to mediate the sensation of pain [8]. Many microbial
infections are accompanied by pain, but until recently the molecular mechanisms of pain
during infection were not well understood. It was originally thought that pain during
infection was mainly due to the release of inflammatory mediators such as prostaglandins
or cytokines by immune cells that act on nociceptors to generate pain [32; 51]. Recent
work has shown that pathogens can directly activate nociceptors during infection, thereby
generating pain [22](Fig. 1). In this review, we describe molecular interactions that occur
between microbes and nociceptors in pain and discuss how this knowledge could lead to new
treatments for pain and infection.

Pain (dolor) was originally defined as one of four cardinal signs of inflammation by the
Roman physician Celsius [67]. Nociceptors mediate pain and also control the magnitude
of the other three inflammatory signs (redness, heat, swelling) via neurovascular and
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neuroimmune signaling [23; 53]. In this process termed “neurogenic inflammation”,
calcium influx at peripheral nerve terminals of nociceptors leads to axonal reflexes and
subsequent release of neuropeptides and neurotransmitters along neighboring branches
of the nociceptive neuron in peripheral tissues such as the skin [23; 53; 67]. These
neuronal mediators, such as calcitonin-gene related peptide (CGRP) or substance P (SP),
then bind to neuropeptide receptors on vascular smooth muscle and endothelial cells to
mediate vasodilation [23; 91]. In addition, growing work is showing that neuropeptides
or neurotransmitters can act directly on their cognate receptors expressed by innate or
adaptive immune cells, leading to changes in transcription, cytokine production, and
immune phenotypic polarization [22; 78; 99]. In the context of host defense, this rapid
neuroinflammatory response could mediate or regulate the outcome of pathogen infection.

Nociceptors are equipped with many molecular sensors, including but not limited to G
protein-coupled receptors (GPCRs), cytokine receptors, thermosensitive and chemosensitive
ion channels including transient receptor potential channels (e.g., TRPA1, TRPV1, TRPM2),
P2X3 channels, and voltage-gated sodium channels (e.g., Nay/1.7, Nay/1.8, and Nay1.9)

[8; 78]. Nociceptors also express receptors that can detect pathogenic components, which
will be described in detail below. These functionally and molecularly heterogenous classes
of molecular sensors at peripheral terminals tune nociceptors to detect a diversity of
environmental threats [8; 99]. Upon sensing noxious or inflammatory stimuli, action
potentials are generated at nociceptor peripheral terminals that are transduced to the dorsal
horn of the spinal cord and relayed to the brain to be processed and perceived as pain [8; 32].

While the concept that pathogens can directly activate or sensitize nociceptors is relatively
new, there are several reasons why the ability of nociceptors to detect pathogens could

be advantageous to the host. The speed of neural reflexes (withing seconds) compared to
immune responses (minutes to hours) ideally positions nociceptors to be the first responders
to pathogens and fundamental contributors to set the immune stage of barrier tissues [26;
77]. Pain could induce sickness or avoidance behaviors to allow proper healing of wounds or
infected areas. While the effect of pain blockade on infection outcome varies, in some cases
analgesics can adversely affect the ability of the immune system to combat pathogens and
are contraindicated for certain infections [3; 44].

Some pathogens may also exploit activating or silencing nociceptors for their advantage
[21; 62; 76] (Fig. 2a). Induction of analgesia during some specific phases of their life
cycles could facilitate pathogen spread from host to host [30; 62; 74; 76]. Neuroimmune
signaling is in some cases highly immunosuppressive of antimicrobial immunity, and some
pathogens actively induce nociception to facilitate their survival in tissues [76]. Therefore,
understanding the complexities of host-pathogen interactions in pain could be important
for developing ways to prevent or treat infection. Furthermore, some molecular toxins or
mediators produced by pathogens that act on neurons and silence pain could be repurposed
as novel and selective therapies to treat pain in non-infectious settings (Fig. 2b and c).

In this Review, we will discuss the recent studies that highlight how pathogens affect
nociceptors and the perception of pain. The studies addressing pathogen-nociceptor
interactions are also summarized in Table 1. We will focus on the known molecular
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mechanisms through which major classes of pathogens (bacterial, viral, fungal, parasites)
communicate with sensory afferent neurons to induce pain behavior or silence it. These
mechanisms will be dissected from the immune-mediated mechanisms of nociceptor
sensitization. We also highlight how certain analgesic factors could be engineered to treat
pain. Lastly, we discuss gaps in knowledge that require future investigation.

2. Bacterial pathogens and pain

2.1 Gram-positive bacteria

Bacterial infections are often anecdotally and empirically associated with pain (Fig. 1).
Staphylococcus aureus s a leading cause of human infections, and a major cause of

skin and soft tissue infections [22] and joint infections [94; 102]. In a mouse model

of methicillin-resistant S. aureus (MRSA) subcutaneous infection with USA300 (current
endemic strain of S. aureus), bacterial infections caused acute nociception, mechanical and
thermal hyperalgesia [14; 22]. This hyperalgesia during S. aureus infection correlated with
bacterial burden in tissues rather than tissue swelling or immune cell influx, suggesting
that nociceptors may directly detect bacteria to produce pain [22]. It was found that S.
aureus was able to directly activate nociceptor neurons through two secreted factors: the
pore-forming toxin (PFT) a-hemolysin (Hla) and N-formylated peptides [22]. Hla binds

to A disintegrin and metalloproteinase domain—containing protein 10 (ADAM10) on the
surface of host cells, and then forms membrane pores that allows influx of cations such

as calcium and sodium. In ADAM10* nociceptors, this leads to firing of action potentials
and pain production [22]. The second factor found to induce pain secreted by S. aureus
included N-formylated peptides. It was found that the N-formylated peptides fMLF from
Escherichia coliand fMIFL from S. aureus activates formyl peptide receptor 1 (FPR1), a
G-protein coupled receptor, expressed on DRG neurons. N-formylated peptides acted only
on neurons that responded to both capsaicin, a TRPV1 ligand, and allyl isothiocyanate,

a TRPAL ligand [22]. While HIa contributes to both mechanical and thermal pain
hypersensitivity, N-formylated peptides only contributed to mechanical hypersensitivity. Of
note, peptidoglycans and lipoteichoic acid (LTA) which are present in S. aureus cell walls
did not produce nociceptor activation [22]. Following this first study, it was found that other
S. aureus derived toxins can also induce nociceptor activation and pain [14]. In addition

to Hla, S. aureus secretes toxins including phenol soluble modulins and the bicomponent
leuckocidin HIgAB [14]. Hla, PSMs and HIgAB could all induce action potential firing in
DRG neurons and produce acute nociceptive pain /n vivo when injected into mice [14].
Furthermore, S. aureus lacking the agrquorum sensing system, which controls production
of PFTs [72], was unable to induce either acute nociception or hyperalgesia during infection
[14]. Utilizing this knowledge that pore-mediating toxins drive pain during infection [14;
22], it was found that the normally membrane-impermeable sodium channel inhibitor
QX-314 was able to pass through bacterial PFTs to block action potential generation in
DRG neurons and potentially produce analgesia /77 vivo during S. aureus infection [11; 14].

