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The exploration of pain within the contexts of rheumatic diseases, immune interactions, and the JAK/STAT
signaling pathway reveals the intricate and dynamic interplay between immune responses and neural processes
that shape pain perception and modulation. From the complex nature of pain experiences in conditions like
rheumatoid arthritis to the bidirectional communication between immune cells and neurons, a comprehensive

understanding of these interactions is crucial for developing effective pain management strategies.

neurobiology of pain JAK inhibitors

| 1. Introduction

Pain, a fundamental aspect of human experience, serves as an alarm system that alerts people to potential threats
and harm. While acute pain is a crucial protective mechanism, chronic pain represents a complex, debilitating
condition that often lacks effective treatment options . Chronic pain conditions, such as neuropathic pain and
inflammatory pain, pose significant challenges due to their multifaceted etiology and variable response to traditional

analgesic interventions [LI2IE],

Recent advancements in understanding of the immune system’s involvement in pain processing have opened new
avenues for research and therapeutic exploration & The immune system, traditionally recognized for its role in
defending the body against infections, has emerged as a critical player in shaping pain perception and modulation.
In parallel, pharmaceutical interventions targeting the Janus kinase (JAK) signaling pathway, originally designed to
modify immune responses in autoimmune diseases, have shown unexpected pleiotropic effects that extend to pain
modulation B,

| 2. Nociceptor Sensory Neuron-Immune Interactions

In a seminal work by Pinho-Ribeiro et al. 8], the intricate interactions between nociceptor sensory neurons and the
immune system in the context of pain and inflammation are meticulously explored. This delves into the
indispensable role of the immune system in pain sensation, as it releases molecular mediators that sensitize
nociceptor neurons. This sensitization is closely linked to tissue injury and inflammation, marking the interplay

between immune responses and pain processing.
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The receptors and ion channels present in nociceptor peripheral nerve terminals act as sentinels, detecting
chemical mediators released during inflammation. These mediators serve as signals that initiate an action
potential, which is subsequently transmitted to nociceptor cell bodies in the dorsal root ganglia (DRG) B9, From
there, the signal continues its journey to the spinal cord and brain, where it is interpreted as pain. During
inflammation, the threshold for nociceptor neurons to produce action potentials is lowered, leading to heightened
pain sensitivity or “hyperalgesia”. This phenomenon plays a crucial role in chronic pain associated with

inflammatory disorders like rheumatoid arthritis and inflammatory bowel disease.

Recent research efforts have focused on identifying specific immune cells and mediators implicated in chronic pain.
The pivotal role of the immune system in neural sensitization becomes evident, as pain tends to decrease once the
tissue immune response resolves. This underscores the relevance of immune—neural pathways in chronic pain

conditions, paving the way for potential remedies.

Nociceptor neurons express a diverse array of receptors for various immune mediators, including cytokines, lipids,
proteases, and growth factors generated by immune cells. Upon activation of these receptors, intricate signaling
cascades are initiated. These cascades induce changes in the gating characteristics of ion channels such as
TRPV1, TRPAL, Nav1.7, Navl1.8, and Nav1.9 through processes like phosphorylation 1112l The outcome of these

changes is enhanced neuronal firing, contributing to heightened pain sensitivity.

Emerging research is beginning to illuminate the roles of distinct immune mediators in mediating pain sensitivity
across different illness contexts. For example, studies involving mice models of carrageenan-induced inflammatory
pain and neuropathic pain have shown that neutrophils contribute to pain maintenance through the production of
cytokines and prostaglandin E2 (PGE2). Additionally, non-neutrophilic CD11b+ myeloid cells, which are presumed

to be macrophages, are implicated in pain sensitization following incisional wound damage 131,

Mast cells also emerge as key players in the sensitization of nociceptors. Detailed examination through electron
microscopy reveals a strong relationship between nociceptor nerve terminals and mast cells, particularly in
mucosal tissues. Upon activation, mast cells release an array of pain-sensitizing molecules, including cytokines (IL-
5, TNF, IL-6, IL-1), histamine, 5-HT, and nerve growth factor (NGF) 14l This release triggers pain sensitization by
interacting with receptors present on nociceptors. Importantly, mast cells do not only contribute to pain during acute

inflammation but also aggregate in chronic inflammatory diseases, where they further contribute to pain chronicity.

Macrophages, being sentinel myeloid cells found throughout the body, and monocytes, blood-borne myeloid cells
drawn to inflammatory sites upon tissue injury, are extensively implicated in chronic pain conditions. These cells
produce a plethora of inflammatory cytokines, growth factors, and lipids that can directly act on nociceptor neurons,
contributing to the sensation of pain.

