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Abstract

Our immune system acts to protect us in times of stress and traumatic injury. As part of the immune
response, the body produces various cytokines, which mediate or modulate immune functions. Such
cytokines include tumor necrosis factor (TNF) and interleukin 6 (IL-6) and IL-17. These cytokines can also
act on the nervous system to influence pain perception. TNF-a triggers an inflammatory response and two
forms of programmed cell death, apoptosis and necroptosis, depending on the pathological state. For
individuals with chronic conditions relating to immune deficiency, the actions of these cytokines can
present as chronic pain states, significantly altering quality of life. One attractive potential solution for
treating this immune linked pain is by altering signaling pathways of pain-enhancing cytokines. Infliximab
and etanercept are TNF inhibitors that are currently on the market for use in the treatment of chronic pain.
Secukinumab and tocilizumab serve as IL inhibitors, utilized for a similar purpose. These novel
immunotherapies have shown efficacy in numerous clinical studies with acceptable side effect profiles. In
this review, we summarize the pharmacological profiles of these drugs and discuss their usage in treating
chronic pain.
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Introduction

Pain is an age-old concern in patients which has challenged clinicians and scientists for centuries. The NIH
has defined pain as “an unpleasant sensory and emotional experience”, highlighting its subjective nature
[1]. The biopsychosocial model of pain describes how pain is thought to be a product of genetics
(biological), state of mind (psychological), and support systems (social) [1]. Given its undesirable effects,
pain causes great distress for many individuals and in some cases, limits their ability to carry out day-to-
day tasks.

Pain can be classified under three different umbrellas: acute pain, episodic pain, and chronic pain [1].
Chronic pain is a long-standing pathological state characterized by discomfort lasting more than three
months [2]. Chronic pain has a large impact on the US population. A 2019 National Health Interview Survey
(NHIS) found that the prevalence of chronic pain was 20.4% of the population, and that 7.4% of the
population reported that their pain regularly limited daily activities [3].

Chronic pain can be classified into three subtypes: nociceptive, neuroplastic, and nociplastic [4].
Nociceptive pain is characterized by tissue damage, resulting in aching pain [3]. Neuropathic pain is a result
of damage to nerves that transmit pain sensation, resulting in stabbing pain [3]. And finally, nociplastic pain
arises from damages to the modulatory pain pathway without direct evidence of tissue or nerve damage
[3]- All three types of pain may present with coexisting psychological distress [3]. Each form of pain has its
own established treatment regimen, ranging from non-steroidal anti-inflammatory drugs, analgesics,
muscle relaxants, and antidepressants to targeted interventional pain procedures [3].

When considering treatment options for pain, it is important to understand the molecular and
physiological underpinnings of pain sensation. The nervous system plays a large role in transmitting pain
sensation. When a noxious stimulus acts on peripheral nerve receptors, the peripheral nervous system
carries that information up to the spinal cord and central nervous system, which then can act to reflexively
remove the stimulus or integrate it into the brain’s processing center [1, 5, 6]. Pain is also mediated or
modulated by the endocrine system, which releases stress hormones following pain sensation by the
nervous system [1, 7]. Finally, the immune system is also involved in pain signaling [1], and this system is
the primary focus of the drugs introduced in this review.

The immune system is the body’s natural form of defense against foreign pathogens or other insults
and injuries. One of its defense strategies is inducing inflammation, where host cells release chemicals that
indicate that the body has been breached [1, 8]. While this is a key mechanism by which our bodies fight off
infection and insult, there are a few caveats that can lead to a diseased state. One caveat is in the case of
autoimmune conditions, where the body recognizes “self” as “foreign”, mounting an uncalled-for immune
response [1]. Another caveat is when inflammation exceeds the appropriate duration of time or intensity
[1]. The immune response is generally thought to occur in two different forms: innate immunity and
adaptive immunity. Innate immunity is the standard, nonspecific response mounted by the body to any
insult or pathogen, while adaptive immunity develops in response to specific pathogens or cells.