In the context of S. aureus infection, nociceptors also play a major role in regulating
the host immune response. Nociceptor activation leads to release of neuropeptides from
nociceptor peripheral terminals that modulate the activity of innate and adaptive immune
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cells [23; 78; 99]. Upon neuronal activation by S. aureus Hla, nociceptors were found

to release the neuropeptide CGRP, which in turn acted directly on innate immune cells

[22]. Neutrophils, monocytes, and macrophages, key myeloid cells that help fight against
bacterial infections, express RAMP1 and CALCRL [22], which form the cognate receptor
complex for CGRP [66]. It was found that CGRP inhibited S. aureus induced TNF-

alpha secretion by macrophages [22]. CGRP signaling through RAMP1/CALCRL induces
activation of inducible cAMP early repressor (ICER), which shuts down NF-xB signaling
in macrophages and dendritic cells to suppress cytokine production [1; 22; 70]. In S. aureus
infections in mice, ablation of Nav 1.8* nociceptors increased recruitment of monocytes
and neutrophils into the infection site, and increased hypertrophy and leukocyte recruitment
in skin-draining lymph nodes [22]. These findings suggest that pain and neuroimmune
signaling in the skin and lymph nodes directly regulates host responses against this major
skin pathogen.

Streptococcus pyogenes is another major gram-positive bacterial pathogen that causes
skin and soft tissue infections in humans. S. pyogenesis a leading cause of necrotizing
fasciitis (flesh-eating disease), which is characterized by “pain out of proportion” at

early stages of infection [18]. Pain and neuroimmune signaling was recently found to
mediate S. pyogenes pathogenesis in mice [76]. S. pyogenes, like S. aureus, secretes PFTs
which facilitate its spread in the host, namely the peptide toxin streptolysin S (SLS) and
larger cholesterol dependent cytolysin streptolysin O (SLO). Using clinical isolates of S.
pyogenes, it was demonstrated that significant acute nociception, mechanical and thermal
hyperalgesia was produced during subcutaneous infection of mice [76]. S. pyogenes bacteria
and culture supernatant were able to directly induce calcium influx in TRPV1* DRG
neurons and calcitonin gene-related peptide CGRP release [76]. Nociceptor activation and
pain was dependent on bacterial expression of SLS. Specifically, isogenic mutant bacterial
strains lacking the sagA gene (which encodes SLS), but not SLO, showed absence of

the ability to evoke neuronal calcium influx /n vitro and nocifensive pain, thermal or
mechanical hyperalgesia /n vivo during S. pyogenes infection [76]. Neuronal release of
CGRP from nociceptor terminals directly inhibited bactericidal killing of S. pyogenes

by neutrophils, potentially through decreased activity of the major antimicrobial enzyme
myeloperoxidase [76]. Genetic ablation of TPRV1* nociceptors or chemical ablation
using the high affinity TRPV1 ligand resiniferatoxin led to significant improvement of
and resolution of S. pyogenes necrotizing abscesses. This was associated with increased
recruitment of neutrophils and decreased bacterial load during infection. Furthermore,
local blockade of CGRP release using botulinum neurotoxin A (BoNT/A) injection or
systemic inhibition of CGRP-RAMP1 signaling using the drug BIBN4096 improved the
immune response. Therefore, blocking nociceptor activity or its signaling to immune cells
increases antimicrobial defenses [76]. It is therefore possible that S. pyogenes may have
evolved streptolysin S to induce host nociceptor activation for its advantage by activating a
neuroimmune suppressive circuit.

Listeria monocytogenes is a gram-positive bacterium that is a major food-borne pathogen
responsible for listeriosis, an infection with a high mortality rate [19]. Symptoms secondary
to this condition depend on the anatomical site of infection and may include abdominal
pain, bone or joint pain, and headache [19]. Recent work has shown a role for GPR37*
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macrophages in mediating both protection against infection-induced sepsis and reduction of
pain-like behaviors including mechanical and thermal hypersensitivity in L. monocytogenes
infected mice [5]. Pharmacological treatment with the pro-resolving lipid neuroprotectin D1
and the antimalarial drug, artesunate, also ameliorates sepsis severity and pain-like behavior
via GPR37 by inducing macrophage-driven host defense and resolution of the infection [5].
While it remains unclear whether L. monocytogenes causes pain through direct or indirect
activation of nociceptors, it would be interesting to determine whether specific secreted
factors such as N-formylated peptides [93] or other virulence factors directly sensitize
neurons. Alternatively, proinflammatory macrophages could also release factors that drive
pain [20].

2.2 Gram-negative bacteria

Gram-negative pathogens can infect many tissue sites, including the oral cavity, the urinary
tract, and the gastrointestinal tract, and these infections are associated with pain [30; 68].
Gram-negative bacteria differ from gram-positive bacteria in their cell wall composition.
Lipopolysaccharide (LPS) is a major component of gram-negative cell walls, which differs
from gram-positive bacteria, which express peptidoglycans (PGN) and lipoteichoic acids
(LTA) [98]. Depending on the stage of infection, gram-negative pathogens produce distinct
forms of LPS [108]. LPS has been found to signal to neurons via multiple molecular
mechanisms to drive inflammatory pain (Fig. 1). Toll-like receptor 4 (TLR4) is the major
host receptor for bacterial LPS [98] and is expressed by peptidergic nociceptor neurons,

as revealed by scRNA-Seq and dRNA-Seq [101; 107; 111]. TLR4 has been found to
potentiate TRPV1 signaling in DRG neurons [56] and may be a key signaling receptor for
inflammatory pain produced by LPS. LPS induces calcium influx and CGRP release in a
PKA- and PKC-dependent manner through TLR4 on neurons from DRG, vagal ganglia, and
trigeminal ganglia [31; 47; 48]. TLR4 was recently shown to be associated with TRPV1

via its cytoplasmic toll/interleukin 1 Receptor (TIR) domain, which could prevent activation
induced desensitization of TRPV1[71].

