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Abstract: Chronic pain remains a major problem worldwide, despite the availability of various
non-pharmacological and pharmacological treatment options. Therefore, new analgesics with novel
mechanisms of action are needed. Monoclonal antibodies (mAbs) are directed against specific,
targeted molecules involved in pain signaling and processing pathways that look to be very effective
and promising as a novel therapy in pain management. Thus, there are mAbs against tumor necrosis
factor (TNF), nerve growth factor (NGF), calcitonin gene-related peptide (CGRP), or interleukin-6 (IL-
6), among others, which are already recommended in the treatment of chronic pain conditions such
as osteoarthritis, chronic lower back pain, migraine, or rheumatoid arthritis that are under preclinical
research. This narrative review summarizes the preclinical and clinical evidence supporting the use

of these agents in the treatment of chronic pain.
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1. Monoclonal Antibodies

Antibodies (Abs) are glycoproteins belonging to the immunoglobulin (Ig) superfamily
that are secreted by B cells to identify and neutralize foreign organisms or antigens. Abs
comprise two heavy and two light chains and are grouped into different isotypes depending
on which type of heavy chain they contain [1].

In the late quarter of the past century, monoclonal antibodies (mAbs) were syn-
thetically created with therapeutic purposes. They are typically derived from the y-
immunoglobulin (or IgG) isotype, and share a common structure based on two heavy
chains and two light chains connected by inter chain-disulphide bonds forming a Y-shaped
structure (Figure 1A). The hypervariable regions of each heavy and light chain combine to
form the antigen binding site, referred to as the fragment antigen binding domain (Fab),
while the crystallizable or constant fragment (Fc) domain responsible for effector function
is composed of two constant domains [1,2].

mADb are produced by cloning a unique B cell. All subsequent Abs derived from
these clones can be traced back to a unique parent cell. Traditionally, the earliest Abs were
created by immunizing experimental animals with an antigen with subsequent purification
of the serum to isolate the Ab fraction [2,3].

1.1. Classification and Types of mAbs

According to their origin and the dictation of the WHO [4], there are four types of
mAbs: murine, chimeric, humanized, and human [5,6] (Figure 1B).
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Figure 1. Structure and classification of monoclonal antibodies. (A) General structure of mAbs. (B) Classification and

lexicon of mAbs according to the immunogenicity and their synthetic process. Depicted in warm colors are the murine

origin portions of the antibody, and in blue and green human are origin segments.

e  Murine: this was the first mAb discovered and reproduced. This type of mAb emerges
from a collection of B lymphocytes from the spleen of a mouse, which are then fused
with an immortal myeloma cell line. All these mAbs are identified with a name that
ends in -omab (e.g., muromonab-CD3, capromab). They are often associated with
allergic reactions and the induction of anti-drug antibodies (ADAs) [5,7]. Hybrid
mouse/rat antibodies are denoted by the syllable -axo- (e.g., catumaxomab).

e  Chimeric: attempting to overcome the inherent immunogenicity and reduced effector
function of murine mAbs in human and chimeric mouse-human Abs were developed.
They utilize the murine antigen-specific variable region, but the remaining heavy
and light chains are human, resulting in mAbs that are approximately 65% human
and 35% murine [1]. These mAbs are identified with names ending in -ximab (e.g.,
rituximab, infliximab) [6]; they exhibit an extended half-life in humans and show
reduced immunogenicity, but the propensity to induce ADAs is still considerable [5].

e  Humanized: in humanized Abs, only the hypervariable regions of the light and heavy
chains are murine [8]; this results in molecules that are approximately 95% human,
decreasing the apparition of ADAs. These mAbs are identified with names ending in
-zumab (e.g., trastuzumab, alemtuzumab, tanezumab) [5,6].

e  Human: the fully human mAbs are created using animals carrying human Ig genes.
These transgenes include parts of the variable regions that enable the recombination
of the human Abs [5,9]. These mAbs are less antigenic and better tolerated compared
to the other classes of mAbs. They are identified with names ending in -umab (e.g.,
ofatumumab, fulranumab, erenumab) [6].

Similarly, as occurred with generics derived from synthetic drugs, biosimilars have
also been introduced in the clinic. The European Medicines Agency (EMA) defines a
biosimilar as “a biological medicinal product that contains a version of the active substance
of an already authorised original biological medicinal product in the European Economic
Area” (European Medicines Agency: Guideline on similar biological medicinal products
(2014) [10]). In addition, the importance of biosimilar Abs to those already in the market
is outstanding; due to the intrinsic variability of all biologicals and the manufacturing
process of these products, a biosimilar cannot be considered an identical copy of the
originally approved biological product [11]. Small differences between the biosimilar and
the reference product are allowed, but it is necessary to demonstrate that these differences
are not clinically significant. “Similarity to the reference medicinal product in terms of
quality characteristics, biological activity, safety and efficacy based on a comprehensive
comparability exercise needs to be established” [10].
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It must be considered that several differences, from a pharmacological point of view,

can be observed when comparing classical drugs with mAbs (Table 1).

Table 1. Some pharmacological differences between mAbs and classical drugs.

Monoclonal Antibodies Classic Drugs
Very high selectivity (few side effects) Good selectivity (dose-related)
Parenteral administration Multiple routes of administration
PK: elimination by either excretion or catabolism PK: classic metabolism and excretion (liver, kidney, etc.)
PK and PD interactions almost excluded PK and PD interactions
Prolonged half-life Shorter half-life
Produced by genetic engineering Chemical synthesis or natural purification
Do not cross BBB Can cross BBB
Can produce immunogenicity Poorly immunogenic

PK = pharmacokinetics; PD = pharmacodynamics; BBB = blood-brain barrier.

1.2. Mechanisms of Action and Clinical Applications of mAbs

In brief, mAbs are designed so that once the Fab region recognizes and binds the

antigen, it is directed to a block in the pathological exacerbation that occurs. mAbs,
therefore, are of great use for several pathologies. Depending on the disease to be treated,
mAbs activate different pathways (Figure 2).

Autoinmune diseases: these conditions are characterized by a proliferation, migration,
and activation of B and T cells, leading to cytokine and proinflammatory molecule
secretion, ensuing cellular damage. Herein, mAbs are in charge of suppressing ex-
cessive responses, hence inhibiting cellular recruitment or the interaction of antigen-
presenting cells with T cells and blocking the activation and depletion of B and T cells
inhibiting the release of proinflammatory cytokines [12].

Infectious diseases: mAbs may bind viruses, directly inhibiting their replication, or,
as in the case of HIV, by binding to CD4 receptors of immune cells, impeding the
entrance of the virus inside the host cell [12].

Oncology: mAbs herein attempt to inhibit tumorigenesis and tumor cell migration
through several pathways. The first approach is tumor cell killing. Firstly, conju-
gated mAbs work as specific treatment carriers to the tumor, herein including drug-
conjugated Ab (carrying the drug itself) or radioactively conjugated Ab (carrying radia-
tion to the tumoral cell) [13]. The second approach is by receptor binding, by induction
of cellular apoptosis cascade through receptor agonism, or by antagonism-specific
receptors inhibiting receptor dimerization or ligand binding, rendering downstream
cascades that lead to reduced proliferation or apoptosis.