The innate immune system consists of physical barriers, defense cells, and proteins [8]. Following a
breach of one of the innate immune system barriers, immune cells such as macrophages, epithelial cells,
mast cells, and innate lymphoid cells release substances in the damaged area resulting in local
inflammation [8, 9]. Host cell pattern recognition receptors (PRRs) attach to pathogen-associated molecular
patterns (PAMPs) on the pathogen and damage-associated molecular patterns (DAMPs) released from
damaged host cells and direct the removal of the pathogen and infected cells [9]. PRRs may also activate the
complement cascade, which produces complement proteins, including C1-C9, and complexes that further
enhances pathogen clearance [9]. PRRs can either be circulating or associated with cell membranes and
intracellular signaling [9]. Examples of circulating PRRs include antimicrobial peptides, collectins, lectins,
and pentraxins. Examples of cell-associated PRRs include toll-like receptors, nod-like receptors, and
retinoic acid-inducible gene I-like receptors, among others [9]. Other immune cells called phagocytes are
responsible for trapping pathogenic particles and alerting the adaptive immune system of their presence
[8]. Examples of phagocytic cells include macrophages, monocytes, dendritic cells, neutrophils, and
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eosinophils [9-12]. Cells called natural killer cells play a role as well, by identifying and destroying cells that
may be hijacked by a pathogen [8]. Proteins like complement proteins and antibodies also contribute by
either tagging pathogens for destruction or directly destroying them, or by recruiting other immune cells
[8]- Acute phase reactants (APR) are proteins that are found in higher levels during inflammation [13].
Cytokines such as interleukin 1 (IL-1), IL-6, tumor necrosis factor (TNF)-q, and interferon y induce the liver
to produce changes in levels of APR [9]. APR levels can serve as a diagnostic clue for various conditions
including rheumatoid arthritis, polymyalgia rheumatica, systemic lupus erythematosus, cardiovascular
disease, infection, and malignancy [9].

The innate immune system also works closely with the adaptive immune system [9]. While the innate
immune system is non-specific, the adaptive immune system acts to neutralize threats by directly targeting
the pathogen in question through a learned response, resulting in a more effective clearance. In other
words, cells of the adaptive immune system remember how to neutralize threats based on prior exposure.
If the same threat is then reintroduced later, these cells activate and release substances that neutralize that
specific threat, resulting in a more effective response than the innate immune system. The adaptive immune
system primarily consists of cells called lymphocytes, which can be further classified as B cells or T cells [8].
These cells originate and mature in lymphoid organs, such as bone marrow and thymus, before migrating to
peripheral lymph nodes and other secondary lymphoid organs for activation following encounters with
foreign substances [14]. T cells and B cells have differing roles in the adaptive immune response. B cells are
largely responsible for making antibodies, structures which neutralize pathogens or mark them for
destruction [8]. Antibodies come in five flavors: IgG, IgA, IgM, IgE, and IgD. Each of these five types acts in
unique circumstances. T cells further differentiate into specific types that have different roles in fighting off
pathogens. T-helper cells are responsible for secreting substances that activate other immune cells [8]. On
the other hand, cytotoxic T cells are responsible for binding to pathogen-infected cells and kickstarting
their destruction [8]. Together, B and T cells help fight off pathogens in a coordinated fashion. As mentioned
earlier, they also work with the innate immune system to mount a faster and more powerful immune
response. For example, phagocytes of the innate immune system can act as antigen-presenting cells, which
then interface with cytotoxic T cells to further mediate pathogen clearance [15]. B cells can also act as
antigen-presenting cells.

Thus, T cells differentiate into various types, such as T helper cells and cytotoxic T cells, which each
have unique roles in the adaptive immune response. T helper cells can then further differentiate into
different subtypes. Examples of T helper cell subtypes include Th1, Th2, Th9, Th17, Th22, Tfh, Treg, iTreg,
and Th3 cells [15]. Different T cell types are suited to different types of pathogens. For example, Th17 cells
are involved in neutralizing extracellular pathogens such as bacteria and fungi [10]. The specific subtype
which a T cell differentiates into depends on which cytokines it is exposed to. Continuing the example, when
a T cell is exposed to IL-1 beta, IL-6, IL-21, and IL-23, it is induced to become a Th17 cell [10]. This new
Th17 cell can then fight off extracellular pathogens by releasing various cytokines itself, such as IL-17 [10].
In turn, IL-17 will then activate other immune cells such as neutrophils to mitigate the damage [10].