TLR4 signaling also mediates pelvic pain in mice induced by uropathogenic £. coli (UPEC)
[83]. UPEC is a leading cause of urinary tract infections and bladder cystitis, which are
accompanied by significant pain. It was found that instillation of LPS purified from the
UPEC strain NU14 into the bladders of mice was sufficient to induce pelvic pain in a
manner dependent on the O-antigen, which was significantly decreased in TLR4-deficient
animals [83]. By contrast, purified LPS from the asymptomatic bacteriuria £. col/f strain
83972 did not cause pain in mice, suggesting distinctions between different types of LPS in
pain production [83].

LPS may also signal to neurons through the large-pore cation channel TRPA1 independently
of TLR4. LPS derived from several bacterial pathogens (£. coli, Salmonella typhimurium,
Klebsiella pneumoniae, Serratia marcescens, Pseudomonas aeruginosa, Rhodobacter
sphaeroides) directly activated DRG neurons [68]. This LPS-induced nociceptor activation
required Lipid A, the membrane anchored moiety of LPS [68]. In this study, LPS induced
mechanical hyperalgesia was abrogated in TRPAL deficient mice but not in TLR4 deficient
mice [68]. Mechanisms behind the dichotomy of results in the above studies are still
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unknown [31; 47; 48; 68], but these discrepancies could be due to different doses of

LPS, in which TRPA1 mediates responses to low concentrations of LPS while TLR4 and
TRPV1 activation might be responsible for shaping inflammation in response to LPS at high
concentrations [31; 47; 48; 68].

Secreted metabolites from gram-negative bacteria can also act on host neurons to regulate
physiological and pathological conditions [81]. Indole, a tryptophan-derived metabolite, can
be produced by a variety of bacterial species including commensal E. coli strains and the
pathogenic oral bacteria 2 gingivalisand £ nucleatum [25; 81]. Injecting live £. coliinto the
footpads of mice was sufficient to produce nocifencive behaviors, which was significantly
reduced when an isogenic £. coli strain lacking indole production (Atryptophanase £. coli)
was injected [25]. In addition to pain-like behaviors in mice, indole elicited calcium influx
and evoked inward currents in TRPA1* DRG neurons. Pain-like behaviors and neuronal
responses induced by indole were pharmacologically blocked by the TRPA1 antagonist,
HC-030031, and significantly abolished in TRPA1 knockout mice, indicating that £. coli-
derived metabolites produces pain via TRPAL activation [25].

Other Gram-negative bacterial components may also directly activate nociceptors and
contribute to pain. Flagellin is a major component of bacterial flagella, which is utilized by
multiple gram-negative pathogens including £. coliand Salmonella enterica for motility and
survival in hosts [45]. A subset of AR DRG neurons were found to express toll-like receptor
5 (TLR5), which is the prototypic receptor for bacterial flagellin [104]. A recent study
showed that TLR5* DRG neurons were critical mediators of neuropathic pain [104]. Co-
application of flagellin with the normally impermeable lidocaine derivative QX-314 allowed
TLR5-dependent silencing of AR fibers, which potently inhibited neuropathic pain in mice
[104]. While it is exciting that a bacterial ligand and analgesic can be utilized to silence pain,
it is still unknown how TLR5 contributes to pain during infection. Indeed, the endogenous
role of TLR5 in bacteria-induced pain and whether flagellin induces neuropathic-like pain
has not been fully studied.

We note that much remains to be determined regarding the mechanisms of pain produced
during infections by live bacteria. The studies we described above show that bacteria

can produce factors that directly act on nociceptors to drive pain. However, pain during
infection is likely to involve action of both microbial and inflammatory mediators. Immune
cells release prostaglandins (e.g. PGE2), cytokines (e.g. TNF, IL1) and other factors that
sensitize neurons peripherally and centrally [78]. Future studies are required to define the
contributing factors that drive pain in each type of infection. The type of bacterial pathogen,
its expression of surface-anchored components (e.g. flagellin, cell wall components), and
secreted factors (e.g. toxins, enzymes), and how they are sensed by distinct host cells (e.g.
neurons, immune cells) /n vivo will determine the specific modalities and nature of pain
produced. Targeted molecular and functional studies on both the host and pathogen side
during live infections are required to elucidate these mechanisms.
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3. Bacterial pathogens and analgesia

3.1 Microbes that silence pain

While many bacterial infections are painful, some infections are characterized by a
complete lack of pain or are potentially analgesic in nature [21; 34; 62; 74] (Fig. 2A).
Bacterial pathogens may silence pain for their selective advantage. For instance, 7reponema
pallidum, the causative agent of syphilis, produces painless lesions despite significant tissue
inflammation and destruction [74], [89]. This bacterial pathogen is a spirochete that can also
enter the brain and cause neurosyphilis [41; 74]. As a sexually transmitted pathogen, it may
be beneficial for 7. palliumto block pain. In contrast, Borrelia burgdorferi, which is also

a spirochete and the causative agent of Lyme disease, causes arthritis and pain [58]. The
mechanisms by which 7reponema or Borrelia modulate pain during infection is unknown.

Another bacterial pathogen that can induce pain blockade during infection is Mycobacterium
ulcerans [62]. M. ulceransis the causal agent of Buruli ulcer, a chronic infectious

disease characterized by the massive destruction of cutaneous tissue, leading to the
development of large ulcerative and painless lesions [62]. This tissue destruction is caused
by a unique lipid-like toxin called mycolactone, produced by M. ulcerans. Interestingly,
mycolactone is cytotoxic at high doses, but, at lower doses, it modulates pain and immune
responses, facilitating host colonization [62]. At these lower concentrations, rather than
promoting nerve damage, mycolactone was found to signal trough type 2 angiotensin 2
(AT2R)/TRAAK channels to promote nociceptor hyperpolarization [62]. Mycolactone could
potentially be developed as a therapeutic treatment as it was shown to be analgesic in

mice [62]. This mechanism nevertheless raises controversy, as AT2R blockade, instead of
activation, was previously reported to promote analgesia [27; 79]. Single-cell transcriptomic
studies also reveal low or absence of expression of AT2R by nociceptors [86]. Therefore,
additional studies are needed to clarify how M. ulcerans mycolactone blocks pain. A related
pathogen that causes analgesic infections is Mycobacterium leprae, the causative agent of
leprosy [34]. It is thought that in this case M. /eprae induces significant destruction of nerves
and Schwann cells, leading to lack of sensory transmission [34].