Moreover, another strategy resides in the driving of the immune cells to the tumori-
genic cells for them to carry out the assault. This process may be carried out by
phagocytosis, antibody-dependent cellular cytotoxicity using immune cell effectors
such as natural killers, complement mediated cytotoxicity, or by inhibiting the check-
point escape (inactivation of T cell inhibitory receptors). Tumor cells bind through
PD-L1 to PD-1 receptors of T cells to inhibit immune response that would destroy
malignant proliferation; hence, the binding of mAbs to PD1 and PD-L1 blocks this
inhibition [14]. Moreover, carcinogenic cells may be specifically targeted by vascu-
lar and stromal cell ablation by precise toxin delivery, inhibition of agonists in the
vasculature, or specific stromal cell inhibition. The last strategy resides in bispecific
mAbs, which consist of two arms, with one arm recognizing cancer cells and the other
activating antigens on immune effector cells including CD3 [15].
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Figure 2. Mechanism of action of monoclonal antibodies. Potential targets of mAbs according to the mechanism of action and
signaling cascade pathways modified by them. (A) Depicting their importance as (1) conjugated with radio or chemoligands
for oncological treatments; (2) activators of natural killer cells; (3) antiviral agents, inhibiting viral proliferation or presenting
pathogens to T or B cells; (4) immunosuppressors being tremendously relevant in autoimmune diseases; (5) dual role
players as bi-specific antibodies binding two cells and generating response in them. (B) Focusing on the treatment of pain,
aiming at the inhibition of nociceptive pathways. Clockwise, they may recognize HGMB preventing its biding to TLR2/4
receptors, and its release by macrophages and subsequent activation of other satellite cells. They may be designed to bind
TNE, hence blocking the increased excitability of neurons it produces when it binds to TRPV and calcium channels, also
preventing the phosphorylation of Trk-A and caspase 3-mediated apoptosis. Regarding stalling MMPs, a success as an
inhibition of the opening of sodium channels may be attained, as well as the blocking of the activation of macrophages
and other satellite cells MMPs are able to carry out. Targeting CGRP, the block of the activation of the calcitonin receptor
may be obtained. Similarly, as with TNF, when designed to bind NGF, an inhibition of the phosphorylation of Trk-A
is achieved. Interleukin 6 renders a dimerization of its receptor together with Gp130, which is blocked by the binding
of mAbs designed for such purpose, as it occurs when they bind interleukin 20, where the inhibition of the entrance of
calcium ions would take place. Ca: calcium; CGRP: calcitonin gene-related peptide; DRG: dorsal root ganglia; pERK:
phosphorylated extracellular signal-regulated kinase; Gp130: glucoprotein 130; HGMB: high mobility box; IL: interleukin-6;
IL20: interleukin-20; p-JNK: phosphorylated c-Jun N-terminal kinase; MAPK: mitogen-activated protein kinase; MMP:
matrix metalloproteinase; Na: sodium; NGF: nerve growth factor; NK: natural killer; p-P38: phosphorylated protein p38;
RAMP1: receptor activity-modifying protein 1; SOCE: store-operated calcium entry; STAT3: signal transducer and activator
of transcription 3; TLR4: toll-like receptor- 4; TNF: tumor necrosis factor; Trk-A: tyrosine kinase A; p-Trk-a: phosphorilated
tyrosine kinase; TRPV: transient receptor potential cation channel.

2. Chronic Pain and Possible Usefulness of mAbs in Its Treatment

Pain is described “an unpleasant sensory and emotional experience associated with,
or resembling that associated with, actual or potential tissue damage” [16]. This definition,
however, does not differentiate between the so-called “acute pain” (responsible for inform-
ing the body of the presence of a danger) and chronic pain that becomes a disease, losing
its function of signaling a danger and producing suffering for the patient [17]. Classically,
pain has been classified as nociceptive (the cause and the stimulus producing pain can
be detected and, very often, localized) and neuropathic (caused by an injury or disease
of the somatosensory nervous system) [17]. In both cases, inflammation can contribute
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to the physiopathology of pain. However, chronic pain is often mixed, with nocicep-
tive and neuropathic components. Frequently, acute pain can progress to chronic pain
through multiple peripheral and central mechanisms. In chronic pain, pathophysiological
changes can completely alter the nociceptive system, including increased excitability of
nociceptors; changes in dorsal root ganglia, spinal cord, and glial cells; and modifications
in inhibitory control and downward modulation [18,19], as well as immune-to-nervous
system interactions [19,20].

Central and peripheral sensitization are characterized by an amplified response to the
noxious stimuli. These changes result in alterations in the sensorial perceptions, leading to
increased pain sensation to a noxious stimuli (hyperalgesia) as well as painful responses to
non-noxious stimuli (allodynia) [19].

Actually, there are numerous pharmacological options for the treatment of chronic
pain such as non-steroidal anti-inflammatory drugs (NSAIDs), opioids, and some antide-
pressants such as serotonin and norepinephrine reuptake inhibitors (SNRIs) or gabapenti-
noids [21]. However, it is necessary to search for new therapies due to the limitations of
current treatments, such as the lack of efficacy or the undesirable adverse effects.

Despite the type of pain (nociceptive or neuropathic), the role of inflammation in
chronification and sensitization is clearly demonstrated [22]. Several pro-inflammatory
mediators are involved in neuropathic pain. Amongst others, eicosanoids, bradykinin, neu-
rotrophins, and several cytokines stand out, revealing a close link between inflammation
and neural hypersensitivity [17,19] and offering theorical targets for the development of
new mAbs.

In the last decade, biologic therapies have been investigated in the treatment of chronic
pain, and several mAbs have emerged as attractive alternatives to conventional analgesics,
providing some potential benefits: high affinity and specificity for predetermined ligands
or targets in pain transmission and neurogenic inflammation that may lead to the absence
of unwanted adverse effects. As mentioned in Table 1, the long half-lives of mAbs mean
that doses are administered less frequently (monthly or quarterly dosing), which makes
the patient tolerate and adheres better to the treatment. Moreover, its metabolism is
through the reticuloendothelial system, with low hepatic or renal toxicity, and due to
their molecular characteristics, they have a high limited ability to cross the blood-brain
barrier, reducing the possibility of CNS adverse events. However, certain disadvantages
have also been identified in the use of mAb in the treatment of pain: due to their high
molecular size, hydrophilicity and gastric degradation, and parenteral administration
(intravenous, intramuscular, or subcutaneous routes) is necessary [17,22,23]. Moreover, it
is highly relevant that mAbs do not cross the BBB. Since the role played by CNS in pain
is highly determinant, this can be considered as an important limitation. In that sense,
maybe a combination therapy of mAbs targeting peripheral pain components and more
conventional centrally penetrant drugs would be more appropriate for pain management
than the single therapy.

The application of mAbs in the treatment of pain is justified and based on the large
number of specific targets involved in the transmission of pain and that contribute to its
chronification; some of them are described below and can be seen schematically in Figure 2.

Mitogen-activated protein kinase (MAPK) activation is a key pathway in neuropathic
pain consolidation, sensitization, and inflammatory mediation [24]. Herein, inactivation
of pleiotrophic cytokines such as tumor necrosis factor (TNF), epidermal growth factor
receptor, and nerve growth factor (NGF) are key targets for mAbs in the treatment of
pain. These peptides activate TrkA phosphorylation and subsequent MAPK cascade with
the succeeding increase of p-ERK, p-P38, and p-JNK, as well as consequent increase in
transcriptional (p-CREB rise) and non-transcriptional increases in post-synaptic excitabil-
ity [25]. These mechanisms play a major role in the generation and maintenance of chronic
pain, both nociceptive and neuropathic. Moreover, these peptides are also involved in
other nociception pathways such as tumor progression enhanced by the epidermal growth
factor receptor, which is part of the tyrosine kinase receptor family, and thus its inhibition
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targeting by mAbs is very interesting to hamper pain conditions associated with cancer. On
the other hand, NGF is involved in peripheral sensitization by enhancing the expression of
ion channels and receptors on afferent neurons and enhancing the release of pain media-
tors such as substance P [26]. Similarly, TNF is also related to peripheral sensitization by
inducing caspase 3-mediated apoptosis [27]. Furthermore, it is also able to activate TRPV1,
leading to a presynaptic increase in glutamate and a postsynaptic increase in several re-
ceptor activities, resulting in an escalation in pain transmission; moreover, it is also able
to increase proinflammatory cytokine release in several pathologies. Further related to
pain transmission are N-type voltage gated calcium channels and voltage gated sodium
channels (Nav 1.7 and 1.8), which are highly expressed in C- and Ab-fibers; thus, these
ion channels can be inhibited by mAbs to decrease painful transmission. Also regarding
sodium channels, matrix metalloproteinases (MMPs) must be bared in mind, especially
MMP?9 that, on one hand, acts directly on primary afferent neurons, evoking the expression
of the Nav 1.7 and Nav1.8 channels [28], increasing nociceptive afferent transmission
in the early phase of the neuropathic pain. On the other hand, together with MMP2, it
plays important roles in the development and maintenance of neuropathic pain [29,30],
neuroinflammation, and peripheral sensitization since it contributes to neuroinflammation
by increasing the activity of satellite glial cells and macrophages, inducing the release of
proinflammatory cytokines and chemotaxis [29].

