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To my Parents

"It does not matter how slowly you go as long as you do not stop”

— Confucius —






POPULAR SCIENCE SUMMARY OF THE THESIS

The function of the immune system is to protect us from disease and infection by producing
antibodies, which neutralize pathogens. However, if it malfunctions, it mistakenly produces
antibodies against our own body. This process is called autoimmune disease and it can affect
cells, tissues or whole organs. Autoimmune diseases are often accompanied by pain, which is
the major cause of suffering for the patients. For many years, it has been thought that pain is a
result of the inflammatory process that arises in response to injury. Following that reasoning,

it was thought that reducing inflammation would eliminate pain.

Rheumatoid arthritis (RA) is an autoimmune disease characterized by swelling, redness and
stiffness of the joints as well as bone loss. Despite responding well to anti-inflammatory drugs,
large proportion of patients still report to have pain. Interestingly, many RA patients suffer
from joint pain for a very long time before their joints become inflamed. Extensive research
has shown that antibodies that circulate in the blood of RA patients can cause pain in the
absence of inflammation. By using laboratory mice and exposing them to antibodies from RA
patients, this thesis explores the mechanisms that can explain how antibodies cause pain, with

the hope of creating a basis for improving pain treatment in the future.

Firstly, this thesis demonstrates that RA antibodies can cause pain by activating bone cells,
called osteoclasts, whose main function is to break down bone. RA antibodies instruct
osteoclasts to multiply in an uncontrolled manner and digest more bone than necessary.
Intriguingly, not only do osteoclasts make bones weaker, but they can also release substances
that cause pain. The work carried out in this thesis has led to the identification of several pain-
inducing molecules which might be released from activated osteoclasts, or other cells in the
joints. Importantly, while common painkillers (like naproxen or paracetamol) did not reverse
the pain in mice, blocking osteoclast activity successfully blocked the pain induced by RA

antibodies.

Secondly, the work performed in this thesis has also shown that RA antibodies can cause pain
without causing bone destruction. By directly activating receptors located on the nerve endings
in the joints, RA antibodies can trigger persistent pain without causing inflammation.
Interestingly, these antibodies can also enhance the pain sensation by binding to and activating

the cells that surround neurons.

Lastly, the work presented in the fourth paper of this thesis proposes that fibromyalgia

syndrome (FMS) might be an autoimmune disease. Fibromyalgia is a condition characterized



by chronic widespread pain in the joints and muscles, which is accompanied by fatigue and
sleep disturbances. At the moment, there is no cure for fibromyalgia and the pain treatment is
not effective. By exposing mice to antibodies extracted from the blood of FMS patients, we
observed that they developed symptoms that are characteristic of the disease: they became
highly sensitive to pressure and cold, had muscle weakness, and their overall activity
diminished. Although more research is needed to fully understand how antibodies cause pain
in FMS, these results suggests that therapies that modulate immune system and reduce antibody

production might be of benefit for FMS patients.

In summary, this thesis explores the different mechanisms through which antibodies can cause
pain in diseases like RA or FMS, with the goal to prevent the action of these antibodies and, as

a result, reduce the pain that patients experience.



STRESZCZENIE POPULARNONAUKOWE ROZPRAWY
DOKTORSKIEJ

Funkcja uktadu odpornosciowego (immunologicznego) jest obrona przed infekcjami i
chorobami. W tym celu, uktad immunologiczny produkuje przeciwciata, ktdre neutralizuja
patogeny, lecz nie niszcza komorek organizmu. Choroba autoimmunologiczna wystepuje
w przypadku, gdy system odpornosciowy samoistnie zaczyna atakowac i niszczy¢ wilasne

tkanki.

Jednym z objawdw chordb autoimmunologicznych jest przewlekty bol. Przez diugi czas
uwazano, ze bol wynika ze stanu zapalnego 1 wystarczy zahamowaé proces zapalny by bol
ustgpil. Jednak wielu pacjentow z chorobami autoimmunologicznymi odczuwa bdl nawet gdy
ich choroba jest pod kontrola farmakologiczng. W przypadku reumatoidalnego zapalenia
stawow (RZS), choroby charakteryzujacej si¢ zaczerwienieniem, opuchlizng i sztywnos$cia
stawOw oraz nadmierng utrata masy kostnej, pacjenci nadal skarza si¢ na bol w stawach,
pomimo skutecznego wyleczenia stanu zapalnego. Co ciekawe, wielu pacjentow odczuwa bol
na wiele miesigcy lub lat przed pojawieniem si¢ zapalenia. Badania naukowe wykazaty, ze
przeciwciata os6b chorych na RZS moga samoistnie powodowacé bol, w sposob niezalezny od
wystepowania stanu zapalnego. Celem niniejszej pracy doktorskiej bylo zbadanie
mechanizmdéw, za pomoca ktorych przeciwciala moga powodowaé bol, z nadzieja na

wykorzystanie tej wiedzy do stworzenia skuteczniejszych metod leczenia bolu.