In addition to pathogens, some non-pathogenic bacteria may also have analgesic potential.
This includes the gut probiotic £scherichia colistrain Nissle 1917 (EcN) [75]. It was
found that EcN secretes a lipopeptide, CL2AsnGABAOH, which can reduce visceral

pain sensitivity in mice [75]. C12AsnGABAOH crosses the epithelial barrier to prevent
capsaicin-induced visceral pain [75]. Furthermore, C12AsnGABAOH inhibits calcium
influx in TRPV1* nociceptors by signaling via the gamma-aminobutyric acid (GABAg
receptor) [75]. Importantly, C12AsnGABAQOH does not alter intestinal motility or modify
the physiology of the intestinal epithelium, suggesting that it does not affect the enteric
nervous system and is more specific for nociception [75]. This might have fewer side
effects than prototypical analgesics such as morphine, which block gut motility. EcN is the
active component of Mutaflor®, a commercial probiotic therapy. Therefore, repurposing this
probiotic or its lipopeptide represents a promising candidate for analgesic therapy for acute
or chronic abdominal pain.
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3.2 Bacterial toxins and engineering to silence pain

3.2.1. Botulinum Neurotoxins (BoNTs)—Bacterial toxins are secreted proteins
capable of multiple tasks. On the one hand, they facilitate bacterial pathogenesis. On the
other hand, they have great potential for therapeutic applications. An example of utilizing
bacterial toxins to treat disease are in the therapeutic use of botulinum neurotoxins (BoNTS)
in pain (Fig. 2B) and other diseases [73]. Clostridium botulinum, Clostridium tetani and
other related family members of bacteria have evolved the secretion of several major types
of toxins including botulinum neurotoxins (BoNTs) and tetanus toxin (TenT) that target

the nervous system [13; 73; 82]. These toxins are key mediators of bacterial virulence. By
inhibiting neurotransmitter release at neuromuscular junctions, BONTS causes the severe
neuroparalytic disease that accompanies botulism and C. botulinum foodborne infections
[13; 28; 82]. There are seven serologically distinct BoNT isoforms (denoted A-G), which
exhibit significant amino acid sequence similarity [28; 82]. Different serotypes have distinct
host receptor and target specificity. Among these seven types of botulinum toxin, BONT/A
has been the main serotype repurposed to treat human disease [73]. Because of its long-
lasting activity and high efficiency, BONT/A has been approved by the U.S. Food and Drug
Administration for treating a variety of disorders [90], including pain. Clinical research
demonstrated that after treatment with BoNT/A (formulated as BOTOX®), migraine patients
reported significant alleviation of headache pain symptoms and reduced frequency and
duration of migraines [35; 90]. Besides migraine, BONT/A has also been clinically applied
in the treatment of chronic neck pain, shoulder pain, back pain, and peripheral neuropathic
pain [6; 35; 73; 90].

Structurally, BoNT/A consist of heavy-chain (HC) and light-chain (LC) moieties linked

by a disulfide bridge. The heavy chain is responsible for binding the toxin to neuronal
receptors and promoting essential light chain translocation across the endosomal membrane
[12; 28]. The light chain is a zinc endopeptidase that cleaves synaptosome associated
protein 25 (SNAP25), a component of the soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) complex required for neuronal vesicle release [12;
28]. Once internalized within nerve terminals, the light chain of BONT/A has the capacity
to silence neurotransmission for several weeks to months, a property that may be due to
deubiquitinating enzymes that decrease cytoplasmic degradation [12]. BONT/E is another
botulinum toxin that cleaves SNAP-25, albeit with shorter half-life than BoNT/A within the
nerve terminals [12]. The analgesic effect of BONT/A is thought to depend on retrograde
delivery in nociceptors and blockade of the release of glutamate from central terminals [46];
in addition, BONT/A blocks nociceptor release of the neuropeptides substance P [64] and
calcitonin gene-related peptide (CGRP), which are important in driving pain perception [2;
76]. Other potential mechanisms of analgesia caused by BoNT/A involve functional and
structural interactions between BoNT/A and the TRPV1 ion channel [37; 55]. BONT/A also
blocks peripheral release of neuropeptides which could drive neurogenic inflammation. As
described above, BONT/A can block CGRP release in S. pyogenes infection, leading to
increased neutrophil recruitment and antibacterial function, thereby enhancing the peripheral
immune response [76]. Therefore, BONT/A has potential both in the treatment of pain and
infection.
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Beyond the use of native botulinum toxins in therapeutic applications to silence pain,

these toxins or toxin fragments can be mutated or fused with exogenous protein domains

to engineer novel proteins with translational potential [60]. Engineered BoNT/A fusion
proteins have been generated as a platform to target nociceptors and central pain circuitry
to silence pain [59; 60]. “Bitox” is an engineered toxin produced by “stapling” together

the recombinant light chain/translocation domain and receptor-binding domain of BONT/A
[59; 60]. This version of BONT/A lacked paralytic activity but was able to attenuate
complete Freund’s adjuvant (CFA) inflammatory pain and spared-nerve injury (SNI)
induced neuropathic pain [60]. Further work by the same group showed that engineered
botulinum toxins can be used to selectively target and silence spinal neurons that mediate
pain signaling [59]. The light chain/translocation domain of BoONT/A was “stapled” using
SNARE proteins to either substance P (SP) or dermorphin (Derm). The fused proteins,
SP-Botulin or Derm-Bot constructs were then injected intrathecally to target spinal neurons
expressing the neurokinin receptor (NK1R) or mu opioid receptor (MOR), respectively. This
caused cleavage of SNAP-25 in these target neurons and produced long-term amelioration
of inflammatory and neuropathic pain [59], making engineered bacterial toxins a unique
platform for relieving pain while avoiding widespread systemic effects. These exciting
studies reveal the promising potential of both native botulinum toxin and engineered
neurotoxins to block pain.