Likewise, in relation to receptor inhibition, calcitonin gene-related peptide (CGRP)
is a neuropeptide that is produced by neurons in the central nervous system (CNS) and
peripheral nervous system (PNS) and binds to calcitonin-like receptors; it activates MAPK
cascade and also modifies the receptor activity-modifying protein 1 (RAMP1) activity,
reducing its functionality; consequently, it is key for nociceptive transmission together with
substance P and serotonin receptors. Therefore, targeting either CGRP or its receptor, the
downstream cascade can be reduced, rendering a decrease in pain evolution [31].

In a similar manner, interleukins such as IL-6 and IL-20, as well as their receptors,
may be pursued by mAbs, bearing in mind the importance they have when overexpressed.
Both cytokines are key players in the inflammatory component of pain pathogenesis and in
peripheral and central sensitization, resulting in increased pain transmission [32]. To block
IL activity by means of mAbs could modify the process of peripheral sensitization and
also the development of central sensitization induced by this increase in peripheral activity.
Moreover, IL-6, by binding to its receptor, is able to promote the homodimerization together
with gp130, leading to an activation of the MAPK and the STAT3 pathways [33]. On the
other hand, IL-20 is also able to increase IL-6, TNF, and IL-1(3 production by astrocytes
and other glial cells, increasing the proinflammatory atmosphere, also increasing store-
operated calcium entry (SOCE) channel activity, resulting in an increase in Ca* entrance
and following an increase in nerve transmission. Its suppression has been proven to reduce
neuropathic pain and to restore intracellular calcium homeostasis [34].

Also concerning inflammation, high-mobility group box-1 (HMGB1) seems an im-
portant target for mAbs. It is a non-histone DNA-binding protein that regulates gene
transcription and replication [35]. It plays a critical role in the response of a tissue to
inflammation since it is secreted in the form of an damage-associated molecular patterns
from activated cells such as macrophages, monocytes, and glial and dendritic cells, and
induces the production of chemokines and cytokines, which, in turn, activate immune
and glial cells and stimulate neurons [36]. HMGBI is upregulated in the dorsal horn of
the spinal cord and dorsal root ganglia (DRG) neurons in some rodent models of chronic
pain [37-41].

Indirectly, peripheral modifications induced by mAbs administration can modify
CNS physiology. In the spinal dorsal horn, the extracellular HMGBI1 stimulates different
receptors, especially toll-like receptors (TLR) TLR2 and TLR4, receptor for advanced
glycation end products (RAGE) and C-X-C chemokine receptor type 4 (CXCR4) in the
immune cells [37,41,42], which are highly involved in chronic pain as their activation
increases the expression of proinflammatory mediators such as cytokines, chemokines (IL-
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13, TNE monocyte chemotactic protein, and IL-6), and nitric oxide synthetase. Moreover,
increased cytokines, such as TNF and IL-1f3, can also induce the release of HMGB1, which
develops a feedback inflammatory loop involved in the nociceptive transmission [43].
Additionally, it increases the activity of spinal neurons and the synaptic plasticity mediated
be the NMDA receptor [38,44]. In the PNS, when there is nerve tissue injury, HMGB1
diffuses from the damaged cell and is critical in the maintenance of neuropathic pain.

Apart from the possible future targets described above, some mAbs have already been
developed for the treatment of diverse types of pain or painful conditions.

This review focused on mAbs’ effect on alleviating pain and symptoms that contribute
to its relief, not the whole symptoms of the different pathologies. Studies cited in this
review were found through Pubmed and ClinicalTrials.gov (accessed on 22 September
2021) searches. The search terms were as follows: “monoclonal antibody”, “chronic
pain”, “animal model”, and all pain conditions (“musculoskeletal pain”, “osteoarthritis”,
“neuropathic pain”, “rheumatoid arthritis”, “fibromyalgia”, “migraine”, “chronic low
back pain”, “cancer pain”, “endometriosis”), and the Boolean operators “AND” and “OR”
were used.

A search in https://clinicaltrials.gov (accessed on 22 September 2021) with terms
“chronic pain” and “monoclonal antibody” were performed to obtain the controlled clinical
trials, observational studies, and the reports derived from clinical studies. Moreover, this
search was completed with other published studies, systematic and narrative reviews,

meta-analyses, and case studies in Pubmed.

v

3. mAbs in Osteoarthritis Pain

Osteoarthritis (OA) is the most prevalent joint disease, with symptoms affecting
10-12% of the adult population. It is a complex pathology, characterized by articular
cartilage damage, low-grade synovial inflammation, and hypertrophic bone changes,
leading to chronic pain and functional deterioration [45,46]. OA pain is predominantly
nociceptive in origin, although aspects of neuropathic pain may also occur. Peripheral and
central sensitization are known to play an important role in this type of pain, and the OA
population is likely to be a heterogeneous mix of pain states [47,48].

Traditionally the management of OA has been constrained to symptom relief. The
NSAID, acetaminophen, and opioid analgesics are most commonly applied to OA for
relieving pain; however, their side-effects often restrict their use [49]. In recent years,
there has been substantial progress made in understanding the pathogenesis of OA, and
currently, there are emerging treatments targeting inflammation, cartilage metabolism, and
subchondral bone remodeling, which may retard the structural progression and induce
disease remission [50].

NGEF has been implicated in the pathogenesis of OA pain due its ability to facilitate
peripheral and central sensitization. The release of several nociceptor-sensitizing inflam-
matory mediators, including NGF, during cartilage degradation, bone remodeling, and
the synovial inflammation process, likely plays an important role in mechanical hyperal-
gesia in some patients with OA pain [47]. Abs that inhibit the function of NGF and small
molecule inhibitors of NGF receptors have been developed and tested in clinical studies
to evaluate the efficacy of NGF inhibition as a form of analgesia in chronic pain states
including osteoarthritis and chronic low back pain [51].

3.1. Data from Preclinical Research

For the study of the pathogenesis of OA pain, several animal models have been devel-
oped. The most widely used models carry out surgical (transection of the medial meniscus
and the anterior cruciate ligament) or chemical (intra-articular injection of monosodium
iodoacetate, MIA) methods to induce pain.

Different molecular mechanisms involved in the pathogenesis of OA pain have been
identified in these studies. Both surgical and MIA models develop inflammation in the
synovium, subchondral changes, and cartilage degradation, and it has been demonstrated
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that the nociceptive state involves the activation of the NGF-TrkA axis in DRGs of the
lumbar region [52].