Interestingly, research suggests that immune cells might interact not only at the site of injury but also with the cell
bodies of nociceptor neurons within the dorsal root ganglia (DRGs) 3. The DRG soma serves as a control center

for neuroplasticity and long-term sensitization through protein synthesis. Evidence indicates that in conditions of
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chronic pain, the number of innate and adaptive immune cells within the DRGs increases €. Studies involving
chemotherapy and sciatic-nerve-ligation-induced neuropathic pain reveal elevated levels of macrophages,
monocytes, neutrophils, and T cells in the DRGs. In fact, T cells have been found to release leukocyte elastase in

the DRGs, contributing to pain after nerve injury.

| 3. Central Sensitization and Neurobiology of Pain

Central sensitization, a phenomenon intricately linked to the development and persistence of chronic pain
conditions, is thoroughly investigated by Harte et al. 14, This exploration unveils the molecular and cellular
underpinnings of central sensitization, offering valuable insights into the convergence of immune and neural

pathways that perpetuate pain hypersensitivity.

Central sensitization represents a pivotal mechanism through which the nervous system amplifies pain signals,
contributing to the intensification of pain perception. Harte’s research meticulously dissects the intricate
neurobiological processes that underlie this phenomenon 14, By delving into the molecular interactions and
cellular changes that fuel central sensitization, Harte’s study uncovers the intricate web of immune—neural

interactions that drive the maintenance of chronic pain.

The convergence of immune responses and neural pathways becomes evident in the context of central
sensitization. Immune cells, particularly microglia and macrophages, play a crucial role in mediating
neuroinflammation, which is a hallmark of central sensitization. These cells release a cascade of cytokines,
chemokines, and growth factors that shape the neuroinflammatory microenvironment, contributing to the

heightened excitability of pain pathways.

Moreover, the neurobiological changes observed in central sensitization involve alterations in synaptic plasticity
and neurotransmitter release, further underscoring the intricate relationship between immune responses and pain
perception. The insights gleaned from Harte’s study emphasize the need to consider both immune and neural

factors in developing targeted interventions for chronic pain conditions 12,

In conclusion, the comprehensive exploration of pain, immune interactions, and central sensitization highlights the
intricate interplay between the immune and nervous systems in shaping pain perception and modulation. From the
fundamental role of pain as an alarm system to the complexities of chronic pain conditions, the insights from these
studies underscore the need for interdisciplinary approaches in understanding and treating pain. The discoveries of
immune—neural interactions and their roles in nociceptor sensitization and central sensitization provide potential
avenues for the development of innovative therapies that address the multifaceted nature of chronic pain. As the
fields of immunology and neuroscience converge, there is hope for breakthroughs that will bring relief to those

suffering from the burden of chronic pain.

| 4. Pain in the Background of Rheumatic Diseases
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Pain is an intricate and universal facet of human experience, acting as a vigilant sentinel that warns of impending
harm and danger. While acute pain is a fundamental protective mechanism, chronic pain represents a complex and
often debilitating condition that poses significant challenges for effective management. The realm of rheumatic
diseases, encompassing disorders such as rheumatoid arthritis (RA), ankylosing spondylitis, and psoriatic arthritis,

is characterized by the coexistence of joint inflammation and a substantial burden of pain [2€l.

| 5. The Complexity of Pain in Rheumatic Diseases

Pain in rheumatic diseases transcends the boundaries of a singular entity; it is a multifaceted phenomenon
intertwined with the intricate interactions between immune responses and pain-signaling pathways 2. In
conditions like rheumatoid arthritis, ankylosing spondylitis, and psoriatic arthritis, the experience of pain is not
solely a result of structural damage but a dynamic interplay between immune activation, neuroinflammatory
processes, and altered pain perception. This complexity necessitates a comprehensive understanding of the

underlying mechanisms to address the full spectrum of pain experiences in these diseases.

| 6. The Role of Immune Interactions

Recent advancements in immunology have shed light on the pivotal role of immune interactions in shaping pain
perception in the context of rheumatic diseases. Immune cells, including microglia, macrophages, and T cells,
infiltrate pain-relevant regions such as the spinal cord and dorsal root ganglia in response to injury and
inflammation. Within these regions, these immune cells release an array of proinflammatory and anti-inflammatory
cytokines, chemokines, and growth factors, contributing to the establishment of a complex neuroinflammatory
microenvironment 2%, This intricate milieu of signaling networks actively participates in the modulation of pain
signaling cascades, thereby contributing to the heightened pain sensitivity observed in rheumatic diseases 211,

| 7. Bidirectional Communication

The communication between immune cells and neurons within the realm of pain is a dynamic and bidirectional
process 18171 Neurons express receptors for immune mediators, enabling them to sense and respond to
cytokines and other immune signaling molecules. Conversely, immune cells exhibit a heightened sensitivity to
neuronal signaling, allowing them to adjust their activation states and cytokine release patterns accordingly 29211,
This intricate interplay creates a fertile ground for neuroinflammation, a key driver of chronic pain conditions in
rheumatic diseases. As neuroinflammation amplifies pain signaling, a self-sustaining loop is established, further

contributing to the perpetuation of chronic pain [28IL7],

A myriad of challenges and opportunities lie on the horizon 822 Gjven the diverse nature of chronic pain
experiences, optimizing interventions tailored to specific pain conditions and patient profiles is imperative.
Interdisciplinary collaboration between immunologists, neuroscientists, and pain researchers is paramount in

untangling the intricacies of immune—neural crosstalk and identifying novel therapeutic targets. Rigorous clinical
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trials, focusing on pain-specific endpoints, will provide direct evidence of their impact on pain perception, thus

guiding the development of personalized and effective pain management strategies 29,