In the present investigation, therefore, we focus on the TNF-q, IL-6, and IL-17 cytokines. TNF-a is
released by Th1 cells and macrophages [10]. It acts to stimulate other T cells, such as formation of Th22,
and induce other cytokines, metalloproteinases, and prostaglandins, as well as adhesion molecules to aid in
immune cell recruitment [10]. Drugs that target TNF-a have been used to treat Crohn’s disease, plaque
psoriasis, psoriatic arthritis, rheumatoid arthritis, ulcerative colitis, ankylosing spondylitis, polyarticular
juvenile idiopathic arthritis (p]JIA), hidradenitis suppurative, and uveitis [10]. IL-6 is an interleukin cytokine
produced by many different cell types, including Th2 cells [10]. It serves to induce B and T cell proliferation,
as well as production of APR and natural protease inhibitors [10]. Drugs targeting IL-6 are used to treat
Castleman disease, cytokine release syndrome, giant cell arteritis, rheumatoid arthritis, and systemic
juvenile idiopathic arthritis [10]. Finally, as discussed above, IL-17 is an interleukin cytokine released by T
cells and other lymphoid cells [10]. Drugs targeting IL-17 have been used to treat plaque psoriasis, psoriatic
arthritis, and ankylosing spondylitis [10].
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TNF-q, IL-6, and IL-17
TNF modulators

TNF is a proinflammatory cytokine released by immune cells of both the natural and adaptive immune
systems [16]. It can further be categorized into various subtypes (TNF-a, TNF-f3, etc.). While TNF is also
involved in development and circadian rhythm, here we primarily address its involvement in
immunological defense. Specifically, TNF acts by inducing cell inflammation and death in pathways
associated with pain [17]. Animal studies have found that TNF-a injections reproduce hypersensitivity
symptoms like those in neuropathic pain [18, 19], and human nerve biopsies from pain patients show
increased TNF-a expression [20], further substantiating its role in pain and inflammation.

Advancements in the field have allowed researchers to identify specific molecular mechanisms by
which TNF carries out cell necrosis and apoptosis [17], allowing for targeted therapy options. One possible
therapy involves downregulation of the TNF transmembrane receptor [21], which was found to reduce
levels of TNF-a in rat models with neuropathic pain via a fusion protein [22]. Another mechanism of
therapy is via TNF-a antagonists, which have also been found to lower pain in rat models [23, 24].

Infliximab and etanercept are two currently available drugs that block the signaling of TNF by binding
to it [25, 26]. As of now, regulation on a systemic level has not proved beneficial in follow-up trials [27, 28].
Infliximab is given intravenously, while etanercept is given subcutaneously [25, 26]. Adalimumab,
certolizumab pegol, and golimumab are other drugs that work similarly. All three can be administered
subcutaneously, and golimumab can also be administered intravenously. All the TNF inhibitors presented
here have been associated with adverse effects such as infection, rash, and gastrointestinal dysfunction,
among others [25, 26, 29-31].

One study specifically investigated the use of certolizumab pegol in rheumatoid arthritis patients and
found that pain scores significantly declined at each follow-up visit while on the medication [32]. Similarly,
administration of sarilumab on top of methotrexate resulted in a greater decrease in pain scores for
rheumatoid arthritis patients when compared to placebo [33].

Infliximab has also been evaluated for pain management in clinical trials in patients with disc
herniation-induced sciatica. At regular follow-up for up to one year, Infliximab was found to significantly
reduce leg pain when compared with saline [27].

IL modulators

ILs are another form of cytokine that can have either proinflammatory or anti-inflammatory effects by
influencing the recruitment of immune cells and by damaging nervous tissue [34, 35]. Two such examples
are IL-6 and IL-17, which regulate inflammation by engaging additional fibers and influencing the ion
channels of nociceptors, resulting in greater sensitivity with a reduced threshold of activation [36, 37].