Moreover, MIA model has shown an increase in CGRP expression on sensory nerve
fibers in the DRG and synovium [53]. Regarding subchondral changes, the surgical model
has shown increase in netrin-1 expression by osteoclasts, leading to sensory nerve axonal
growth in subchondral bone [54]. On the other hand, locally in osteoarthritic joints, release
of cytokines, chemokines, and inflammatory factors, including TNE, IL-1, IL-6, IL-17, NGF,
and prostaglandin E2, can lead to exaggerated pain perception [54]. Even so, more research
is needed to explain the biological effects of osteoarthritis damage.

The evaluation of pain in these OA animal models includes the most common behav-
ioral assays: the von Frey test to assess mechanical allodynia, the weight bearing test to
measure the distribution of the average weight load applied to each hind paw, the hot plate
test that assesses thermal hyperalgesia, the rotarod test that evaluates changes in motor
skills, and the evaluation of spontaneous pain by the measurement of ambulation and
exploratory behavior [55].

In preclinical studies of OA, the therapeutic strategies to control pain are mainly based
in the blockade of the NGF signaling that can be achieved using anti-NGF antibodies (see
Table 2). Thus, some studies that used a surgical model of OA [56-59] or a MIA model in rats
or mice [60-64] have reported the reversal effects or a protective role of the NGF blockade
on pain behavior (mechanical allodynia, weight bearing, and gait deficiency) [56,60,61,63],
on deficits in burrowing behavior [62], and on changes in joint structure [61,65] with
treatments with anti-NGF antibodies (TrkAd5 [56], GZ389988 [60], AS2886401-00 [61], anti-
NGF-2.55 [57], AR786 [66], muMab 911 [63], tanezumab [58], mADb911 [59], L148 M [64]).
Most of these studies reported improvement of weight bearing [56,58,60,61,63,66] and gait
deficiency [58], mechanical allodynia [57,63,66], and deficits in motor skills [59,62,64], even
though the long-lasting analgesic effect on pain was not complemented by the suppression
of knee edema and lesion score [61] or cartilage damage [58]. Moreover, the analgesic effect
of the anti-NGF antibody NV-01 has been described in dogs with degenerative joint disease,
who gained mobility and had decreased pain after treatment [67] (Table 2).

3.2. Data from Clinical Research

Several clinical trials for OA pain have been conducted in recent years with mAbs that
neutralize NGF; tanezumab, fulranumab, and fasinumab appear particularly promising.
They have demonstrated efficacy in phase II and III clinical trials in individuals with painful
osteoarthritis and also low back pain (see Table 3). The endpoints taken into account in
these studies were the Western Ontario and McMaster Universities Osteoarthritis Index
(WOMAUQC) pain, Physical function, and Patient’s Global Assessment of OA (PGA-OA).

The most studied anti-NGF mAb in patients with OA has been tanezumab. Numerous
clinical trials conducted over the last 20 years confirm its efficacy compared to placebo.
Tanezumab relieves pain at week 4 after initiation of treatment, and this effect persists
until week 16 or 24 [49,68-75]; moreover, it also improves the function and physician’s
global assessment for both knee and hip OA. Some studies have compared the efficacy
of tanezumab vs. NSAIDs, such as naproxen, celecoxib and diclofenac [69,76-78], or
vs. opiates, such as oxycodone [79]. Meta-analyses performed on data from anti-NGF
antibody clinical trials have shown that these agents have a significant but modest effect
and are superior to placebo for the main study endpoints but have a variable effect in
terms of superiority compared with NSAID treatments. Moreover, these meta-analyses
reaffirmed the safety findings of the individual studies: anti-NGF antibodies increased
peripheral neuropathy and sensitive adverse events (paresthesia, hypoesthesia), but there
were no significant differences in serious adverse events compared with either placebo or
NSAIDs [51].

Early clinical trials of tanezumab were aimed at studying the clinical efficacy of
intravenous administration [68,69,76,77,79-81]; in contrast, more recent and ongoing trials
study the efficacy of subcutaneous administration, and results seem to indicate that 5 mg is
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the minimum dose for achieve a valuable clinical reduction in pain and an improvement in
quality of life [49,70,78,82,83].

In sum, anti-NGF antibodies are a promising therapeutic option in the treatment
of OA, as they improve pain and function in patients; however, despite these benefits,
meta-analyses of clinical trial data found that these agents increased the risk of neurological
adverse effects (paresthesia, hypoesthesia, and peripheral neuropathy), being greater
in patients treated with tanezumab than in patients treated with placebo and NSAIDs.
Moreover, rapidly progressive osteoarthritis (RPOA) and fractures have been reported in
some patients with hip/knee OA [51,84]; tanezumab-treated patients showed more joint
safety events and total joint replacements [83]. RPOA was associated with higher doses
of anti-NGF antibodies used alone or with NSAIDs, although the underlying molecular
mechanism is unknown yet. The future research should be directed towards further study
of the safety of these Abs in patients, and it is important to set up new clinical studies
focused on the identification of risk factors of patients with OA who manifest RPOA.

4. mAbs in Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic autoimmune disease affecting almost 1% of the
world’s population. It is characterized by systemic inflammation and persistent synovitis
that affects the joints, mainly by a progressive articular disability. RA causes pain, stiffness,
and swelling joints, leading to loss of physical function, work disability, and decreased
quality of life of patients [85]. Its pathogenesis is still unclear, but it is known that pro-
inflammatory cytokines such as IL-6 and TNF are involved in joint inflammation and
extra-articular manifestations [86-91].

Pain in RA may be due to different etiologies, ranging from peripheral inflammation
to dysregulation on the CNS processing. A large number of patients have symptoms
consistent with neuropathic pain (allodynia and hyperalgesia) [92]. Therapeutic options
to manage pain are focused on treating inflammation, and include NSAIDs, corticos-
teroids, weak opioids, and disease-modifying antirheumatic drugs (DMARDs) such as
methotrexate. In addition, there are newer drugs, including mAb as TNF inhibitors and
anti-IL-6 [90].

4.1. Data from Preclinical Research

An animal model that mimics human RA has not yet been achieved; despite this, two
types of animal models that provide important observations about the pathogenesis of
pain in RA have been developed: RA induced by active immunization and RA induced by
transfer. The former type is the most commonly used and includes the collagen-induced
arthritis (CIA) model, which is induced by the intradermal injection of collagen type
II emulsified with Complete Freund’s Adjuvant (CFA) into the dorsal skin or just CFA
injection in the tail; another model is the antigen-induced arthritis (AIA) developed by the
injection of a mixture of methylated bovine serum albumin (mBSA) with CFA in the tail or
knee joint of mice or rats [55]. On the other hand, the RA transfer model is induced by the
injection of pathogenic autoantibodies or serum. In both models, joint inflammation and
cartilage destruction occur, and inflammatory markers are increased. In addition, there
are a variety of knockout or transgenic mice such as IL-1RA-KO, IL-6R knock-in, and TNF
transgenic mice that are used to test the efficacy of new therapies [55].