The landscape of pain within the context of rheumatic diseases is a tapestry woven from the intricate interactions
between immune responses and pain-signaling pathways. The involvement of the immune system in pain
processing, particularly evident in diseases like rheumatoid arthritis, underscores the complexity of pain perception.
As researchers delve deeper into the mechanisms governing immune—neural interactions, they pave the way for
innovative pain management strategies within the realm of rheumatic diseases (813 This interdisciplinary
approach holds the potential to enhance patients’ quality of life by specifically targeting the intricate connections
between immune responses and pain perception. With each discovery, the prospect of transformative
advancements in rheumatic pain management becomes increasingly tangible, renewing hope for better days for
those burdened by chronic pain [22123],

| 8. The Multifaceted Nature of Pain in Rheumatoid Arthritis

Pain in rheumatoid arthritis is far from a one-dimensional experience. It presents as a complex interplay of
nociceptive, inflammatory, and neuropathic components. Nociceptive pain arises from the activation of peripheral
nociceptors in response to tissue damage and inflammation within affected joints (&, This is compounded by
inflammatory pain, a result of the release of proinflammatory cytokines such as tumor necrosis factor-alpha (TNF-
a) and interleukin-6 (IL-6), which sensitize pain receptors and contribute to the persistence of pain. Neuropathic
pain, characterized by shooting, burning, or electric sensations, emerges due to nerve damage caused by chronic

inflammation 2911241

| 9. Cytokines in Rheumatoid Arthritis (RA) Pain Mechanisms

Cytokines play a central role in the genesis of pain associated with rheumatoid arthritis (RA) 3. RA is
characterized by persistent joint inflammation and debilitating pain, and several cytokines have been implicated in
its pathogenesis, including TNF-a, IL-1, and IL-6. These cytokines contribute to RA and its associated pain through

the promotion of autoimmunity, chronic inflammatory synovitis, and the destruction of nearby joint tissues 28!,

Other cytokines, such as granulocyte—macrophage colony-stimulating factor (GM-CSF), IL-4, IL-10, IL-13, and IL-
17, also influence pain and inflammation in RA [2Z1[28][29][30][31][32][33]

GM-CSF, for instance, signals through various pathways, including the JAK2/STAT5 pathway. It stimulates the
release of proinflammatory cytokines and chemokines like CCL17, which can directly and indirectly induce
nociception B4, GM-CSF is associated with pain in conditions like bone cancer, inflammation, and arthritis, and it is
detectable in the synovial fluid of RA patients [ELI23][36],

IL-13, a proinflammatory cytokine, is prominently upregulated in RA and the synovial milieu. It is a major contributor

to inflammation and structural damage in arthritis and can also recruit and activate T cells, contributing to
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hyperalgesia 37,

In contrast, anti-inflammatory cytokines like IL-4, IL-10, and IL-13 have pain-alleviating properties 2. However,
these cytokines also signal directly through the JAK/STAT pathway, highlighting the delicate balance between

pronociceptive and antinociceptive cytokines and their combined impact on pain responses.

IL-6, a proinflammatory cytokine and a principal mediator of systemic inflammation in RA, directly activates the
JAK/STAT3 pathway. It plays a significant role in regulating joint pain. IL-6 affects pain both peripherally and at the
dorsal root ganglion (DRG). It exerts its effects through the binding of sIL-6R and trans-signaling via gp130,
present in various components of the nociceptive system, including neurons, glial cells, and DRGs. Emerging
findings suggest that IL-6 family cytokines may also influence neuronal survival, differentiation, and regeneration
(381391 Moreover, IL-6 has been linked to pain in various other conditions, including bone cancer, spinal cord or

peripheral nerve injury, and neuropathy due to chemotherapy 49.