W dwoch pierwszych projektach udowodniliSmy, ze przeciwciala wyizolowane z krwi
pacjentéw chorych na RZS moga powodowaé bol przez stymulacje osteoklastow, komorek,
ktorych gtowng funkcja jest degradacja tkanki kostnej. Z uzyciem modeli zwierz¢cych
wykazaliSmy, ze przeciwciala RZS nie tylko powoduja nadmierne rozpuszczanie tkanki
kostnej, ale rowniez pobudzaja osteoklasty do wydzielania substancji powodujacych bol. Co
wazne, podawane myszom niesteroidowe leki przeciwzapalne okazaly si¢ nieskuteczne i
jedynie zablokowanie aktywnosci osteoklastow zahamowato bol wywotany podaniem

przeciwcial.

W trzecim projekcie pokazaliSmy, Ze przeciwciata wyizolowane od pacjentéw z RZS moga
powodowac¢ bdl bezposrednio stymulujac receptory znajdujace si¢ na komorkach nerwowych
oraz posrednio stymulujac komorki glejowe otaczajace neurony. Terapie, ktdre zablokuja
interakcje pomig¢dzy przeciwciatami i receptorami znajdujacymi si¢ na neuronach moga okazaé

si¢ skuteczne w leczeniu bolu przewlektego.



W ostatnim projekcie zaproponowali$my, ze fibromialgia ma podloze autoimmunologiczne.
Fibromialgia jest choroba charakteryzujaca si¢ rozlegtym boélem migéni, stawdéw oraz
nadmierng wrazliwo$cig na ucisk i1 niskie temperatury. Chorzy poza boélem odczuwaja
chroniczne zmgczenie oraz maja zaburzenia snu i nastroju. W tym projekcie wykazalismy, ze
myszy, ktorym podano przeciwciala od pacjentow z fibromialgiag przejawiaja objawy
charakterystyczne dla tej choroby: sa bardziej wrazliwe na zimno, ucisk, s3 mniej aktywne a
ich sita mig$niowa jest stabsza, w poréwnaniu do myszy, ktérym podano przeciwciata od oséb
zdrowych. Pomimo, ze doglebne badania s3g niezbedne by w pelni zrozumie¢ mechanizm
dziatania tych przeciwciat, wyniki te otwieraja nowe mozliwosci terapeutyczne dla chorych na

fibromialgie.

Podsumowujac, badania realizowane w ramach niniejszej pracy doktorskiej wykazaly szereg
mechanizmdw, za pomocg ktérych przeciwciata moga powodowac bol w chorobach takich jak
RZS czy fibromialgia. Poszerzenie podstawowej wiedzy na temat interakcji pomi¢dzy uktadem
immunologicznym i nerwowym pozwoli w przyszto$ci na stworzenie bardziej efektywnych

metod leczenia bolu.



ABSTRACT

Chronic pain is a frequent condition that affects approximately 20% of worldwide population
with a higher prevalence among women. Due to the lack of optimal treatment, chronic pain
leads to decreased life quality as well as significant physical and psychological
complications. Consequently, it has become a major socio-economical problem, creating
huge expenses in the form of medical care, sick leave and loss of productivity.

Recent findings in the fields of immunology and neuroscience have underlined the important
effector functions of autoantibodies in the development of several chronic pain conditions.
Although pain in autoimmune diseases has been historically associated with inflammation
due to the antibody-induced activation of inflammatory pathways, pain in these conditions
often occurs before inflammation development or is the only symptom of the disease.
Increasing amount of preclinical evidence suggests that autoantibodies engage multiple
mechanisms, which give rise to hypersensitivity independent of inflammation. Thus, the aim
of this thesis was to explore the mechanisms behind the pronociceptive properties of

autoantibodies isolated from rheumatoid arthritis (RA) and fibromyalgia patients.

In Study I we have used a combination of two RA-associated monoclonal antibodies (mAbs)
isolated from B cells of RA patients, to study the connection between increased bone erosion
and pain in RA. We found that mice injected with 1103:01B02/1325:01B09 mAbs developed
long-lasting mechanical hypersensitivity and bone erosion in the absence of overt joint
inflammation. Furthermore, we found that pain-like behavior induced by
1103:01B02/1325:01B09 is associated with a moderate increase in the expression of few pro-
inflammatory factors in the joints and is resistant to treatment with conventional non-steroidal
anti-inflammatory drugs (NSAIDs), suggesting it does not depend on classical inflammatory
processes. Instead, we demonstrated that inhibiting osteoclast activity and acid-sensing ion
channel 3 (ASIC3) signaling prevented the development of 1103:01B02/1325:01B09-
induced hypersensitivity. We have also established that secretory phospholipase A2 (sPLA>)
and lysophosphatidylcholine 16:0 (LPC 16:0) are critical mediators of B02/B09-induced
mechanical hypersensitivity, since treatment with sPLA> inhibitor reversed pain-like
behavior and bone erosion induced by 1103:01B02/1325:01B09 mAbs. Collectively, these
findings provide a novel link between bone erosion and pain, in a state of subclinical

inflammation, and progress our knowledge about the mechanisms of bone-related pain in

RA.