The assessment of pain behavior in RA models is similar to that explained for OA
models, the von Frey test to measure mechanical allodynia, and the hot plate test for
thermal hypersensitivity. However, since asymmetric polyarthritis develops in RA models,
it is not suitable to use the weight bearing test, although the catwalk test can be used. In
both the CIA and AIA models, mechanical allodynia and thermal hypersensitivity are
observed at the beginning of arthritis, but in the late phase, mechanical hypersensitivity
persists, and thermal hyperalgesia disappears. In these RA models, functional impairment
depends on joint destruction rather than inflammation [55].
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In the treatment of pain that develops in animal models of RA, the effects of several
mADbs against different targets have been studied (see Table 2). Thus, using the CIA mouse
model, treatment with two antibodies directed against IL-6: hyaluronate gold nanopar-
ticle/tocilizumab complex and tocilizumab, induced a decrease in the inflammatory cell
infiltration and destruction of cartilage and bone [93]. Moreover, the monoclonal antibody
NI-0101 directed to block TLR4 was capable of inhibiting the release of cytokines induced
by LPS in a CIA mouse model and to improve the disease progression [94]. Furthermore,
the selective inhibition of TrkA with the mAb AR786 would reduce pain behaviors and syn-
ovial inflammation in the CIA model [95]. Regarding TNF, in the AIA rat model, treatment
with the anti-TNF antibody infliximab reduced swelling and mechanical hyperalgesia in
the inflamed knee while not reducing thermal hyperalgesia [96]. Moreover, in a transgenic
mouse model of RA that overexpresses TNF, infliximab also improved arthritic symptoms
and neurological function [97], and the use of another anti-TNF mAb, adalimumab, re-
duced signs of inflammation and edema of the affected joints, in addition to decreasing
the morphological signs of the disease and of the expression of TNF in a rat model of RA
induced by CFA [98].

On the other hand, the mAb directed against the urokinase-type plasminogen activator
(uPA) mU1 neutralized the progression of the disease both in the CIA and AIA models
in mice, and the injection of mAbs against adiponectin (KH7-33 and KH4-8) can inhibit
arthritic symptoms (arthritis index, squeaking index, and the volume of the paw) in the
CIA mouse model; a slight decrease in the levels of TNF and IL-6 was also observed, but
without a decrease in the expression of adiponectin. These changes were correlated with a
decrease of the area of inflammation and of the degradation of the joint cavity [99]. Finally,
using the AIA mouse model, researchers have reported that the acute local blockade with
an anti-FcyRI mADb (anti-CD64) reduced arthritis pain, although it did not modify joint
inflammation or the infiltration of immune cells into inflamed synovium [100] (Table 2).

4.2. Data from Clinical Research

There are numerous clinical trials of RA patients testing the efficacy of TNF inhibitors
(infliximab, adalimumab, golimumab, and certolizumab) and anti-IL-6 (tocilizumab) [90],
alone or in combination with other drugs such as methotrexate [101,102]; the results show
some overall improvement of the disease, as these drugs provide rapid symptom relief by
decreasing inflammation and improving other complications associated with RA (fatigue,
sleep, and mood disorders), but there are few studies that specifically focus on evaluating
pain (see Table 3).

Clinical trials in patient non-responders to methotrexate showed that tocilizumab
significantly improved pain, as measured by a visual analog scale [103-105], and improved
fatigue [106]. Data from meta-analysis confirm that IL-6 can be targeted to relieve inflam-
matory pain, and anti-IL-6 or anti-IL-6 receptor agents seem to alleviate allodynia and
hyperalgesia [86].

TNF inhibitors prevent the recruitment of the cells that cause inflammation, bring
rapid symptom relief, decrease pain, improve function, and ameliorate progressive joint
damage in RA, but they are recommended when other drugs have failed; unfortunately,
these drugs are very expensive, and their efficacy in different stages of RA is still under
study. They are usually administered concomitantly with methotrexate and are contraindi-
cated in patients with congestive heart failure of demyelinating diseases; these agents are
also immunosuppressive and can produce reactivation of latent infections [90,107].

Rituximab is useful in cases of RA where TNF inhibitors are not effective; it depletes
the B cells responsible for inflammation and the production of abnormal antibodies and
improves the complications of RA (vasculitis and cryoglobulinemia) [108].

5. mAbs in Migraine

Migraine is one of the most common painful pathologies that causes disability in
people who suffer from it. Patients suffering from this disease are usually treated with
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analgesics, but some of them, due to the frequency, intensity, and impact on their quality of
life, need preventive treatment to reduce the occurrence of acute episodes and analgesics to
relieve their pain [109]. CGRP has been shown to be involved in both pain transmission and
inflammation, and is considered to have a major role in migraine pathogenesis [110,111]; it
has a broad spectrum of activity in migraine pain transmission, producing vasodilatation,
edema, and mast cell degranulation at the peripheral level (trigeminal nerve endings),
contributing to neurogenic inflammation. In the trigeminal ganglion, CGRP activates glial
cells with the consequent release of proinflammatory cytokines and sensitization of sensory
nerves; moreover, from the ganglion, there is projection and transmission of pain to the
thalamus, which contributes to the development of migraine and photophobia [17,112,113].

5.1. Data from Preclinical Research

Through the years, numerous animal models have been developed to study migraine,
showing the involvement of CGRP in peripheral (trigeminal nerve) and central (meninges)
sensitization. Thus, animal models of migraine induced by the administration of CGRP,
both by peripheral and central routes (intravenous, intraperitoneal, subcutaneous, intrader-
mal, dural, epidural, intracerebroventricular, and intrathecal) has been developed [114,115].
When this migraine animal model was used, treatment of mice with the anti-CGRP mAb
ALD405 was able to attenuate the aversion to light and avoid the reduced motility [116],
and, furthermore, the administration of ALD405 completely blocked the spontaneous
pain behavior and grimaces while also preventing piloerection, diarrhea, and cutaneous
vasodilation [117] (Table 2).

5.2. Data from Clinical Research

mADbs acting on the CGRP or its receptor have been studied in numerous phase II
or III clinical trials and have shown significant efficacy for either the acute or preventive
treatment of migraine [110,118]. The anti-CGRP mAbs developed and studied in patients
with episodic and chronic migraine to date are erenumab, eptinezumab, fremanezumab,
and galcanezumab [109,110], all of them approved by the U.S. Food and Drug Admin-
istration (FDA) and the EMA to treat migraine [110] (see Table 3). Most of these agents
target the CGRP peptide, except erenumab, which targets the CGRP receptor. All these
treatments have led to significant reductions from baseline in either episodic [119-122]
and/or chronic [123-126] monthly migraine or headache days vs. placebo. A variety of
secondary endpoints were also achieved in the clinic trials, such as reduction in acute
medication and several impact and disability measures [110]. All studies suggest that the
anti-CGRP mAbs are well tolerated, demonstrating an acceptable safety profile [109,110].
Eptinezumab is the only one of this group that can be injected intravenously [127].

Recommendations indicate that these treatments should be offered to patients with
migraine when at least two of the available medical treatments have failed or when
the preventive treatments cannot be used because of comorbidities, side effects, or poor
compliance [109,110].

6. mAbs in Chronic Low Back Pain

Advances in preclinical and clinical research have led to the development of biological
agents targeting specific cytokines in the potentiation and transmission of pain in chronic
low back pain (CLBP) where inflammatory processes occur; these targets are mainly TNF
and NGF [128] (see Table 3).

TNF is an important inflammatory mediator that irritates and damages nerve roots.
In the first decade of the 2000s, there were several clinical studies that investigated the
effectiveness of anti-TNF therapy (infliximab, etanercept, and adalimumab) in CLBP with
or without radiculopathy, or sciatica [17], but randomized controlled trials and a meta-
analysis failed to demonstrate the superiority of anti-TNF vs. placebo [128-130]. Although
there is insufficient evidence to recommend this therapy, the fact that in some trials there
has been a significant reduction in pain intensity makes it interesting for further study.
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Conversely, mAbs targeting NGF have shown clinical efficacy in this type of pain [51],
especially tanezumab, which induces pain relief and functional improvement [131-134].
In some phase III clinical trials, tanezumab provided significantly greater improvement
in pain, functional capacity, and global scores vs. placebo and naproxen in patients with
CLBP [132,133], but it was not superior in comparison with tramadol; it was also associated
with a low rate of joint safety events, some requiring joint replacement.