IL-17A, another proinflammatory cytokine, is elevated in the synovial fluid of RA patients. In rodent models, I1L-17
injections induce hyperalgesia, while mice lacking IL-17A show reduced mechanical hyperalgesia after
inflammation induction [l Although the exact mechanism remains unclear, IL-17A may signal through the
JAK/STAT pathway, potentially modulating neuronal activity through VEGF 42, |L-17 receptors on sensory neurons

further suggest a role in nociception 431,

TNF-qa, binding to TNF receptor 1 (TNFR1) and TNF receptor 2 (TNFR2), has been detected in dorsal root ganglia
(DRGSs) in animal studies. TNF-a binding to these receptors contributes to hyperalgesia in chronic inflammation,
affecting various parts of the nervous system, including the spinal cord, thalamus, periaqueductal gray, and
amygdala. It has also been implicated in neuropathic pain, with increased expression of TNFR1, TNFR2, and TNF-

a after peripheral nerve injury 44145,

| 10. Peripheral Sensitization and Immune Interactions

The immune system plays a pivotal role in the pain experienced by RA patients. Immune cells infiltrate the
synovium, releasing a barrage of inflammatory mediators that sensitize pain receptors 2233l The interaction
between nociceptor sensory neurons and immune cells creates a feedback loop that amplifies pain perception.
Immune cells release cytokines and other signaling molecules that activate pain receptors, while the nerve
terminals of nociceptors express receptors for these immune mediators, further heightening pain sensitivity 341,

Mast cells, neutrophils, macrophages, and T cells all contribute to this neuro—immune crosstalk, perpetuating pain
[36]

| 11. Central Sensitization and Neuroplasticity

The complexities of pain perception in RA extend beyond peripheral sensitization. Central sensitization, a

phenomenon involving heightened excitability of neurons in the spinal cord and brain, plays a pivotal role L8I7],
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Persistent peripheral nociceptive input leads to adaptive changes in the central nervous system, amplifying pain
signals and causing even innocuous stimuli to be perceived as painful. Neuroplasticity, the brain’s ability to rewire

itself in response to chronic pain, further contributes to the long-lasting nature of pain in RA [22[21],

| 12. Clinical Implications and Pain Management Strategies

Understanding the multifaceted nature of pain in RA has significant clinical implications. Traditional analgesics and
nonsteroidal anti-inflammatory drugs (NSAIDs) offer relief by targeting peripheral pain pathways, but their efficacy
in managing chronic pain is limited 29, Targeted biologic therapies, such as TNF inhibitors and IL-6 receptor
antagonists, have revolutionized RA treatment by curbing inflammation and alleviating pain. Additionally, disease-
modifying antirheumatic drugs (DMARDSs) slow down joint damage and can indirectly improve pain. Emerging

treatments, including nerve growth factor (NGF) inhibitors, hold promise in directly targeting pain pathways 23!,

| 13. Can We Achieve a Patient-Centered Approach?

It is crucial to recognize the impact of pain on RA patients’ lives. Beyond the physical toll, pain affects emotional
well-being, social interactions, and daily activities. A multidisciplinary approach encompassing pharmacological
interventions, physical therapy, psychological support, and patient education is necessary to address pain

comprehensively 81191,

Pain in rheumatoid arthritis is a multidimensional phenomenon driven by intricate interactions between immune
responses, nerve pathways, and central sensitization. Understanding the underlying mechanisms is pivotal in
devising effective pain management strategies that can enhance the quality of life of individuals living with RA. As
research continues to unravel the complexities of pain, the hope is to usher in a new era of personalized pain

management that targets the unique pain profiles of RA patients 1220

14. JAKISTAT Signaling Pathway and Its Implications in Pain
Modulation

The Janus kinase (JAK) signaling pathway, intricately intertwined with the signal transducer and activator of
transcription (STAT) pathway, holds a pivotal role in orchestrating cellular responses to a variety of extracellular
signals. This complex and versatile pathway is not only involved in immune responses but also plays a critical role
in the intricate network of neural processes, including pain modulation. The JAK family, comprised of distinct
isoforms such as JAK1, JAK2, JAK3, and TYK2, collaborates with various STAT proteins to transduce signals from
cytokine and growth factor receptors to the nucleus, influencing gene expression and cellular behavior. This
intricate signaling cascade not only regulates immune cell activation, proliferation, and differentiation but also

extends its reach to neural signaling pathways, bridging the gap between the immune system and the nervous
system [22]23],
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In the context of pain modulation, the JAK/STAT signaling pathway emerges as a crossroads where immune
responses intersect with neural processes, contributing to the complexity of pain perception. Neuro—immune
interactions become particularly pertinent as JAK/STAT signaling influences the activation of various immune cells
that infiltrate pain-relevant regions, such as microglia, macrophages, and T cells. These immune cells, once
activated, release an array of cytokines, chemokines, and growth factors that collectively shape the
neuroinflammatory microenvironment. This interplay between immune responses and neural pathways contributes
to the development, maintenance, and amplification of chronic pain conditions, serving as a foundation for the

bidirectional communication that characterizes pain hypersensitivity [221231127]

| 15. JAK Inhibitors: A New Class of Drugs

Janus kinase inhibitors, commonly referred to as JAK inhibitors, represent a promising class of drugs with
applications in the treatment of various medical conditions 281271281 These inhibitors target Janus kinases, a family
of enzymes that play a crucial role in transmitting signals for cell growth and immune response. By modulating JAK
activity, these inhibitors have emerged as valuable therapeutic tools for conditions ranging from autoimmune

diseases to certain cancers.