In Study II we have used a monoclonal anti-citrullinated protein antibody (ACPA)
previously reported to stimulate osteoclasts in vitro, but not tested in vivo. We found that
intravenous (i.v.) injection of 1325:04C03 IgG into mice induced pain-like behavior in the
absence of visible signs of joint inflammation and in a fashion that is insensitive to
conventional analgesics like NSAIDs or gabapentin. Instead, 1325:04C03-induced
mechanical hypersensitivity was attenuated by nerve growth factor (NGF)-neutralizing
antibody and a CXCR1/2 antagonist. Although 1325:04C03 only mildly stimulated osteoclast
activity and did not lead to bone erosion in vivo, treatment with osteoclast inhibitor
zoledronate partially reversed 1325:04C03-induced mechanical hypersensitivity, indicating
a contribution of the bone compartment to pain-like behavior. Furthermore, increased
expression of Ngf and neurotrophin 3 (Nt¢f3) in the ankle joints, as well as increased
expression of several pronociceptive factors in the dorsal root ganglia (DRG), was prevented
by osteoclast inhibition, pointing towards a relationship between altered bone metabolism
and NGF-driven nociception. In conclusion, our data point to a concomitant role of NGF and

osteoclast-derived ligands in mediating ACPA-induced pain-like behavior.

In Study III we have focused on the pronociceptive properties of 1325:01B09 mAb, an anti-
modified protein antibody (AMPA) with reactivity towards several modified peptides.
Intravenous injection of 1325:01B09 into mice induced mechanical and thermal
hypersensitivity without any visual, histological or transcriptional signs of inflammation in
the joint and was not alleviated by NSAID treatment. Instead, we found that 1325:01B09
caused a global increase in expression of several inflammatory-, macrophage-, satellite-glia
cells (SGC)- and nociceptor-related factors in lumbar DRGs. Using transgenic mice that lack
activating Fc-gamma receptors (FcyRs) we found that FcyRs are critical for the development
of intravenous and intra-articular 1325:01B09-induced mechanical hypersensitivity and
partially drive transcriptional changes in the DRGs. Finally, we have observed that
1325:01B09 binds SGCs in vitro, and in synergy with LPS, stimulates cells to release
CXCLI. Overall, our findings point to the possibility that 1325:01B09 forms immune
complexes and induces mechanical hypersensitivity through stimulation of FcyRs. Further
studies are warranted to delineate if 1325:01B09 acts also locally in the DRGs by binding to

SGC epitopes or FcyRI located on DRG macrophages.

In Study IV we have provided evidence for the pronociceptive properties of IgG isolated
from serum of patients with fibromyalgia syndrome (FMS). We have shown that passive

transfer of FMS IgG, but not IgG from healthy controls (HC) or IgG-depleted FMS serum



into mice, gave rise to pressure, mechanical and thermal hypersensitivity in mice,
accompanied by decreased muscle strength and diminished locomotor activity. Moreover,
injection of FMS IgG resulted in enhanced nociceptor responsiveness to mechanical and cold
stimulation in the skin as well as loss of intraepidermal innervation. While FMS IgG did not
directly activate sensory neurons, it bound to SGCs in vitro and in vivo and stimulated their
activity measured by immunohistochemistry and gene expression. Furthermore, FMS IgG
did not accumulate in mouse spinal cord or brain. Instead, FMS IgG bound to human DRGs
and colocalized with both SGCs and sensory neurons. To conclude, these findings
demonstrate that passive transfer of IgG from FMS patients into mice recapitulates key
features of the disease. While in-depth studies are required to understand the cellular and
molecular mechanisms of FMS IgG-induced hypersensitivity, we suggest that therapies that

reduce IgG titres or decrease IgG binding might be successful in treating symptoms of FMS.

In summary, this thesis underlines the urgency of in-depth understanding of mechanisms
behind autoantibody-induced pain in diseases like rheumatoid arthritis or fibromyalgia
syndrome. Studies described here provide evidence that autoreactive antibodies engage
several inflammation-independent mechanisms to induce pain and provide novel insights that
can aid in designing better pain therapies in the future. Furthermore, only by undertaking
translational studies like the ones described above we will be able to understand the complex

mechanisms that drive pain in RA or FMS.
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1 INTRODUCTION

Chronic pain is one of the leading causes of suffering and the major reason for why patients
seek medical care (1,2). It is defined as pain that lasts longer than 3 months or beyond the
expected period of healing (3). Although chronic pain affects approximately 10-20% of the
world population (4,5), with a higher prevalence among women (6,7), it continues to be a
highly under-recognized and sub-optimally treated condition. Persistent pain is associated with
huge emotional distress, physical disability and depression and thus generates large socio-
economical costs due to loss of productivity and reduced work effectiveness (8). Despite a
growing array of treatment options, the overall effectiveness of pain therapy is poor and
inconsistent, with more than 40% of patients complaining about insufficient pain relief (5).
Thus, persistent pain has been recognized as not simply a chronological extension of acute

pain, but disease itself, which requires novel therapeutic strategies (9,10).

Musculoskeletal disorders including rheumatoid arthritis (RA), osteoarthritis (OA),
fibromyalgia syndrome (FMS) and low-back pain are the most common causes of chronic pain
and physical disability, with the prevalence varying between 20-30% in different populations
(11). Musculoskeletal pain affects bones, joints, muscles, ligaments and tendons and occurs in
response to numerous factors like trauma, inflammation, autoimmune disease or aging.
Furthermore, chronic musculoskeletal pain is rarely limited to a specific body site, but instead
affects multiple sites or presents itself as widespread pain (12). While musculoskeletal pain
conditions are very complex and involve multiple types of pain and multiple etiologies, they
all lack therapies that satisfactorily manage pain without unwanted side effects (13,14). This is
why a better understanding of mechanisms and factors driving skeletal pain is urgently needed

in order to identify new strategies for pain-relief.