Considering the results of all the clinical studies that have evaluated these mAbs
in patients with low back pain, the results are not satisfactory; the systematic reviews
and meta-analyses demonstrate the low quality of the trials and their high heterogene-
ity in terms of sample size, doses, routes of administration, duration, and follow-up of
treatment [128]. It is therefore mandatory to continue studying the use of these agents in
well-designed trials. Low back pain is very disabling in younger patients, making this
population group an important target for investigating the efficacy of mAbs, especially
when other therapeutic treatments fail.

7. mAbs in Neuropathic Pain

Neuropathic pain constitutes the 15-25% of chronic pain cases. The International
Association for the Study of Pain (IASP) has defined it as “pain caused by a lesion or disease
of the somatosensory nervous system” [135]. Thus, neuropathic pain includes multiple
subtypes, and while numerous preclinical articles have been published, there is much less
clinical evidence.

7.1. Data from Preclinical Research

Painful diabetic neuropathy (PDN) and chemotherapy-induced peripheral neuropa-
thy (CIPN) are two types of painful pathologies for which animal models of pain have
been developed.

Diabetes mellitus is a disease that usually presents PDN as a disabling chronic compli-
cation for patients. An animal model of diabetes type 2 that is commonly used in the study
of effective treatments for the symptoms that patients suffer is the homozygous diabetic
mouse (Lepr“lb / Leprdb, also named db/db) [37,136,137]. This rodent model, among other
symptoms, induces pain sensibility that involves a pathologically altered activity of the
intraepidermal nerve fibers (IENFs) of primary afferent A$- and C-fibers that innervate
the skin [136], along with neuroinflammation and astrocytic activation in the spinal dorsal
horn. Thus, different immunological factors are implicated in the development and mainte-
nance of PND, and among them, the role of the protein HMGB1 has been highlighted, for
which expression significantly increases in db/db mice, mainly as a consequence of the
oxidative stress and other pathological pathways induced or activated in this disease by
the hyperglycemic state; this correlates with mechanical allodynia in the hind paws, that is
present when mice are 2 months old and lasts for at least 3 months.

In this animal model of diabetes, the injection of polyclonal neutralizing Ab against
HMGBI1 decreased in a dose-dependent manner the astrocytic activation, downregulated
the expression of inflammatory mediators, and reduced the mechanical allodynia [37].
Further, it has been demonstrated that treatment with an anti-NGF mAb (clone AS21)
attenuated the mechanical allodynia by a peripheral mechanism that involves the decrease
of the density of TrKA-positive cells that also are substance P- and CGRP-positive [136]
(Table 4).

CIPN is a limiting side effect that appears in a high percentage of patients and is caused
by some anticancer drugs that are commonly used in chemotherapeutic treatments, such
as platinum compounds (oxaliplatin, cisplatin), vinca alkaloids (vincristine), and taxanes
(paclitaxel). The presence of CIPN sometimes results in a discontinuity of the treatment and
includes signs of peripheral neuropathy that evokes sensorial and nociceptive alterations
(paresthesias and dysesthesias, hypersensitivity to thermal and/or mechanical stimuli,
numbness and neuropathic spontaneous pain) mainly in hands and feet [138,139]; for many
patients, the medication commonly used to treat these signs is not effective.
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The underlying mechanism of the neurotoxicity induced by these agents involves
several neuropathological mechanisms including neuroinflammation [135]. The prevention
of the proinflammatory cytokine release evoked by the activation of macrophages and
satellite cells in the DRG could constitute a therapeutic target.

Among the animal models developed for the study of CIPN, one of the most com-
monly used is the repeated intraperitoneal administration of paclitaxel [140], which after a
few days post-treatment time-dependently induces signs of motor and sensory peripheral
neuropathies in the animal paws, associated with impaired motor coordination and behav-
ioral dysfunction (mechanical allodynia and heat hyper- or hypoalgesia) by the induction of
inflammation in DRG tissues and damage (axon demyelination) in both sensory and motor
nerve fibers and loss of hind paw skin IENFs. These neuropathic signs are fully established
on day 14 after the start of treatment with paclitaxel and last at least for 28 days [30].

In this regard, a significant transcriptional upregulation of MMP2 and MMP9 in DRG
neurons has been described. The acute and repeated treatment with the MMP9 mAb that
targets the human and mouse MMP-9 (MMP9 mAb, clone 6-6B) was able to reverse and
prevent, respectively, the mechanical allodynia developed by mice; the oxidative stress
caused by ROS production; and the neuroinflammation induced by the expression of the
proinflammatory cytokines IL-6 and TNE, as well as the proalgesic inducible nitric oxide
synthetase (NOS2). This mAb protected against the degeneration of IENFs associated with
the CIPN [30] (Table 4).

The repeated administration of a neutralized monoclonal anti-IL-20 antibody (7E)
and a mAb of the IL-20 receptor 1 (51D), once the neuropathy was developed, were able
to ameliorate the nerve damage and consequently attenuate the mechanical allodynia,
prevent the thermal hypoesthesia, and improve the defects in motor coordination. Thus,
IL-20 constitutes another interesting target for the prevention and treatment of CIPN by
the clinical use of neutralizing or receptor-blocking mAbs in patients that are receiving
chemotherapy [34] (Table 4).

Other rodent models of peripheral neuropathic pain (PNP) have been used to study the
effects of Abs. A classic model of PNP consists of the ligation or transection of a peripheral
nerve, which after some time develops a neuropathic state with characteristic signs of
hypersensitivity in the affected limbs, as occurs in the rodent neuropathic pain model of the
partial sciatic nerve ligation (PSNL) that induces in the injured nerve an upregulation of
pronociceptive molecules that support the maintenance of the neuropathic pain state. Thus,
after 7 days post-injury, animals show a significant mechanical allodynia in the ipsilateral
hind paw that lasts at least 21 days and, after 14 days of the PSNL, is associated with
macrophage infiltration and Schwann cell proliferation and elevated mRNA expression
of IL-13, TNF, MMP-9, cyclooxygenase-2 (COX-2), and HMGBI in the ipsilateral injured
sciatic nerve. Using this model in mice, researchers found a decrease of the mechanical
hypersensitivity by the repeated administration of an anti-HMGB1 rat monoclonal antibody
(anti-HMGB1 mAb (#10-22, IgG2a subclass)) and also a delayed expression of MMP-9 and
IL-1B in both macrophage and Schwann cells at this time (Table 4). These results point
out a possible HMGB1-NF-k3-MMP9 cascade mediating the maintenance of neuropathic
hypersensitivity to pressure stimuli in the injured nerve, and the blockade of this cascade
constitutes a key strategy for the amelioration of neuropathic pain [35].

Other studies also demonstrated the possibility of reducing mechanical allodynia and
thermal hyperalgesia through suppression on accumulated neutrophils and macrophages
of the upregulation of inflammatory chemokines and cytokines MIP-2 and CXCR2 in the
injured sciatic nerve with the MIP-2-neutralizing antibody (anti-MIP-2) [141].

Furthermore, some studies have also shown the effects of blocking NGF effects with
the administration of mAbs in a peripheral neuropathic pain model. For example, when
the chronic constriction injury (CCI) model in mouse was used, an anti-NGF mouse mAb
applied 2 weeks after surgery evoked a sustained reversal of the mechanical hypersensi-
tivity, which remained 5 days after the end of the treatment [142]. Moreover, anti-NGF
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treatment was demonstrated to be effective in suppressing the mechanical hyperalgesia
and the hyper-responsiveness of wide dynamic range neurons in the spinal cord [143].