Janus kinases are essential components of cell signaling pathways, particularly those involving cytokines, which
are small proteins that regulate immune responses and inflammation. When these pathways become dysregulated,
they can contribute to autoimmune diseases and certain cancers. JAK inhibitors work by interfering with these
signaling pathways. They bind to the Janus kinases, inhibiting their activity and thus reducing the downstream
effects of cytokines [24l, This mechanism helps control inflammation and suppresses the immune system, making

JAK inhibitors effective in managing autoimmune disorders [23],

JAK inhibitors have shown remarkable success in treating autoimmune diseases such as rheumatoid arthritis,
psoriasis, and inflammatory bowel disease. Medications like Tofacitinib (trade name: Xeljanz), Upadacitinib (trade
name: Rinvoq), and Baricitinib (trade name: Olumiant) are among the JAK inhibitors approved for these conditions
(23], By targeting the overactive immune responses characteristic of autoimmune diseases, JAK inhibitors provide

relief to patients and improve their quality of life.

In addition to autoimmune diseases, JAK inhibitors have demonstrated potential in cancer therapy. They are being
investigated as targeted treatments for various malignancies, including myelofibrosis, a rare bone marrow disorder.
Ruxolitinib (trade name: Jakafi) and Fedratinib (trade name: Inrebic) are examples of JAK inhibitors used in the
treatment of myelofibrosis 27B1, These inhibitors help control abnormal cell proliferation and alleviate disease-

related symptoms.

Recent Safety Concerns

While JAK inhibitors offer significant therapeutic benefits, recent safety concerns have emerged. Regulatory

agencies like the FDA and EMA have issued warnings regarding potential risks, including serious heart-related
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events, cancer, blood clots, and death, associated with the use of JAK inhibitors [28l2930l31] These concerns
underscore the importance of ongoing research and monitoring to better understand the long-term safety profile of

these drugs.

| 16. Role of JAK Inhibitors in Modulating Pain Perception

JAK inhibitors, initially conceptualized as immune-modulating agents, have unveiled a multifaceted impact that
reaches beyond the immune system, encompassing neural and glial cells, particularly microglia, which play a
central role in neuroinflammation and the perpetuation of chronic pain states. This expanded scope of JAK
inhibitors provides an intriguing avenue for pain modulation, tapping into the intricate interplay between immune

responses and neural pathways.

One of the key mechanisms through which JAK inhibitors impact pain perception involves the suppression of
proinflammatory cytokines, such as interleukin-13 (IL-1B), interleukin-6 (IL-6), and tumor necrosis factor-alpha
(TNF-0). By interrupting JAK-mediated signaling pathways essential for cytokine production, JAK inhibitors could
potentially dampen the inflammatory response that underlies neuroinflammation and hypersensitivity. This
suppression of proinflammatory mediators might contribute to the alleviation of pain-related behaviors and the

restoration of neural homeostasis [221(23],

Furthermore, JAK inhibitors have the potential to restore a balance between neuroinflammation and anti-
inflammatory pathways. By promoting the production of anti-inflammatory cytokines, like interleukin-10 (IL-10), JAK
inhibitors could counteract the detrimental effects of proinflammatory cytokines. This rebalancing might mitigate the

hypersensitivity associated with chronic pain conditions, providing a dynamic modulation of pain perception 23],

Experimental evidence from animal models of chronic pain, coupled with clinical trials primarily conducted in
autoimmune diseases, underscores the potential of JAK inhibitors as promising pain modulators. These inhibitors
have demonstrated efficacy in attenuating pain-related behaviors and improving pain outcomes in patients.
However, to fully exploit the potential of JAK inhibitors in pain management, dedicated clinical trials focusing
specifically on pain conditions are warranted. The landscape of pain research is rapidly evolving as scientists delve

deeper into the molecular and cellular mechanisms linking JAK/STAT signaling with pain modulation [221123][46]

| 17. Translating Bench to Bedside: Challenges and Prospects

The journey from laboratory insights to effective pain management strategies using JAK inhibitors faces several
challenges. The intricacy of the JAK/STAT pathway demands a nuanced understanding of its diverse effects on
different cell types and tissues. As researchers strive to develop selective JAK inhibitors that target specific
isoforms, the risk of off-target effects and unintended consequences remains a concern. Balancing the suppression
of proinflammatory signals with the preservation of vital immune responses poses a delicate tightrope walk in

therapeutic development.
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Clinical translation also necessitates a comprehensive grasp of the varying etiologies of chronic pain conditions.
Different pain conditions, such as neuropathic pain, inflammatory pain, and central sensitization, may involve
distinct molecular and cellular mechanisms. Tailoring JAK-inhibitor-based therapies to specific pain conditions

requires a personalized approach accounting for the heterogeneity of patients’ experiences.