Although mechanistically pain arises and is transmitted in the nociceptive system, over the past
two decades it has become apparent that sensitization and prolonged activity in the nociceptors
can be mediated and sustained also by other cells like immune and glial cells (15,16). Growing
evidence points towards a bidirectional signaling between the nociceptive and immune systems
and a role of both adaptive and innate immunity in activating and sensitizing sensory fibers
(17). Furthermore, it is well established that immune cells play an important role in the
transition from acute to chronic pain in several painful conditions and can act at various
anatomical levels: in the damaged tissue, peripheral nerves or central nervous system (CNS)

(15). A wide range of immune mediators, known to enhance (or reduce) pain signaling, is



released from immune cells including cytokines, chemokines, nitric oxide, growth factors and
protons. Although neutralizing the action of several of these factors was shown to be clinically
successful in the treatment of some painful conditions, targeting these mediators without

interfering with the fundamental roles they play in immunity remains a challenge.

Autoimmune diseases are caused by the breakdown of self-tolerance, which leads to generation
of autoreactive T cell clones that recognize self-antigens and induce antibody production, by
stimulating autoantigen-specific B cells (18,19). As a consequence, autoreactive lymphocytes
lead to self-tissue damage, which may be localized or systemic, depending on the distribution
of self-antigens. Although autoimmune diseases differ in their pathophysiology, pain appears
to be a common symptom in most of these conditions (20). Historically, pain in autoimmune
diseases was ascribed to localized or systemic inflammation resulting from antibody-induced
complement activation or release of proinflammatory factors. However, pain in autoimmune
diseases is often present before the onset of inflammation (e.g. in RA) or can be the only
symptom of the diseases (e.g. in potassium channel complex autoimmunity). This suggests that
disease-specific autoantibodies can employ different mechanisms that will promote chronic

pain development.

This thesis explores the mechanisms through which autoantibodies derived from serum of
patients with RA and FMS induce pain-like behaviors in mice. The work presented here focuses
on the interaction between autoantibodies and cells located in the joint (osteoclasts) and dorsal
root ganglia (satellite-glia cells, neurons) in generating mechanical hypersensitivity in the
absence of overt inflammation. The aim of this work is to expand the knowledge on the role of
autoantibodies in chronic pain conditions and to identify novel targets for pain relief in

autoimmune diseases.



2 LITERATURE REVIEW

2.1 THE NEUROBIOLOGY OF PAIN

2.1.1 Pain terminology

Pain is described by the International Association for the Study of Pain (IASP) as “an
unpleasant sensory and emotional experience associated with, or resembling that associated
with, actual or potential tissue damage® (21). Acute pain is a physiological reaction, which
serves as a warning system in order to protect us from tissue damage and to elicit protective
behaviors that facilitate healing. Acute pain usually lasts until nociceptive input or tissue
damage have resolved, however if prolonged, continuous nociceptive stimulation can lead to

the development of maladaptive chronic pain that has lost its warning signaling value (22).

Historically, pain mechanisms were classified into “nociceptive” and “neuropathic”, where
“nociceptive” described the “default” experience of pain induced by stimulation of primary
nerve endings and “neuropathic” defined pain which resulted from a lesion or general
dysfunction in the nervous system (23). This classification however was incomplete and lacked
a descriptor for patients who experience pain but do not exhibit obvious signs of nociceptor
activation or nerve damage, but in whom clinical assessments suggest altered nociceptive
function (24-26). Examples of painful conditions that these patients suffer from include
fibromyalgia, complex regional pain syndrome (CRPS), irritable bowel syndrome (IBS) and
nonspecific joint pain. Thus, a third mechanistic descriptor, “nociplastic” pain, has been
recently adapted. It is defined as pain that “arises from altered nociception despite no clear
evidence of actual or threatened tissue damage causing the activation of peripheral nociceptors
or evidence for disease or lesion of the somatosensory system causing the pain” (23,27). It is
important to note that some chronic pain patients will present with both nociceptive and
nociplastic pain, thus these two terms should not be regarded as exclusive categories, but rather

considered as parallel in some cases (23).