IL-17 is of particular importance, as it is involved with promoting secretion of IL-6 and other cytokines
[38]. Animal studies have further demonstrated their effects. One study found reduced mechanical
hypersensitivity and neuroinflammation, T cells, and macrophages at the site of injury following partial
nerve ligation in IL-17 knockout mice when compared to controls [39]. Furthermore, IL-17 injections into
mice knee joints were concurrent with enhanced nociceptor sensitization to stimuli and increased
expression of IL-17R within dorsal root ganglia despite neutralization of TNF-« or IL-6, thus demonstrating
its independent role in inflammation [40]. IL-6 has also been an evident inflammatory cytokine. Following
sciatic nerve injury, rat models demonstrated a positive correlation between IL-6+ cells and the extent of
allodynia [35, 41]. Moreover, knee joints and spinal cords in mice treated with IL-6 and IL-6R demonstrated
hyperresponsive neurons upon mechanical stimulation [35, 42]. Increased IL-6 and IL-6R levels were also
found in mice with intervertebral disc injury.

IL-17 serves as a prime target for immunotherapy when treating chronic pain. Secukinumab, a human
monoclonal antibody, is one example of a drug targeting IL-17A, a subtype of IL-17. This drug is currently
indicated for arthritic conditions such as psoriatic arthritis, ankylosing spondylosis, and rheumatoid
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arthritis [38]. It has also been shown to reduce brain lesion activity on MRI in multiple sclerosis patients
[43]. Ixekizumab is another antibody that works in a similar fashion. Finally, the antibody brodalumab has
similar uses as the above drugs and may also be indicated for neuropathic pain [38]. While these drugs have
not yet been evaluated on their effectiveness in chronic pain alone, they seem to modulate pain responses
in chronic conditions and chemotherapy patients [38, 44].

Thus, IL-6 is a key cytokine that regulates immune response. Specifically, it increases production of
APR and lymphocyte differentiation in response to inflammatory markers. It has been implicated in
conditions such as rheumatoid arthritis, multiple sclerosis, cancer-related pain, and neuropathic pain [35,
45]. Similarly to IL-17, IL-6 serves as a target for immunotherapy. This is evidenced by one study which
found that IL-6 inhibitors lowered proteins involved in pain signaling within the dorsal root ganglia [35,
46].

Drugs have also been developed that specifically antagonize IL-6 receptors, thereby altering the IL-6
signaling pathway. Such drugs include sarilumab and tocilizumab. Both can be given subcutaneously, and
tocilizumab can also be given intravenously. Both drugs have adverse effects such as elevated serum
alanine aminotransferase and aspartate aminotransferase. Sarilumab also poses the risk of infection, while
tocilizumab may additionally have elevated serum cholesterol, constipation, infusion- and injection site-
reactions [47, 48].

One study investigated the application of tocilizumab on spinal nerves for treatment of sciatica. The
study found that after 4 weeks of use, patients treated with tocilizumab had significantly lower pain scores
when compared to dexamethasone, and more patients treated with dexamethasone went on to have
surgery than in the group treated with tocilizumab [49].

Therefore, IL-1 is another cytokine acting as an immune modulator. In this regard, the drug anakinra
has been developed as an IL-1 receptor antagonist via subcutaneous administration. Adverse effects include
rash, infection, and metabolic abnormalities [50].

Future directions

It is well documented that the immune response can be affected by different factors, both genetic and non-
genetic, including age, gender, alcohol intake, obesity, and smoking. For example, aging leads to increased
levels of IL-6 and unchanged levels of TNF-a, and men generally have higher levels of cytokine production
[51]. In addition, acute alcohol intake decreases cytokine production [52], whereas chronic alcohol intake is
associated with increased proinflammatory cytokine production, such as TNF-a and IL-6 [53]. Enhanced
BMI and cigarette smoking are associated with enhanced levels of IL-6 and IL-18 [51, 54]. As a result of
abnormal cytokine production and function in these conditions, immune modulation therapy may be
affected.

In the future, the effects of alcohol, obesity, and smoking should be studied on cytokine modulators,
including TNF-a, IL-6, and IL-17 modulating drugs. There have been some studies on the effects of obesity
on etanercept, and a higher BMI is associated with lower serum etanercept concentrations [55]. The impact
of chronic alcohol consumption and smoking on the efficacy of immune modulators are not well studied,
and this could be a future direction to better control pain in patients.

Studying patients at the molecular level could also be a way to deliver more precise treatments to
control pain. There are a number of genes that have been found by genome studies to be associated with
increased incidences of pain, including variants within the LDH1A2 gene that are associated with a severe
osteoarthritis, variants in TAOK3 that are associated with increased post-op pain, and a variant on 5p15.2
(upstream of TCP1-complex-5 gene and downstream of FAM173B) that is associated with a 30% higher risk
for generalized chronic pain [56]. All of these genetic variants could be potential targets for pain
management in patients identified as having one of these variants.