Furthermore, long-term safety profiles of JAK inhibitors, especially in the context of chronic pain management,
warrant rigorous investigation. The effects of sustained JAK inhibition on immune surveillance, infection
susceptibility, and overall homeostasis necessitate meticulous monitoring. Additionally, potential interactions with
other pain medications and their impact on the delicate balance of neural and immune responses need to be
elucidated.

| 18. The Future Landscape of Pain Management

As the realm of pain management undergoes a paradigm shift, the convergence of JAK/STAT signaling with
immune—neural interactions unveils a compelling terrain for exploring innovative strategies. The unexpected role of
JAK inhibitors in neural pathways, beyond their initial immune-modulating context, offers a promising avenue for
alleviating chronic pain conditions. As researchers unravel the intricate mechanisms through which JAK inhibitors
influence pain perception, interdisciplinary collaborations between immunologists, neuroscientists, and clinicians
will be vital to harnessing the full potential of these agents. Ultimately, the dynamic interplay between immune
responses and neural processes holds the key to transforming pain modulation and enhancing the lives of
individuals grappling with the intricate challenges of chronic pain. Through the lens of JAK/STAT signaling, the
bridge between the immune and nervous systems illuminates new avenues of hope and relief for those burdened
by the persistent weight of pain.

References

1. Woolf, C.J. What is this thing called pain? J. Clin. Investig. 2010, 120, 3742-3744.

2. Breivik, H.; Collett, B.; Ventafridda, V.; Cohen, R.; Gallacher, D. Survey of chronic pain in Europe:
Prevalence, impact on daily life, and treatment. Eur. J. Pain 2006, 10, 287-333.

3. Gaskin, D.J.; Richard, P. The Economic Costs of Pain in the United States. J. Pain 2012, 13, 715-
724.

4. Dominguez, E.; Mauborgne, A.; Mallet, J.; Desclaux, M.; Pohl, M.; Kitabgi, P. Deletion of the
neuropeptide Y (NPY) Y1 receptor gene reveals a regulatory role of NPY on inflammatory pain.
Proc. Natl. Acad. Sci. USA 2008, 105, 4505-4510.

5. Heiberg, T.; Kvien, T.K. Preferences for improved health examined in 1,024 patients with
rheumatoid arthritis: Pain has highest priority. Arthritis Rheum. 2002, 47, 391-397.

https://encyclopedia.pub/entry/50268 10/14



JAK Inhibitors’ Pleiotropic Potential in Pain's Immune Interactions | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

16.

17.

. Harrington, R.; Al Nokhatha, S.A.; Conway, R. JAK Inhibitors in Rheumatoid Arthritis: An

Evidence-Based Review on the Emerging Clinical Data. J. Inflamm. Res. 2020, 14, 519-531.

. Salaffi, F.; Giacobazzi, G.; Di Carlo, M. Chronic Pain in Inflammatory Arthritis: Mechanisms,

Metrology, and Emerging Targets—A Focus on the JAK-STAT Pathway. Pain Res. Manag. 2018,
2018, 8564215.

. Pinho-Ribeiro, F.A.; Verri, W.A.; Chiu, I.M. Nociceptor sensory neuron-immune interactions in pain

and inflammation. Trends Immunol. 2017, 38, 5-19.

. Souza, G.R.: Cunha, T.M.; Silva, R.L.; Lotufo, C.M.; Verri, W.A.; Funez, M.1.; Villarreal, C.F.;

Talbot, J.; Sousa, L.P.; Parada, C.A.; et al. Involvement of nuclear factor kappa B in the
maintenance of persistent inflammatory hypernociception. Pharmacol. Biochem. Behav. 2015,
134, 49-56.

Wood, J.N.; Boorman, J.P.; Okuse, K.; Baker, M.D. Voltage-gated sodium channels and pain
pathways. J. Neurobiol. 2004, 61, 55-71.

Shutov, L.P.; Warwick, C.A.; Shi, X.; Gnanasekaran, A.; Shepherd, A.J.; Mohapatra, D.P;
Woodruff, T.M.; Clark, J.D.; Usachev, Y.M. The Complement System Component C5a Produces
Thermal Hyperalgesia via Macrophage-to-Nociceptor Signaling That Requires NGF and TRPV1.
J. Neurosci. 2016, 36, 5055-5070.

Nieto-Posadas, A.; Picazo-Juarez, G.; Llorente, |.; Jara-Oseguera, A.; Morales-Lazaro, S.;
Escalante-Alcalde, D.; Islas, L.D.; Rosenbaum, T. Lysophosphatidic acid directly activates TRPV1
through a C-terminal binding site. Nat. Chem. Biol. 2011, 8, 78-85.