2.1.2 The nociceptive system

Nociceptors are specialized sensory neurons that detect noxious (painful) stimuli and transmit
them from periphery to CNS. Their cell bodies are located in the dorsal root ganglia (DRGs)
from which single process emanates and bifurcates sending one axonal branch towards the
periphery and one towards the dorsal horn of the spinal cord to synapse on second-order

neurons. Most nociceptors are polymodal and respond to various modalities: mechanical



(painful pressure, squeezing), noxious thermal (heat and cold) and noxious chemical stimuli.
Thanks to a battery of various sensor molecules in the nerve endings these different stimuli are
transduced into a depolarizing sensor potential. If it is sufficiently large it opens sodium (Na*)

channels and triggers an action potential further
PAIN

neuron
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action potential. Anatomically, there are two major classes of nociceptive fibers: medium
diameter myelinated Ad afferents, which convey acute, well-localized, fast pain with a
conduction velocity of 5-30 m/s, and unmyelinated C fibers that mediate poorly localized, slow
pain at a speed of 0.4-1.4 m/s. Ao fibers are heterogeneous and can be classified into two
different types: type I fibers that respond to mechanical and chemical stimuli, but with a high
heat threshold, and type II fibers with a lower heat threshold but much higher mechanical
threshold compared to type I. Unmyelinated C fibers are also heterogeneous and polymodal
and respond to both heat and mechanical stimulation. One subset that is thought to have an
important role in chronic pain is the so-called “silent nociceptors” that are heat responsive, but
mechanically insensitive in physiological states. In pathological conditions silent nociceptors

become recruited to sense mechanical stimuli, but also become much more responsive to

chemical stimuli like capsaicin or histamine, compared to other C fibers (28,29).

Nociceptors are excitatory neurons and release glutamate as their primary neurotransmitter.
However, they can differentially express a variety of biochemical markers. For example, C-
fibers can be further classified based on the content of peptides and the site within spinal cord
where their central projections terminate. Peptide-rich fibers express neuropeptides, such as

calcitonin gene-related peptide (CGRP) and substance P (SP), and can be regulated by nerve



growth factor (NGF) via receptor — tyrosine receptor kinase A (TrkA). These fibers terminate
predominantly in the superficial layers of the spinal dorsal horn. The “non-peptidergic”
nociceptors selectively bind isolectin B4 (IB4) and express purinergic receptor P>X3 and
receptors for glial cell line-derived neurotrophic factor (GDNF) e.g. tyrosine kinase c-RET (C-
RET) (30). Their central projections terminate primarily within the deeper parts of lamina II of
the spinal dorsal horn (31). These two groups of C fibers mediate similar types of painful
stimuli and express common receptors including vanilloid receptor for capsaicin (TRPV1),
which transduces both chemical and thermal stimuli (32,33). On the other hand, Ad fibers can
be characterized based on their expression of 200-kDa neurofilament (NF200), but similarly to
C fibers can express CGRP and receptors for neurotrophins belonging to NGF family. Their
central projections terminate primarily to layer I and the deeper layers of the dorsal horn of the

spinal cord (IV and V).

2.1.4 Signal initiation and transduction

Painful stimuli are detected and processed by nociceptors thanks to various surface proteins,
including ion channels, G protein-coupled receptors (GPCRs) and receptors for neurotrophins
and cytokines (34). Subsequent to the detection of noxious stimuli, surface proteins initiate and
propagate electrical signals towards CNS and their presence highly determines the excitability
of the nociceptors and the activity in pathways in the CNS. The crucial role of ion
channels/receptors is well visible in the pathophysiological states, where abnormalities in their
function strongly influence and modulate the perception of pain in both animal models and

humans (30).

lon channels have received the most attention in the process of identifying the mechanisms of
mechano- and thermo-transduction. Some are directly responsible for transduction (e.g.
transient receptor potential channels, TRP) and others for transmission (e.g. voltage-dependent
sodium channel Nav 1.8) (35). For the purpose of this thesis, ion-channels that are most relevant

for the included studies will be briefly described.

The TRP receptor family is structurally diverse and detects a wide variety of stimuli. As such,
they are one of the most studied groups of ion channels in the pain field. Transient receptor
potential vanilloid 1 (TRPV1) is a well-characterized member of TRP receptor family, which
can be activated by several stimuli including noxious heat, low pH and a wide range of
endogenous and exogenous compounds including capsaicin and lipids. TRPV1 is widely
expressed in both non-neuronal (skin, bladder, heart, kidney) and neuronal tissues (including

sensory neurons with both C and Ad nociceptors), where it subserves important homeostatic



functions (36). Several studies have shown its crucial role in various experimental pain states
including inflammatory pain, bone-cancer and neuropathic pain (37). The analgesic potential
of TRPV1 blockade has been confirmed in preclinical studies with various approaches ranging
from gene disruption, receptor antagonist or neutralizing antibodies (37—40). However, clinical
trials provide evidence that targeting TRPV1 in an efficacious way, without major side effects

like hyperthermia, continues to be a challenge (41,42).

Several noxious processes, such as inflammation, cause a decrease in extracellular pH, which
is detected by a family of proton-gated Na* and Ca®* channels. Acid-sensing ion channels
(ASICs) sense a wide pH range and are expressed in central and peripheral neurons throughout
the whole pain pathway (43,44). ASIC1 and ASIC3 show the highest sensitivity to protons
(H") and become activated by pH 7.0 and pH 7.2 respectively (45). ASIC3 generates a biphasic
current with a sustained component, which is believed to be important in the non-adapting pain
caused by tissue acidosis, as it does not fully inactivate and has the ability to sensitize
nociceptors to other types of stimuli (46,47). Several endogenous mediators potentiate ASIC3
currents in DRG neurons including lysophosphatidylcholine (LPC) (48), arachidonic acid (AA)
(49), lactate (50), serotonin (51), nitric oxide (52) and adenosine triphosphate (ATP) (53).
Importantly, lipids like LPC or AA were shown to not only potentiate acid-induced ASIC3
currents but also to directly activate ASIC3, in the absence of extracellular acidification
(48,54). Preclinical studies have shown that using pharmacological and genetic tools to
modulate ASIC3 activity or reduce its expression in the periphery, can have an analgesic effect
in several pain conditions e.g. arthritis, bone-cancer pain or fatigue-induced hyperalgesia (55—
59). In Study I we have demonstrated that inhibition of ASIC3 signaling prevented the
development of autoantibody-induced mechanical hypersensitivity in mice and that LPC 16:0
and secretory phospholipase A2 (sPLA>, enzyme required for LPC production) contribute to

sensitization in this model.