7.2. Data from Clinical Research

In contrast to preclinical research, clinical evidence for the usefulness of mAbs in
neuropathic pain is still limited. For diabetic peripheral neuropathy (DPN) and postherpetic
neuralgia (PHN), two randomized controlled trials (phase II) were conducted to study the
efficacy and safety of the anti-NGF mAb, tanezumab [144] (Table 3). This drug significantly
reduced the pain in patients suffering of DPN vs. placebo; conversely, it did not improve
the pain in PHN. It is unclear why these patient populations had different responses
to tanezumab. Mechanisms underlying neuropathic pain are diverse and may include
variations in the degree, type, and severity of neuropathy. It is possible that mechanisms
and pathophysiology of DPN may differ considerably from those of PHN, particularly
with regards to the involvement of NGF. In relation to safety, there were no increase in
adverse events vs. placebo [145].

Furthermore, there are some clinical studies that evaluated the pharmacokinetics or
efficacy of mAb in oncological conditions in which neuropathic pain is a symptom and is
considered a secondary outcome measure, as for example, rituximab treatment in patients
with lymphoma [146,147].

8. Other Clinical Evidence of Use of mAbs in Chronic Pain: Endometriosis and

Fibromyalgia

e Endometriosis: deep endometriosis-associated pain is believed to be caused by in-
flammation. Endometriosis is associated with an inflammatory response in the pelvis,
which is mediated by several cytokines including TNF. It has therefore been suggested
that the anti-TNF mAb infliximab might relieve pain in affected women. Thus, a phase
II clinical trial to study infliximab effect was conducted in women with endometrio-
sis [148], and results indicated that it did not appear to modify pain [149].

e Fibromyalgia: currently, a phase II clinical trial is ongoing to estimate the effect of
fremanezumab administered subcutaneously in reducing pain in adult patients with
fibromyalgia. Other measures of efficacy will also be studied, such as quality of
life, sleep, fatigue, health improvement, physical functioning, and mood, as well as
the safety and tolerability of this drug [150]. This study is currently in the recruit-
ment phase.

9. Future Applications of mAbs in Preclinical Development: Cancer Pain and Pain in

Bone Fracture

e  Bone cancer pain: among other adverse consequences, the tumor formation in bones
provokes in many patients a severe pain state (including spontaneous and evoked)
that impairs quality of life. This pain state includes several aspects such as nociceptive,
inflammatory, and neuropathic effects.

A model of cancer-induced bone pain could be developed in rodents via the injec-
tion of cancer cells in the medulla of the tibia [38,151,152], and after several days of the
tumor inoculation, it induces signs that correlate with clinical symptoms in patients [38].
Moreover, the tumor induces damage to peripheral nociceptors (TrkA-positive As- and
C-nociceptive fibers) that innervate the bone and become sensitized through the release of
several neurotransmitters, which is considered the major contributor of pain [153].

Additionally, NGF induces sprouting and hyper-innervation of bones [43]; thus, an-
ti-NGF Abs used to treat cancer pain were largely described to be highly effective in
decreasing peripheral nerve sprouting, neuroma formation, and behavioral nociceptive
and spinal cord signs in mice [43,154] (see Table 4).

On the other hand, it has been found that from day 9 of the cancer cell inoculation
in-to the tibia medulla, there was an increased expression of both the protein HMGB1 and
the IL-1$ in the spinal dorsal horn that correlated with the loss and destruction of the
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bone and with a progressive allodynia to pressure stimulation in the ipsilateral inoculated
hind paw. The administration of a polyclonal neutralizing Ab against HMGB1 (anti-
HMGB1) significantly reversed the mechanical allodynia, and this anti-allodynic effect
lasted for 1 day. Thus, the blockade of spinal HMGB1 could attenuate bone cancer pain
and downregulate the expression of IL-1f3 in a dose-dependent manner [38].

Furthermore, when the peripheral effects of the treatment with the anti-NGF mono-
clonal antibody mADb911 were assessed in a mouse model of bone cancer pain in which
symptoms that reproduce clinical symptoms correlated with the tumor growth and bone
remodeling develop [151], this antibody induced a decrease in spontaneous pain behav-
ior [43]. The antinociceptive effectiveness of mAb911 in cancer-induced bone pain was also
demonstrated in another study [154].

Clinical studies in cancer pain are very scarce and more are needed to know whether
these drugs could have clinical utility.

e Pain in bone fracture: the mouse model of painful bone fracture induces a marked
reduction in the physical activity of the animal; using this model, in which mice
exhibited femur fracture pain, it has been found that the administration of the anti-
NGF antibody mAb911 induced an improvement in mice physical activity by blocking
the sensitization of nociceptors that innervate the bone [155] (Table 4).

As a summary, Tables 2—4 show the different chronic pain conditions in which the
usefulness of mAbs has been studied in different preclinical and clinical studies.

Table 2. Monoclonal antibodies evaluated in preclinical studies for chronic pain treatment.

?\ZI;I;SI Target mAb Method Species Pain Assessed Effect Reference
GZ389988 Chemical MIA Lewis rats Weigh bearing Rfdu.CtIOI.‘I of weight [60]
earing imbalance
Tanezumab Surgical MMT Lewis rats Weigh bearing G;i;e%ee%ﬁg?lcy [58]
Improvement in gait
AS2886401-00  Chemical MIA  Sprague-Dawley rats Gait analysis imbalance, no effect on [61]
knee lesion score
Mechanical Reduction of
Surgical MNIX, sensitivity, mechanical allodynia,
AR786 Cllil;zgnllciial MIA Sprague-Dawley rats wei ghtfy r_eXﬁerial of [66]
bearin weight-bearing
g asymmetry
Mechanical Reduction of
sensitivit mechanical allodynia,
muMab 911 Chemical MIA  Sprague-Dawley rats wei ht—y’ reversal of [66]
bea ;ging weight-bearing
Osteoarthritis ~ NGF asymmetry
WO Spontaneous R deficits i
2004/058184  Chemical MIA ~ Wistar Han rats locomotor e [62]
A2 activity urrowing
Spontaneous . [P
NV-01 d};generative Dogs Sptc.)n.taneot.ls Gain mobility, 1¥?prove [67]
joint disease activity, pain pain severity
TrkAd5 Surgical DMM C57BL/6 mice Weight- fmprovement of weight 5}
earing bearing deficit
- : : Mechanical Reduce mechanical
Anti-NGF-2.55  Surgical DMM PKC? null mice sensitivity allodynia [57]
Sureical Spontaneous Increase of horizontal
mADb911 th gt C3H/HeJ mice locomotor activity, vertical rearing, [59]
arthrotomy activity and horizontal velocity
Improvement of duty
L148 M Chemical MIA C57BR /] mice Gait analysis cycle, swing speed, and [64]

print area
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?\/1[1;1;;1 Target mAb Method Species Pain Assessed Effect Reference
HA- Improvement in the
IL-6 AuNP/TCZ, CIA DBA /1j mice Clinical scores d p . [93]
TCZ egree of swelling
Inhibition of
TLR4 TLIIEI%_Bll%Clker CIA Mice LPS-induced cytokine [94]
release
Mechanical Reduce mechanical
CIA sensitivity, allodynia and
NGF AR786 Carragenan Sprague-Dawley rats weight- weight-bearing [95]
& bearing, joint asymmetry, inhibit
swelling partially knee swelling
Mechanical Reduce mechanical
. and thermal hyperalgesia and
AIA Lewis rats sensitivity, swelling in inflamed (o]
Rheumatoid Infliximab joint swelling joint
arthritis TNF TNF transgenic ~ TNF transgenic mice Clinical Averted the increase of [97]
scoring symptom severity
Morphological
Adalimumab . examination of Decrease of
Humira CFA Wistar rats Sg‘;h?gﬁéael;l inflammation signal (98]
joints
uPA Ab iﬁl{}iuPA CIA, ATA DBA /1 mice Clinical scores Inhﬂ;té%? ec;fs;‘éiriease [156]
Arthritis and
: . mAbs KH7-33 : squeaking Inhibit arthritic
Adiponectin and KH4-8 CIA DBA/1 ] mice index, paw symptoms [99]
volume
Mechanical R . .
. . and thermal eductions in
FcyRI anti-CD64 AIA C57BL/6 mice sensitivit mechanical and [100]
joint diame};/er thermal hyperalgesia
Light aversion Aversion to light
and motility attem}qted, reduced [116]
Migraine ~ CGRP ALD405  CGRP-induced CD1 mice assessment motility avoided
Mouse grimace  Blockade of facial signs [117]