Ghasemlou, N.; Chiu, I.M.; Julien, J.P.; Woolf, C.J. CD11b+Ly6G—- myeloid cells mediate
mechanical inflammatory pain hypersensitivity. Proc. Natl. Acad. Sci. USA 2015, 112, E6808—
E6817.

Qiu, F.; Qiu, C.-Y,; Liu, Y.-Q.; Wu, D.; Li, J.-D.; Hu, W.-P. Potentiation of acid-sensing ion channel
activity by the activation of 5-HT2 receptors in rat dorsal root ganglion neurons.
Neuropharmacology 2012, 63, 494-500.

Vincent, L.; Vang, D.; Nguyen, J.; Gupta, M.; Luk, K.; Ericson, M.E.; Simone, D.A.; Gupta, K. Mast
cell activation contributes to sickle cell pathobiology and pain in mice. Blood 2013, 122, 1853—
1862.

Bauer, S.; Kerr, B.J.; Patterson, P.H. The neuropoietic cytokine family in development, plasticity,
disease and injury. Nat. Rev. Neurosci. 2007, 8, 221-232.

Harte, S.E.; Harris, R.E.; Clauw, D.J. The neurobiology of central sensitization. J. Appl. Biobehav.
Res. 2018, 23, e12137.

https://encyclopedia.pub/entry/50268 11/14



JAK Inhibitors’ Pleiotropic Potential in Pain's Immune Interactions | Encyclopedia.pub

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Walsh, D.A. Pain in rheumatoid arthritis: From the patient’s perspective. Pain 2015, 156 (Suppl.
S1), S61-S64.

Salaffi, F.; Di Carlo, M.; Carotti, M.; Garofalo, G.; Giuseppetti, G.M. Pain assessment in rheumatic
diseases. Clin. Exp. Rheumatol. 2018, 36 (Suppl. S114), 39-47.

Charter, R.A.; Chakravarty, E.F.; Adams, J.L.; Smith, E.M. Stability of stable pain in rheumatoid
arthritis over 6 years: Relationship with illness variables and mortality. J. Rheumatol. 2000, 27,
1731-1737.

Roche, N.E.; Gérard, C.L. The five-year prognosis in rheumatoid arthritis: A comparative study of
two cohorts of patients. Am. J. Med. 2010, 23, 557-563.

Busch-Dienstfertig, M.; Gonzélez-Rodriguez, S. IL-4, JAK-STAT signaling, and pain. JAK-STAT
2013, 2, e27638.

Dominguez, E.; Mauborgne, A.; Mallet, J.; Desclaux, M.; Pohl, M. SOCS3-Mediated Blockade of
JAK/STATS3 Signaling Pathway Reveals Its Major Contribution to Spinal Cord Neuroinflammation
and Mechanical Allodynia after Peripheral Nerve Injury. J. Neurosci. 2010, 30, 5754-5766.

Kontzias, A.; Kotlyar, A.; Laurence, A.; Changelian, P.; O’Shea, J.J. Jakinibs: A new class of
kinase inhibitors in cancer and autoimmune disease. Curr. Opin. Pharmacol. 2012, 12, 464-470.

Pesu, M.; Laurence, A.; Kishore, N.; Zwillich, S.H.; Chan, G.; O’'Shea, J.J. Therapeutic targeting
of Janus kinases. Immunol. Rev. 2008, 223, 132-142.

Norman, P. Selective JAK inhibitors in development for rheumatoid arthritis. Expert Opin. Investig.
Drugs 2014, 23, 1067-1077.

JAK Inhibitors Showing Promise for Many Skin Problems-Conditions Ranging from Alopecia to
Vitiligo. 6 July 2017. Available online: https://www.medscape.com/viewarticle/876855 (accessed
on 1 August 2023).

FDA. Janus Kinase (JAK) Inhibitors: Drug Safety Communication-FDA Requires Warnings about
Increased Risk of Serious Heart-related Events, Cancer, Blood Clots, and Death; U.S. Food and
Drug Administration (FDA): Silver Spring, MD, USA, 2021.

U.S. Food and Drug Administration (FDA). FDA Requires Warnings about Increased Risk of
Serious Heart-Related Events, Cancer, Blood Clots, and Death for JAK Inhibitors That Treat
Certain Chronic Inflammatory Conditions; U.S. Food and Drug Administration (FDA): Silver
Spring, MD, USA, 2021.

European Medicines Agency (EMA). EMA Recommends Measures to Minimise Risk of Serious
Side Effects with Janus Kinase Inhibitors for Chronic Inflammatory Disorders; European
Medicines Agency (EMA) (Press release): Amsterdam, The Netherlands, 2022.

https://encyclopedia.pub/entry/50268 12/14



JAK Inhibitors’ Pleiotropic Potential in Pain's Immune Interactions | Encyclopedia.pub

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kragstrup, T.W.; Glintborg, B.; Svensson, A.L.; McMaster, C.; Robinson, P.C.; Deleuran, B.; Liew,
D.F. Waiting for JAK inhibitor safety data. RMD Open 2022, 8, e002236.