G protein-coupled receptors are the largest class of sensory proteins and are widely distributed
in the peripheral and central nervous system (60). They play important roles in the regulation
of nociceptors excitability, including modulating the function of ion channels (61,62) and serve
as important therapeutic targets for pain management. Despite their molecular and functional
diversity, all GPCRs consist of seven transmembrane domains linked by intracellular and
extracellular loops. Once activated, GPCRs undergo conformational changes and promote
intracellular pathways related to adenylate cyclase with the activation of downstream kinases
like PKA, PKC, ERK or p38. GPCRs are activated by various ligands including

neurotransmitters, ions, hormones, cytokines and chemokines as well as lipids and eicosanoids.



Although several GPCRs are successfully targeted for pain relief (e.g. opioid receptors), the
function of numerous GPCRs and their ligands is still unknown (63). The variety and the
complexity of GPCR family gives the possibility for identifying and characterizing potential
analgesics that will treat different pain modalities with higher efficacy and less side effects

(61).

Neurotrophic factors are essential for axonal growth and guidance during development (64,65)
but also important in injury-associated pain and sensitivity in adulthood (66). Two main classes
of trophic factors include the neurotrophin family and glial cell-line derived family. Among
neurotrophins, nerve growth factor (NGF) plays a profound role in nociception, causing long-
lasting sensitization of sensory neurons upon administration, in both rodents and humans
(67,68). NGF exerts its effects by activating two receptors, the high affinity tropomyosin
receptor kinase A (TrkA), and the low affinity neurotrophin p75 receptor. TrkA is thought to
be the major mediator of NGF’s pronociceptive properties (69,70). It is expressed by 80% of
the nociceptors innervating skeletal structure including the joint and bone (71,72), but also by
other cells in the joint such as mast cells (73), fibroblasts-like synoviocytes (FLS) (74),
macrophages (75), osteoblasts (76,77) and chondrocytes (78). Upon binding to the extracellular
region of TrkA located on the peripheral terminals of Ad and C fibers, NGF is internalized into
endosomes where it can be recycled, retrogradely transported to DRG or degraded (79). NGF-
TrkA complex exerts short-term effects on nociception by stimulating the release of
inflammatory mediators (bradykinin, histamine, ATP, prostaglandins) from e.g., mast cells,
basophils or macrophages, and enhancing the activity of nociceptive ion channels to promote
depolarization and sensitization of the peripheral nociceptive terminals (80-82). Long-term
effects of TrkA-NGF signaling occur in the DRG soma and are a result of retrograde axonal
transport of the complex. Once in the DRG, NGF-TrkA complex enhances the expression and
membrane localization of receptors like TRPV1 and ASIC3 as well as increases the levels of
pain-modulating factors including SP, CGRP and brain-derived neurotrophic factor (BDNF).
Overall, these NGF-induced cellular changes further contribute to increased sensory neuron
excitability and central sensitization (82). In Study II, we have explored the role of NGF
signaling in pain-like behavior induced by an ACPA isolated from a patient with RA. We found
that neutralizing NGF reverses mechanical hypersensitivity induced by the autoantibody, but

it does not reverse the transcriptional changes in the DRGs.



Although cytokines and chemokines were previously exclusively associated with immune cells
they are now considered as general signaling molecules (83,84). Secreted from several cell
types including neurons, immune and glial cells they are released both in peripheral and central
nervous system, where they directly modulate the nociceptive response in a short- and long-
term manner. Cytokines are further classified based on their biological function into pro- or
anti-inflammatory. Examples of pro-inflammatory cytokines are interleukins (IL) 1B, 2, 6 and
7 and tumor necrosis factor-o (TNF- o) while examples of anti-inflammatory are IL-4, -10 and
-13 and transforming growth factor B (TGF-). There is abundant preclinical evidence that
receptors for several cytokines and chemokines (e.g. IL-1B and TNF-a) are present on
nociceptors and that these molecules can contribute to persistent pain states by directly
activating and sensitizing nociceptors (83,85-88). Inhibition of IL-1f and TNF-o using
neutralizing antibodies was shown to inhibit the development of hyperalgesia and allodynia in
several pain models (89,90). Of relevance for this thesis, the chemotactic cytokine CXCLI
(murine homologue of human IL-8) can directly activate or sensitize nociceptors by binding to
its receptors CXCR1 and CXCR2 present on the sensory neurons (91,92). By modulating the
activity and expression of several ion channels like TRPV1 or Navl.7, CXCL1 can cause
changes in neuronal excitability that lead to peripheral sensitization (93-95). Blocking
CXCL1-CXCR2 signaling was shown to be effective in treating both inflammatory and
neuropathic pain in animal models (91,92), while its efficacy in humans is still not studied. In
Study IT we have shown that reparixin, a non-competitive, allosteric CXCR1/2 antagonist,

prevents the development of pain-like behavior induced by a monoclonal ACPA.
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Figure 2. Nociceptor heterogeneity. Sensory neurons express a battery of surface proteins on their peripheral nerve
fibers that allow them to respond to noxious stimuli. Reprinted with permission and adapted from Ji et al. 2014