Genome-wide association studies can be done to look at potential reasons for differentiation in therapy
response between individuals. For example, CD84 was found as a predictor of etanercept therapy in
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rheumatoid arthritis; a better response to the drug was associated with higher CD84 expression [57].
However, this was not observed with infliximab or adalimumab, so one anti-TNF drug may work better
than another in clinical practice. Tocilizumab was also found to provide lower disease activity and an
improved disease activity score when patients had the GALNT18 C-allele or the CD69 A-allele [58].

Further research in genome-wide association studies could provide precision when deciding which
immune-modulating drug could provide the most benefit and minimize side effect risks for patients.
Comparing drugs in separate immune modulation categories (i.e., anti-TNF vs IL-6 vs IL-17) and genetic
analysis of which variants have the best efficacy for each drug could provide an interesting approach to
pain relief in patients.

Current applications and related research

While the concept of using TNF and interleukin modulatory treatments for chronic pain is relatively new,
there are promising studies that demonstrate their relevance. One study that explored the use of Janus
kinase (JAK) inhibitors in patients with inflammatory rheumatic diseases in relation to the management of
fatigue describes the varying facets of fatigue in relation to stressors brought on by chronic pain states [59].
Biopsychosocial stressors can have a strong influence on the perception and presence of pain. Patients with
chronic inflammatory diseases can be at risk of losing their job due to disability or having more negative
environmental influences, leading to increased fatigue and worse pain management [59]. In addition to
environmental stressors, the overproduction of cytokines (such as interleukins and TNF, for example) that
activate JAK receptors in these conditions is also noted to contribute to initiating fatigue [59]. When
managing rheumatoid arthritis, some anti-inflammatory interventions “including anti-TNF agents,
rituximab, tocilizumab, canakinumab, abatacept, and anti-IFN-y” reduced feelings of fatigue in patients
suffering from rheumatoid arthritis when compared with placebo [60]. As such, it’s important to note that
targeting and inhibiting JAK receptors may present a solution to treating fatigue in addition to the chronic
pain associated with inflammatory rheumatic diseases. Ultimately, these effects would help improve patient
quality of life.

In addition to environmental stressors and the direct effects of inflammatory cytokine release, pain is
also connected to the endocrine and nervous systems. Neuropathic pain happens as a result of a damaged
portion of the nervous system. As 7-10% of the population is affected by neuropathic pain, the need for
effective treatments is evident. One study explored the use of stigmasterol, a phytosterol commonly found
in vegetable fats and plant oils [61], as a potential treatment for neuropathic pain [62]. Stigmasterol acts on
various receptors involved in the inflammatory response, and more specifically has been found to act as an
anti-inflammatory agent by inhibiting the IL-34/CSF1R signaling response involved in neuropathic pain in
rat models [62]. The sequencing analysis from the rat models demonstrated that 1L-34 is a major ligand for
the CSF signaling pathway, as well as that the CSF1R pathway macrophages were increased in the setting of
neuropathic pain [62]. Additionally, when cell groups were treated with stigmasterol, the concentration of
IL-34 was found to be significantly reduced [62]. These findings demonstrate a successful example in rat
models of how targeting receptors in the inflammatory response can provide a solution for a specific type of
chronic pain. This further demonstrates the continuing need to explore targeted treatments in other types
of chronic pain.

Conclusions

Pain is a subjective experience that manifests through the nervous system, the endocrine system, and the
immune system. The immune system plays an especially large role and is a target for many drug therapies
when treating chronic pain. As part of the immune response, in states of insult and injury, the body
produces various cytokines such as TNF, IL-6, and IL-17 which regulate inflammation and pain perception.
When excessively activated, these cytokines can result in states of chronic pain. Specific cytokine
modulators are currently available and continue to be evaluated for their role in pain management. Of these
modulators, different drugs have been shown to have differential success when treating specific conditions.
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APR: acute phase reactants

IL-6: interleukin 6

JAK: Janus kinase

PRRs: pattern recognition receptors

TNF: tumor necrosis factor
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