Mclinnes, 1.B.; Schett, G. Cytokines in the pathogenesis of rheumatoid arthritis. Nat. Rev.
Immunol. 2007, 7, 429-442.

Schaible, H.-G. Nociceptive neurons detect cytokines in arthritis. Arthritis Res. Ther. 2014, 16,
470.

Nicol, L.S.; Thornton, P.; Hatcher, J.P.; Glover, C.P.; Webster, C.I.; Burrell, M.; Hammett, K.;
Jones, C.A.; Sleeman, M.A.; Billinton, A.; et al. Central inhibition of granulocyte-macrophage
colony-stimulating factor is analgesic in experimental neuropathic pain. Pain 2017, 159, 550-559.

Achuthan, A.; Cook, A.D.; Lee, M.-C.; Saleh, R.; Khiew, H.-W.; Chang, M.W.; Louis, C.;
Fleetwood, A.J.; Lacey, D.C.; Christensen, A.D.; et al. Granulocyte macrophage colony-
stimulating factor induces CCL17 production via IRF4 to mediate inflammation. J. Clin. Investig.
2016, 126, 3453-3466.

Cook, A.D.; Pobjoy, J.; Sarros, S.; Steidl, S.; Durr, M.; Lacey, D.C.; Hamilton, J.A. Granulocyte-
macrophage colony-stimulating factor is a key mediator in inflammatory and arthritic pain.
Rheumatol. 2012, 72, 265-270.

Schweizerhof, M.; Stdsser, S.; Kurejova, M.; Njoo, C.; Gangadharan, V.; Agarwal, N.; Schmelz,
M.; Bali, K.K.; Michalski, C.W.; Brugger, S.A.; et al. Hematopoietic colony—stimulating factors
mediate tumor-nerve interactions and bone cancer pain. Nat. Med. 2009, 15, 802-807.

Marz, P.; Otten, U.; Rose-John, S. Neural activities of IL-6-type cytokines often depend on soluble
cytokine receptors. Eur. J. Neurosci. 1999, 11, 2995-3004.

Dubovy, P.; Hradilova-Svizenska, I.; Klusakova, |.; Brazda, V.; Joukal, M. Interleukin-6 contributes
to initiation of neuronal regeneration program in the remote dorsal root ganglia neurons after
sciatic nerve injury. Histochem. Cell Biol. 2019, 152, 109-117.

Zhou, Y.-Q.; Liu, Z.-H.; Chen, S.-P.; Li, M.; Shahveranov, A.; Ye, D.-W.; Tian, Y.-K. Interleukin-6:
An emerging regulator of pathological pain. J. Neuroinflam. 2016, 13, 141.

von Banchet, G.S.; Boettger, M.K.; Konig, C.; lwakura, Y.; Brauer, R.; Schaible, H.-G. Neuronal IL-
17 receptor upregulates TRPV4 but not TRPV1 receptors in DRG neurons and mediates
mechanical but not thermal hyperalgesia. Mol. Cell. Neurosci. 2013, 52, 152-160.

Zhang, A.; Lee, Y.C. Mechanisms for Joint Pain in Rheumatoid Arthritis (RA): From Cytokines to
Central Sensitization. Curr. Osteoporos. Rep. 2018, 16, 603—-610.

O’Shea, J.J.; Schwartz, D.M.; Villarino, A.V.; Gadina, M.; Mclnnes, 1.B.; Laurence, A. The JAK-
STAT Pathway: Impact on Human Disease and Therapeutic Intervention. Annu. Rev. Med. 2015,
66, 311-328.

https://encyclopedia.pub/entry/50268 13/14



JAK Inhibitors’ Pleiotropic Potential in Pain's Immune Interactions | Encyclopedia.pub

44. George, A.; Buehl, A.; Sommer, C. Tumor necrosis factor receptor 1 and 2 proteins are
differentially regulated during Wallerian degeneration of mouse sciatic nerve. Exp. Neurol. 2005,
192, 163-166.

45. Mclnnes, I.B.; Schett, G. The Pathogenesis of Rheumatoid Arthritis. N. Engl. J. Med. 2011, 365,
2205-22109.

46. Simon, L.S.; Taylor, P.C.; Choy, E.H.; Sebba, A.; Quebe, A.; Knopp, K.L.; Porreca, F. The
Jak/STAT pathway: A focus on pain in rheumatoid arthritis. Semin. Arthritis Rheum. 2020, 51,
278-284.

Retrieved from https://encyclopedia.pub/entry/history/show/113882

https://encyclopedia.pub/entry/50268 14/14