2.1.5 Peripheral and central sensitization

“Sensitization” is defined as increased excitability and reduced threshold of neurons to
stimulation or sensory input. Pain hypersensitivity occurs in two forms: (I) as allodynia, when
non-noxious stimuli produce pain, and (II) hyperalgesia, when noxious stimuli produce an
exaggerated and prolonged pain response (96). These phenomena are part of the adaptive
response as they assist with the healing process by preventing or minimizing the contact with
the injured tissue. However, when triggered by a disease or a maladaptive reaction to external
stimuli, pain hypersensitivity can result in non-adaptive, chronic pain that outlives tissue

damage or occurs without apparent cause.

Sensitization of the nociceptive system can occur both in peripheral and central nervous system

and these two processes contribute to chronic pain.

Peripheral sensitization is defined as increased responsiveness of the nociceptor circuit at the
level of the periphery. This often results from tissue damage and/or inflammation as well as
damage to nerve fibers themselves. The major source of pain mediators, sometimes referred to
as “the inflammatory soup”, are immune cells like mast cells, neutrophils, macrophages, or
platelets. These nociceptor-sensitizing factors include CGRP, SP, bradykinin, NGF, ATP,
cytokines, prostaglandins, lipids etc. Peripheral alterations in response to these mediators
include reduction in the nociceptors’ excitability threshold, increase of their receptive field and
recruitment of non-nociceptive neurons, which start to respond to mechanical and thermal

stimuli and further amplify pain signal.

Central sensitization is defined by IASP as an “increase in nociceptor responsiveness within
the central nervous system to the normal or sub threshold afferent input”. It was identified as
contributing factor in several chronic pain conditions (97), including: neuropathic pain (98),
inflammatory pain (27,99,100), osteoarthritis (101), fibromyalgia (102) and migraine (103).
Although historically central sensitization was thought to reflect the presence of peripheral
noxious stimuli, it is now known to occur also in the absence of either peripheral pathology or
noxious stimuli (104). Dorsal horn neurons that are subjected to central sensitization exhibit
the following features: reduced threshold for activation by peripheral stimuli, development or
increase in spontaneous activity, increased responses to suprathreshold stimulation and
enlargement of their receptive fields (104). In addition to neuronal changes, activation of CNS
glia cells (astrocytes, microglia) is thought to be the contributing factor in central sensitization.
In physiological state, astrocytes and microglia surveil their environment to maintain

homeostasis and proper neuronal function in the CNS. They can become activated in response



to pathological events and respond to mediators released from sensitized peripheral
nociceptors. Upon pain-related activation, glia can synthesize and release several
pronociceptive mediators including cytokines, chemokines and neurotrophins like TNF-a, IL1-
B or BDNF, that further enhance the pain transmission via activation of key signaling pathways

in nociceptive neurons (105).

2.1.6 Satellite glial cells (SGC) and pain

Satellite glial cells (SGCs) are uniquely located as they wrap around neuronal cell bodies of
sensory ganglia. The distance between glial and neuronal surfaces in the DRGs is
approximately 20 nm (106) and allows for bi-directional neuron-SGC interactions forming a
unique structure (neuron-glial unit) not found anywhere else in the nervous system (107).
Despite the close contact, SGCs do not form an absolute barrier around the sensory neurons,
allowing micro- and macromolecules as well as other cells (e.g. macrophages, leukocytes)
(108,109) to penetrate the SGC sheath. Importantly, SGCs express potassium (K+) channels as
well as gamma aminobutyric acid (GABA) and glutamate transporters that allow them to
control the microenvironment in sensory ganglia (107) and provide support and modulation of
sensory neurons. Furthermore, as part of the SGC-neuron signaling, SGCs express receptors
for several neurotransmitters and factors released from neurons, most notably ATP acting on

purinergic receptors (P2Rs) or cytokines (107,110).

SGCs express several proteins that allow for their identification: glial fibrillary acidic protein
(GFAP), glutamine synthetase (GS) and S100 proteins. At the moment GS is considered the
most useful SGC marker as GFAP exhibits low expression under naive conditions and S100
proteins can be also found in a subset of sensory neurons, Schwann cells and oligodendrocytes

(111-113).