scale

of discomfort

AIA: antigen-induced arthritis; CFA: complete Freund’s adjuvant; CGRP: calcitonin gene-related peptide; CIA: collagen-induced arthritis;
DMM!: destabilization of the medial meniscus; FcyRI: fragment crystallizable gamma receptor 1; HA-AuNP/TCZ: hyaluronate gold
nanoparticle/tocilizumab complex; IL-6: interleukin-6; MIA: monosodium iodoacetate; MMT: medial meniscal tear; MNX: meniscal
transection; NGF: nerve growth factor; TCZ: tocilizumab; TLR4: toll-like receptor 4; TNF: tumor necrosis factor; TrkAd5: domain 5 of the
tropomyosin receptor kinase A; uPA: urokinase-type plasminogen activator.

Table 3. Chronic pain conditions in which the efficacy of mAbs has been clinically studied.

Type of Pain Target

mADb

Main Findings

Reference

Osteoarthritis

(hip or knee) NGF

Tanezumab

Decreases joint pain and improves
physical function. Neurosensory and

neuromuscular adverse events. Risk of
RPOA at high doses.

[49,68-72,76-83,157]

Fulranumab

Greater pain relief relative to
oxycodone. Arthralgias and risk of
RPOA associated to treatment.

[73,74]

Fasinumab

Decreases joint pain and improves
physical function. Arthropathies
associated to treatment.

[75]

NGF
Chronic low back pain

Tanezumab

Improvement in pain, function, and

global scores vs. placebo and naproxen.

Arthralgias and risk of neurological
adverse events.

[131-134]

TNF

Infliximab

No results yet.

[158]
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Table 3. Cont.

Type of Pain

Target

mADb

Main Findings

Reference

Migraine

Erenumab

Migraine prevention in patients with
chronic or episodic migraine.
Reduction in monthly migraine days.
Low adverse event burden.

[109,119,120,123,159-163]

Eptinezumab

Reduction in monthly migraine days in
chronic migraine. Nasopharyngitis
adverse event.

[124,127]

CGRP

Fremanezumab

Reduction of headache severity and
duration in patients with chronic or
episodic migraine. Decrease in
consumption of acute
migraine medications.

[125,164-168]

Galcanezumab

Reduction in monthly migraine days in
chronic or episodic migraines.
Improvement in function. Mild pain
and erythema in injection site.

[169,170]

Sarilumab

Improvement in pain and fatigue.

[86,87,171,172]

IL-6

Tocilizumab

Improvement in signs and symptoms.
Greater inhibition of joint damage and
improvement in physical function with
tocilizumab plus MTX vs. MTX alone.
Infections adverse events.

[103,104,173]

Rheumatoid arthritis

Adalimumab

Improvement in pain and physical
function. Risk of serious infections.

[174,175]

Golimumab

Improvement in signs and symptoms
with golimumab plus MTX vs. MTX
alone. Infections adverse events.

[176,177]

TNF

Certolizumab

Improvement in signs and symptoms,
pain, fatigue, and health-related
quality of life. Increased chance of
remission of RA and reduced joint
damage. Respiratory tract infections.

[178,179]

Infliximab

Pain relief and inhibition of cartilage
destruction. Decrease in the expression
of inflammatory cytokines in the
synovial fluid and cartilage.

[180,181]

CD20 in B cells

Rituximab

Improvement in physical function and
health-related quality of life with
rituximab plus MTX vs. MTX alone.
Risk of serious infections.

[108,182]

Neuropathic pain
(DPN, PHN)

NGF

Tanezumab

Pain reduction in DPN. Pain reduction
in PHN only at the highest dose.

[144,145]

NGE: nerve growth factor; TNF: tumor necrosis factor; CGRP: calcitonin gene-related peptide; IL-6: interleukin 6; RPOA: rapidly progressive
osteoarthritis; MTX: methotrexate; DPN: diabetic peripheral neuropathy; PHN: postherpetic neuralgia.

Table 4. Monoclonal antibodies evaluated in preclinical studies for neuropathic pain and other animal models of pain.

‘?vlll(i)gl;l Target mADb Method Species Pain Assessed Effect Reference
. Mechanical and Reduction and
MMP9 MMP9 6rfl é?gb clone C:Cel?t:;)c(z% CD1 mice thermal prevention of [30]
p sensitivity mechanical allodynia
. Attenuation of
anti-IL-20 mAb Chemical Mect};laer;;z:illand mechanical allodynia,
Neuropathic 1L-20 (7E), anti-IL-20R1 clitaxel C57BL/6] mice sensitivity, motor heat hypoesthesia and [34]
pain mAb (51D) p impair};;lent defects in motor
coordination
anti-NGF mAb Diabetes . Mechanical Decrease of
NGF (clone AS21) development db/db mice sensitivity mechanical allodynia [136]
anti-HMGB1 . . .
Partial sciatic . Mechanical Decrease of
HMGB1 mADb (#10-22, nerve ligation ddy mice sensitivity mechanical allodynia 3]

IgG2a subclass)
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Table 4. Cont.

1;/1[1;151;1 Target mAb Method Species Pain Assessed Effect Reference
Decrease in guarding
: Tibial tumor . Spontaneous pain  and flinching behavior )
Cancer pain NGF mADb911 inoculation C57BL/6 mice behavior of the affected hind [43]
paw

Higher horizontal
distance travelled,

Bone fracture Femur . Spontaneous . ’ -

pain NGF mAb911 fracture C57Bl/6] mice locomotor activity increase of number of [155]

rearing episodes and
average velocity

MMP9: matrix metalloproteinase 9; IL-20: interleukin-20; NGF: nerve growth factor; HMGB1: high-mobility group box-1.

10. Conclusions

Currently, although there are numerous therapeutic pharmacological options available
to treat chronic pain, these options still present limitations due to lack of efficacy or
undesirable adverse effects. The large number of mAbs available have facilitated their
study in preclinical research for later clinical use in the treatment of several diseases.
Preclinical studies are improving the understanding of the mechanisms by which mAb
are useful in the treatment of chronic pain and are demonstrating their efficacy in various
animal models of pain. In clinical practice, the painful conditions for which mAb are
recommended are more limited, but there is increasing evidence of the usefulness of mAbs
in musculoskeletal pain, such as knee and hip osteoarthritis and chronic low back pain,
rheumatoid arthritis, or migraine. As well as relieving pain, these agents improve patients’
physical function and quality of life.

However, more work should be done in order to clarify the central antinociceptive
effects of mAbs and to understand their role in central sensitization. An effort should be
carried out to use central ways of administration and/or new delivery technologies to
enable mAbs entry into CNS across the BBB from blood.

In summary, the analgesic efficacy of mAbs, accompanied by a reduction in adverse
effects and a better adherence to treatment in comparison to conventional analgesic medica-
tion, indicate that this family of drugs could be in a future an interesting pharmacological
option to treat chronic pain and ameliorate issues with patients” quality of life.
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