3.2.2. Anthrax toxins—Anthrax toxins are the key virulence factors of Bacillus
anthracis, a gram-positive bacterial pathogen that can cause cutaneous infections of in
humans and livestock, and severe or lethal pulmonary infections [95]. Recent work has
shown that anthrax toxins could also act on nociceptors and have analgesic effects [105]
(Fig. 2C). Anthrax toxins consist of three proteins: Protective antigen (PA), Edema Factor
(EF) and Lethal Factor (LF). PA binds to its cognate receptors ANTXR1 and ANTXR2,
with significantly higher affinity to the latter, and oligomerizes into a pore that translocate
EF and LF into the cytoplasm [33; 106]. EF is an adenylate cyclase and LF is an enzyme
that cleaves map kinase kinases [33]. The lethality of the toxins mainly occurs through

the action of the toxins on the vasculature, liver, and immune systems [95]. It was found
that the high affinity anthrax toxin receptor, ANTXR2, is expressed and enriched in Nav
1.8* nociceptive neurons compared to Parvalbumin+ proprioceptive neurons, and that it
was largely absent in other neuronal subtypes throughout the central nervous system [105].
Anthrax toxins induce signaling in both mouse DRG neurons and human iPSC-derived
sensory neurons. Different combinations of anthrax toxins were injected intrathecally into
mice to determine the effects on pain in vivo. Edema toxin (ET), which consists of PA+EF,
was found to specifically induce analgesic effects /n vivo in mice, showing blockade of
both mechanical and thermal nociception at baseline, and mechanical allodynia following
carrageenan induced inflammatory pain or spared nerve injury (SNI) induced neuropathic
pain. ET was found to block neurotransmission at the central terminals of nociceptors. These
pain blocking effects were not due to injury or death to sensory neurons, but rather likely
due to changes in CAMP and intracellular signaling [105].

Anthrax toxins also hold potential to be engineered as a delivery system for transporting
functional molecular cargo into nociceptors to silence pain [105]. The anthrax toxin system,
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with its two components, PA, which binds its receptor, and either EF or LF, which enters
the cytoplasm, has been successful engineered to target tumor cells [4]. For example, it has
been demonstrated that the N-terminus of LF retains its ability to bind PA and translocate
enzymatic cargoes such as diphtheria toxin A (DTA) into tumor cells [4]. PA was also shown
to be able to deliver LFn-DTA into DRG neurons and induce neuronal cell death [105].
Next, to silence pain, one idea was to utilize the light chain of BONT/A as the molecular
cargo for anthrax toxins, given its ability to cleave SNAP-25 and produce long-lasting pain
blockade [12]. It was shown that PA+LFN-LC/A was able to deliver this cargo into DRG
neurons to cleave SNAP-25, block CGRP release, and pain blockade in the spared nerve
injury (SNI) model of neuropathic pain [105]. Future studies using the anthrax platform
by engineering each specific component (PA, LF or EF) can increase or tune the receptor
specificity of the system to distinct neuronal subtypes or to deliver distinct molecular
cargoes with analgesic potential into neurons.

4. Viral pathogens and pain

Viral infections cause various clinical manifestations including pain, which can be one of
the earliest signs of infection often occurring before fever starts [7]. Influenza viruses,
Sars-COV-2, and other respiratory viral pathogens can induce headache, myalgias, and
joint pain. Pain during viral infections could result from both direct action of viruses on
neurons and indirect action by pain sensitization through inflammatory mediators [7; 21;
32; 88; 97; 100]. Recently, type 1 interferons which are key antiviral cytokines induced

by viral infections, were found to cause pain and hyperalgesia by acting on IFN receptors
expressed by nociceptors. Viral infection stimulates Type 1 IFN production (i.e. IFN-alpha,
IFN-beta) by immune or epithelial cells, which then activate type I IFN receptor signaling
through a MNK-elF4E pathway in Nav1.8" nociceptors to induce pain [7]. With regards to
COVID19, viral effects on the nervous system, both acute and chronic, are a major area

of current interest [87]. Some persistent neurological effects of SARS-CoV-2 associated
with nociceptors have been described, including headache, chest, joint and nerve pain
[87]. Angiotensin converting enzyme-2 (ACEZ2), the main receptor for the SARS-CoV-2
viral entry [85], is expressed by human DRG neurons [85]. However, it remains to be
determined whether SARS-Cov-2 can directly infect neurons and if this leads to pain
sensitivity changes.

Several types of herpesviruses, including herpes simplex viruses (HSV-1, HSV-2) and
varicella zoster virus (VZV), exhibit neurotropism and preferentially infect nociceptor
sensory neurons [39; 42; 80; 88] (Fig. 3A). In these viral infections, pain is a primary
symptom of both acute infection and viral reactivation [39; 42; 88]. These neurotropic
viruses enter the host by infecting mucocutaneous surfaces where they access sensory nerves
from DRG and trigeminal ganglia via axonal transport [42; 88]. For VZV, infection is
followed by established latency in nociceptors [42; 80; 103]. Stress or other triggers lead
to reactivation of viral replication and spread of the virus to the skin innervated by these
neurons, causing zoster, popularly known as “shingles”, which can be severely painful.
Elderly patients are at high risk for subsequent VZV mediated neuronal cell death and
persistent neuropathic pain, termed postherpetic neuralgia [42; 103].
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While it is likely that neuropathic damage induced by the virus is the cause of postherpetic
neuralgia [39; 42], the underlying mechanisms are not yet fully determined. Some evidence
suggests a role of neuron-satellite glia interactions in the pathogenesis of VZV infection
[80], however, it remains unknown if this interaction contributes to the pain underlying VZV
infection. As VZV cannot efficiently infect mice or other small animals, its mechanisms of
pain are not as well understood, even though it is the major cause of postherpetic neuralgia.

HSV-1 and HSV-2 are viral pathogens capable of infecting both mouse and human

DRG neurons [40; 88; 97; 103]. In humans, HSV-1 infections are clinical manifested

as painful blisters or ulcers in or around the mouth, and HSV-2 induces similar painful
infections in the genital area. In mice, HSV-1 infection can result in acute mechanical
allodynia and hyperalgesia that persists over time [88; 97]. One mechanism by which this
persistent pain occurs in mice during HSV-1 infection is via leukocyte infiltration into the
DRG [88]. It was found that monocytes and neutrophils infiltrate the DRG, subsequently
releasing the cytokine TNF-alpha, which in turn mediates the development of pain through
downregulation of the inwardly rectifying K* channel Kir4.1 in satellite glial cells which
surround DRG neurons [88]. HSV-1 could also alter neuronal excitability that leads to pain,
as it has been found to reduce the expression of T-type calcium channels and modulate
electrical properties of a sensory neuron-like cell line [109]. Emerging evidence also
suggests that Nav1.8* nociceptors can regulate immune responses against HSV-1 [40]. In a
skin infection model by HSV-1, nociceptor ablation led to significantly enhanced neutrophil
recruitment and suppressed CD8* T cell responses against the virus. This neural modulation
of immunity may limit the severity of tissue damage and restore skin homeostasis [40].
Further investigations are required to determine the contribution of intrinsic changes in
neurons due to viral infection and the extrinsic role of non-neuronal cells such as immune
cells in pain induction during HSV-1 and HSV-2 infection and reactivation of these viruses.

It is important to note that other types of viral infections, including by arborviruses (i.e.,
Chikungunya virus and Dengue virus), are characteristically painful [110]. However, the
underlying mechanism of pain for these and the majority of viral pathogens is unknown.
Even beyond pain, other sensory neuron mediated protective reflexes including sneezing,
vomiting, or cough are characteristic of viral infections, yet the neurological mechanisms
driving these reflexes are largely unknown. Thus, deciphering how nociceptors are activated
during viral infection and how they signal to the immune system is an area that warrants
investigation.

5. Fungal Pathogens and Pain

Fungal opportunistic pathogens such as Candida albicans can cause painful infections in the
skin, oral cavity, and genitourinary tract (Fig. 3B). Fungal pathogen-associated molecular
patterns (PAMPs) that are known to induce host immune responses include cell wall
components such as chitin, p-glucans, and mannoproteins [92; 96]. Injection of Zymosan

or B-glucan (yeast cell wall components) induces inflammatory pain-like behaviors in mice,
which have been found to be dependent on mouse expression of toll-like receptor 2 (TLR2),
its downstream signaling component MyD88 [43], and on the receptor Dectin-1[36]. TLR2
and Dectin-1 were originally thought to detect zymosan or p-glucan and signal through
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innate immune cells to induce pain [36; 38; 43]. Another study suggests that nociceptors
may also directly sense fungi, leading to pain sensitivity [26]. Zymosan or heat-killed C.
albicans induced calcium influx and CGRP release in cultured DRG neurons in a manner
dependent on Dectin-1 [26]. Injecting C. albicans into the hind paws of mice induced
spontaneous nocifensive pain and mechanical hypersensitivity. Dectin-1 in neurons was
thought to signal in a TRP channel-dependent mechanism; both dectin-1-deficient and
TRPV1/TRPA1 double-deficient mice fail to develop mechanical allodynia after p-glucan
treatment [26]. Further studies finds that C. albicans derived p-glucan can also stimulate
Dectin-1 expressed by keratinocytes to release ATP that activates P2X2/P2X3 expressed by
nociceptors to amplify pain [63]. C. albicans infections can also induce significant pain in
the genital tract. In a mouse model of vulvodynia, repeated localized exposure of the vulva
to C. albicans induces persistent mechanical allodynia and hyperinnervation characterized
by increases in the density of peptidergic (CGRP™) and sympathetic fibers (VMAT2*) [38].

Nociceptor activation during fungal infection plays a key role in cutaneous immunity and
host defenses [26; 50]. It was found that TRPV1* nociceptors are activated by C. albicans
and release the neuropeptide CGRP, which acts on CD301b* dermal dendritic cells to
produce the cytokine IL-23. In turn, IL-23 stimulates IL-17 production from y& T cells
and activates an effective immune response to the fungus in the skin [50]. Therefore, in
the scenario of fungal infections, activation of pain could play a beneficial role in driving
host defenses [50]. Optogenetic activation of cutaneous TRPV1* neurons elicited a local
response involving IL-17-secreting T helper cells (TH17 cells) without pathogen inoculation
or tissue damage, and reduced susceptibility to subsequent infection with S. aureus or

C. albicans, showing that this pathway could induce an anticipatory immune response to
prepare the host for future pathogen exposure [26].

6. Parasitic Pathogens and Pain

Parasitic pathogens are highly diverse in nature, ranging from single cell protozoans to large
multicellular helminths [24]. Most have complex life cycles that involve both an ability to
feeding off, survive within, and transmit between multiple mammalian or insect hosts [24].
Compared to bacteria, viruses, and fungi, less is known about how parasites interact with
the nervous system and the role of pain in infection. Certain types of parasite invasion of
barriers can be painful and recent work is starting to investigate the mechanisms behind this
pain. Leishmaniasis is a parasitic disease caused by the protozoan parasite from Leishmania
genus. Murine models of Leishmania infection demonstrate that L. major or L. amazonensis
induce persistent hyperalgesia during infection [17; 49]. In these studies, it was found that
peripheral production of nerve growth factor (NGF) and the NF-xB-dependent cytokines
IL-1B and TNFa mediated pain. Spinal cord astrocyte and microglia activation also occur in
Leishmania infected mice in a manner dependent on these cytokines [16; 17].

Trypanosoma cruzi is an insect-born parasite that causes Chagas disease, a tropical infection
with high mortality. In @ mouse model of 7. cruziinfection, mechanical and thermal
hyperalgesia increased, and this correlated with induction of both TNF-a and IL-1b, as

well as gliosis and NFxb activation [15]. Glial and NFxB inhibitors were able to diminish
pain and reduce the production of the inflammatory mediators in 7. cruziinfected mice [15].
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Schistosomiasis is a parasitic infection caused by Schistosoma mansonithat can produce
abdominal pain. Intestinal schistosomiasis in mice concurrently increased the number of
CGRP* fibers and mucosal mast cells, which were found closely associated with each other
in the small intestine ileum [29]. Neonatal capsaicin treatment led to a 70% reduction in the
number of mucosal mast cells induced by S. mansoni infection, suggesting that nociceptors
may actively participate in mast cell expansion during parasite infection, suggesting a
neuroimmune crosstalk [29].

While these studies have begun to reveal a role for pain in parasite infections, there is still
a significant knowledge gap on the molecular and cellular mechanisms by which parasites
could interact with neurons in the skin, gut, and other barrier sites to regulate pain or
neuroimmune crosstalk.

7. Cough, itch, and other nociceptive reflexes

Beyond pain, infections are also associated with related but distinct protective sensory driven
neural reflexes including coughing, sneezing, itching, or blinking. How sensory neurons
are activated by pathogens to mediate these functions is less well studied, though the
functional consequences could play major roles in infection pathogenesis. Coughing and
sneezing may help the host expel harmful pathogens, but also concurrently facilitate the
transmission of pathogens between hosts. Recent work has begun to identify the sensory
neurons that mediate these important neural reflexes. A sneeze reflex circuit was found in
mice that is driven by TRPV1*NMB* trigeminal neurons [54]. ltch is driven by chemical
or inflammatory pruritogens that activate skin-innervating DRG or trigeminal neurons,
inducing spinal circuits that mediate a desire to scratch in mice [9]. Itch may remove
harmful substances from the skin including pathogen-carrying insects, but also induce skin
barrier damage and facilitate pathogen entry. Of note, very little is known about how
pathogens cause itch and sneezing during infection, an area that requires significant future
research.

The cough reflex is initiated by vagal sensory neurons that innervate the respiratory tract,
and upon detection of noxious stimuli, vagal afferents send signals to the brainstem, which
feeds back via motor signals to drive cough [32]. Mycobacterium tuberculosis (MTh)
infection often manifests with a persistent cough, which could facilitate its transmission
from host to host [30; 84]. Using a guinea pig model of MTb and cough, a recent study
showed that MThb secretes sulfolipid-1 (SL-1) which is critical for driving the cough reflex
[84]. SL-1 was also shown to directly induce calcium influx in mouse vagal and DRG
TRPV1* neurons. DRG neurons exposed to MTb, or its extract showed a rapid increase in
intracellular calcium, and this was greatly diminished in isogenic mutant strains of MTh
lacking genes required for the synthesis of the sulfolipid [84]. A few exciting questions
remain from this study, including identification of the receptor for SL-1 on vagal sensory
neurons, and to formally prove whether SL-1 is necessary for spread of MTb between
animals via cough. However, it opens the possibility that pathogens may have evolved
specific ways of inducing nociception or cough reflexes to facilitate pathogenesis and
transmission.
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The nociceptive blink reflex or eye blinking behavior is a protective trigeminofacial reflex
aimed at facilitating eyelid closure as a response to threatening and potentially harmful
stimuli [61]. Sensory neurons in the eye almost exclusively originate from the ophthalmic
division of the trigeminal ganglion [10]. In a mouse model of 2 aeruginosainduced keratitis,
a rapid reduction in blink reflexes was observed, which is indicative of neuronal damage
[57]. Consistent with the alterations in the blink reflexes, sub-basal nerve plexi in central
and peripheral corneas were collapsed after 2 aeruginosa infection, indicating the presence
of neuronal damage and corneal neuropathy. Chemical ablation of TRPV1* nociceptors
decreased corneal bacterial burdens and improved myeloid immune cell trafficking in
corneal tissues in mice infected with 2 aeruginosa, indicating that sensory neurons play

a role in disease progression. /17 vitro, trigeminal TRPV1* neurons showed calcium influx
in response to A aeruginosa but less activation in response to strains of £ aeruginosa that
lacked virulence factors such as pili, flagella, or type 111 secretion system. CGRP treatment
of neutrophils inhibited bactericidal killing of 2 aeruginosa [57]. Therefore, P. aeruginosa
may exploit activation of nociceptors to regulate immune trafficking into the cornea and
facilitate its survival during infection.

8. Conclusions and future directions

Pain is a hallmark of many types of infectious diseases, yet the mechanisms of pathogen-
induced pain are only beginning to be understood. Given the vast diversity of bacterial, viral,
fungal and parasitic organisms that mammals encounter, there is a growing appreciation

of the intricate and context-dependent ways the host nervous system responds to infection.
As reviewed here, nociceptors can sense and be activated by pathogen-derived products,
and that activation triggers the release of mediators such as neuropeptides that impact host
defense. However, these findings are only the tip of the iceberg in defining microbe-neuron-
immune interactions. Many open questions remain in this burgeoning field of research. For
pathogens that cause pain, what are the molecular factors being sensed by the nervous
system that drives pain? What are the host receptors on neurons for these microbes and do
pathogen receptors signal in the same way in a neuron as in immune cells?

Can these studies be translated into clinical application in humans? Comparison of human
DRG neurons and their functional responses to microbes with rodent neurons is an important
first step. There is also a growing interest in the use of human induced pluripotent stem

cell (iPSC) derived sensory neurons to model and study nociceptor naive and diseased states
in vitro. Once iPSCs are generated and differentiated into peripheral sensory neurons, they
offer eclectic potential for studying disease mechanisms and to search for individualized

or population therapies [52; 69]. Detailed RNA sequencing has been performed on IPSC-
derived nociceptors suggesting a DRG transcript ‘signature’ when compared to published
human DRG RNA sequencing data, including the ion channel profiles [65]. iPSCs could also
serve as a cellular platform to interrogate the translational value of targets and nociceptive
mechanisms underlying pain during infectious diseases. For instance, the identification of
receptors presents in neurons that sense microbes and then determining if microbial factors
activate or silence human iPSC-derived neurons could be of interest. The genome editing of
iPSCs also allows interrogation of causal genes involved in a specific neuronal response [52;
69].
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Another growing area of future interest is how nociceptors regulate innate and adaptive
immunity against pathogens. Pain has been shown to beneficial either for the host or

for the pathogen, depending on the nature of the pathogen, anatomical site, and specific
immune cell type involved. Some pathogens, such as S. pyogenes, hijack pain for its
advantage by inducing nociceptor release of factors that polarize immune responses to
suppress antibacterial killing [76]. By contrast, nociceptors mediate host defenses against

C. albicans by activating dendritic cell and T cell cutaneous immunity [26]. Defining how
microbes interact with neurons in pain and host defense also has important therapeutic
implications. Chronic use of analgesics including opioids could also alter the ability of

the host to respond to and defend against pathogens. It is also possible that with certain
pathogens, targeting neuronal signaling could lead to novel approaches to enhance immunity
and treat infection. Another exciting direction is identifying and defining the mechanisms
by which microbes silence pain, which could lead to development of novel analgesics. As
described above, bacterial toxins including BoNTSs, and anthrax toxins act on nociceptors to
silence neurotransmission and pain signaling. Engineering these bacterial toxins to not only
target primary sensory afferents but central spinal neurons and deliver distinct molecular
cargoes into neurons could lead to selective and potent analgesic approaches [59], [105].
Therefore, defining the molecular and cellular mechanisms by which pathogens interact with
nociceptive neurons could lead to novel approaches to treat infectious diseases and chronic
pain.
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Figure 1. Bacterial pathogensthat directly activate nociceptorsto produce pain during infection.
In skin and soft tissue infections, S. pyogenes produces the cytolytic toxin Streptolysin

S (SLS) which activates TRPV 1+ nociceptors to produce pain. S. aureus secretes pore-
forming toxins a-hemolysin (Hla), HIgAB, and PSMa, which are able to induce cation
influx into nociceptors, leading to action potential generation and pain during subcutaneous
infections. Formylated peptides from S. aureusand E. colibind to FPR1 on nociceptors

to induce mechanical allodynia. LPS from gram-negative bacteria can bind to TLR4 which
sensitizes TRPV1 channels in nociceptors during gram-negative pathogen infection. The
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lipid A moiety of LPS can also act via TRPAL ion channels on nociceptors independent of
TLRA4. Flagellin from gram-negative bacteria can bind to TLR5 on A-fibers that mediate
neuropathic pain. Image created with BioRender.com
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central

(A) M. ulcerans produces a mycolactone that induces potassium efflux through TRAAK
family potassium channels; £. coli Nissle produces the lipopeptide C12AsmGABAOH
which inhibits pain by acting on GABAg receptors. (B) BoNT/A is internalized into
nerve terminals and through retrograde transport the toxin can reach central terminals
where it blocks glutamate release. BONT/A can also block release of CGRP from nerve
terminals, which affects neutrophil function. BONT/A may also interact with TRPV1 ion
channels to alter nociceptor activity. (C) Nav1.8* nociceptors express the high affinity
anthrax toxin receptor ANTXR?2. Intrathecal injection of anthrax edema toxin (composed
of Protective antigen and edema factor) can silence pain. Edema toxin alters cAMP and
intracellular signaling at nociceptor central terminals to suppress pain. Image created with

BioRender.com
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Figure 3. Viruses and fungi that act on nociceptorsto produce pain.

(A) Herpesviruses including HSV-1, HSV-2, and VZV infect skin or mucosal surface-
innervating sensory nerve terminals and are retrogradely transported via axons to DRG

and trigeminal ganglia. HSVs reduce the expression of T-type calcium channels in sensory
neurons, which could potentiate pain. (B) C. albicans zymosan and pB-glucans bind to the
Dectin-1 receptor, which could act via TRPV1 and TRPA1 ion channels to induce neuronal

activation. ATP released during C. albicans infection can also activate P2X2 and P2X3
receptors on nociceptors to amplify pain. Image created with BioRender.com
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Table 1.

Microbial pathogens that produce pain or analgesia.
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Pathogen or microbial
molecule

Type of
pathogen

Pain phenotype/
Behavioral outcome

Infection site(s)

M echanism

Staphylococcus aureus Gram-positive Spontaneous Skin and soft tissues Sensitization via a-hemolysin and N-
bacteria nocifensive behaviors, formylated peptides [14; 22]

mechanical and thermal

hypersensitivity
Streptococcus Gram-positive Spontaneous Skin and soft tissues Activation of TRPV1* nociceptors via
pyogenes bacteria nocifensive behaviors, streptolysin S [74]

mechanical and thermal

hypersensitivity
Mycobacterium Gram-positive Cough Lungs and respiratory | Activation of TRPV1* vagal neurons via
tuberculosis bacteria tract MTb derived glycolipid sulfolipid [82]

L isteria monocytogenes

Gram-positive

Mechanical and thermal

Gastrointestinal tract,

Unknown

Bacillus anthracis

bacteria

bacteria hypersensitivity Skin, Meninges
Botulinum neurotoxins Gram-positive Analgesia Neuromuscular Inhibition of neurotransmission in neurons
from Clostridium bacteria junctions via SNAP-25 cleavage [12]
botulinum
Edema Toxin from Gram-positive Analgesia Skin, Lungs, Gut Silencing of Nav 1.8* DRG neurons via

interaction between anthrax edema toxin
and neuronal ANTXR2 [105]

LPS derived from E£.
coli, S. typhimurium,
K. pneumoniae,

S. marcescens,

P, aeruginosa, R.

Gram-negative
bacteria

Cutaneous and
pelvic hypersensitivity,
Trigeminal pain

Trigeminal nerve,
Skin, Genitourinary
tract

LPS activates TLR4 (which sensitizes
TRPV1) or TRPA1 independently to drive
pain [31; 47, 48; 67]

stranded viral
RNA

sphaeroides

Escherichia coli Gram-negative | Spontaneous Skin Activation of TRPAL* nociceptors via
bacteria nocifensive behaviors indole metabolites [25]

Pseudomonas Gram-negative | Blink reflexes Eye Activation of trigeminal TRPV1+

aeruginosa bacteria nociceptors via pili, flagella, Type Il

secretion system [56]

Double-stranded viral Synthetic Mechanical and thermal | Skin Type | IFN receptor signaling through

RNA mimetic poly(l:C) | mimetic of a hypersensitivity MNK-elF4E pathway in Nav1.8*
double- nociceptors [7]

hypersensitivity

SARS-CoV-2 virus Virus Headache, myalgias, Meninges, lungs, Unknown
joint pain joints, DRGs
Herpes simplex virus Virus Mechanical Skin, DRG and Activation of peptidergic nociceptors
(HSV-1) hypersensitivity trigeminal ganglia by leukocytes via TNF/TNFR1; Kir4.1*
downregulation of satellite glial cells [40;
86]
Varicella zoster Virus Pain and itch Skin, DRG and Unknown
trigeminal ganglia
Candida albicans Fungus Mechanical Skin, Gut, Activation of TRPV1*/TRPA1*
hypersensitivity, pelvic Genitourinary tract nociceptors via zymosan or B-glucan/
hypersensitivity dectin-1 [26; 38]; Activation of nociceptors
via keratinocyte-released ATP and P2X
receptors [62]
Leishmania sp, Parasite Mechanical and thermal | Skin Production of NGF, IL-1p and TNFa, and
hypersensitivity spinal cord gliosis [16; 17; 49]
Trypanosoma cruzi Parasite Mechanical and thermal | Skin TNF-a and IL-1 induction, as well as

gliosis and NF- kB activation [15]
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Pathogen or microbial | Typeof Pain phenotype/ Infection site(s) M echanism
molecule pathogen Behavioral outcome
Schistosoma mansoni Parasites Visceral pain Gut Activation of TRPV1* nociceptors and

crosstalk with mast cells via CGRP release
[29]

In this table, we list bacterial, fungal, viral, and parasitic pathogens or their products that have been linked to production or silencing of pain. For
each pathogen, we describe the type of pathogen, the pain phenotype or behavioral outcome following infection, the tissue or site of infection, and
known mechanisms of pain with accompanying references.
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