The role of SGCs in chronic pain has been studied in several preclinical models of nerve injury
and inflammatory pain. Their crucial contribution to the development of chronic pain
conditions is reflected by the fact that reversing injury-induced phenotypic changes in the SGCs
attenuates pain-like behaviors in a number of pain models (114—-117). Similarly to other glial
cells, SGCs respond to nerve injury or inflammation by changing their morphology (118) and
proliferating (119,120). Upregulation of GFAP in SGCs was also described in response to
inflammation (121-123), but not in mouse nerve injury models (124). In addition to increased
number of cells, an increased coupling between SGCs was reported in models of inflammatory
pain (122,125), axotomy (117) and chemotherapy-induced neuropathy (116). This

phenomenon results from increased expression of gap junction proteins (e.g. connexin 43)
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between the cells and contributes to the spread and enhancement of neuronal excitation (126).
Based on these findings, blocking gap junctions was suggested as an effective novel target for
analgesic drugs (126). Furthermore, it was shown that peripheral inflammation and nerve injury
suppress the function of the inward rectifying K* channel in SGCs (Kir4.1) (127,128), which
in turn leads to SGC depolarization and release of factors like ATP or glutamate that activate
sensory neurons (129). In addition, knockdown of Kir4.1 expression in trigeminal ganglia was
shown to induce spontaneous pain-like behaviors in uninjured rats (127), demonstrating the
importance of K' buffering for the development of chronic pain. In addition to small
neurotransmitter molecules like ATP, reactive SGCs use cytokines to modify neuronal activity
in pathological conditions. Expression of proinflammatory cytokines and chemokines like
TNF-a, IL1-B, IL-6 or CX3CL1 (fractalkine) and their receptors was shown to be increased in
SGCs in response to various insults (130-133). CGRP released from activated neurons was
shown to further stimulate the release of cytokines from SGCs, sustaining the cross-excitation

between neurons and SGCs (133-135).

2.1.7 Bone pain

2.1.7.1 Osteoclasts and pain

Pain arising from the skeletal structures, often referred to as bone pain, is a symptom of several
musculoskeletal disease including RA, OA, bone cancer, Paget’s disease and osteoporosis.
Although these conditions differ in their pathophysiology, they often share the features of
increased bone resorption and structural changes in bone microarchitecture. Studies in the field
of skeletal pain provide increasing evidence for the role of osteoclasts, cells that degrade bone,
in eliciting hypersensitivity. In fact, osteoclasts were shown to be increased and hyperactivated
in animal models of different bone pathologies (59,136-140). Moreover, preclinical data
indicate that osteoclast inhibitors like bisphosphonates (136,139—-141), calcitonin (142) or
osteoprotegerin (143) have anti-nociceptive properties. Also, some human studies show that
antiresorptive agents are associated with pain relief (144-147). Intriguingly, osteoclast
inhibitors, predominantly bisphosphonates, were demonstrated to have analgesic effects even
in conditions in which osteoclasts are not primarily involved, such as inflammatory or
neuropathic pain (148-150). This paradox suggests that osteoclasts produce pronociceptive
factors independent of their erosive activity or that antiresorptive agents exert their anti-
nociceptive effects through alternative mechanisms of action. In Study II we have
demonstrated that pain-like behavior induced by a single monoclonal ACPA, which stimulates

osteoclast differentiation in vitro, but does not induce bone erosion in vivo, is reversed by
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treatment with a bisphosphonate, zoledronate. Our findings point to a possible disconnection

between erosive and pronociceptive action of osteoclasts in this model.

Osteoclasts are myeloid-derived, large multinucleated cells, that reside on the surface of bones
where they are responsible for bone degradation, which is an important part of homeostatic
bone turnover in physiological conditions. Their differentiation is tightly controlled by
macrophage-colony stimulating factor (M-CSF) and receptor activator of nuclear factor kappa-
B ligand (RANKL) produced by osteoblasts (bone-forming cells) and surrounding stromal cells
(151). In order to resorb bone, osteoclasts promote acidic and lytic milieu by secreting protons
(H+) through vacuolar H+-ATPase (V-ATPase), which together with proteolytic enzymes like
cathepsin K allow for bone matrix breakdown (152). While low pH is required for optimal
bone resorption, protons are known to be potent pain-inducing mediators via activating proton-
sensing ion channels located on the nociceptors (30). Two main classes of cation channels:
ASIC3 and TRPV1 are expressed on sensory fibers innervating the bone. It has been shown
that inhibition of these channels attenuates pain behaviors in several animal models of bone
pain (58,153—155), pointing to an important role of osteoclast-mediated acidification in pain

signal transduction.

Recent findings provide evidence that besides protons, osteoclasts produce and release also
other factors known to modulate pain signaling. Among pronociceptive agents, osteoclasts
were shown to release various cytokines (e.g. TNF-a, IL-1a., IL-6, IL-8), which by binding to
their receptors located on sensory neurons are capable of eliciting nociception (138,156—158).
Furthermore, osteoclasts were shown to produce and release complement fragment 3a (159),
which can indirectly contribute to pain sensation by activating resident inflammatory cells (e.g.
mast cells) or attracting other immune cells (e.g. neutrophils), which further produce algogenic
substances like histamine, NGF and others (160). Moreover, several lines of evidence suggest
that osteoclasts are capable of producing and metabolizing lipids, which are essential for proper
bone remodeling, but can act pronociceptive by modulating ASIC3 or TRP ion channels on
sensory neurons (48,161). Expression of sPLA>, enzyme required for production of AA and
LPC, was detected in human osteoclasts in vitro as well as in human pagetic and fetal, but not
healthy, mature bones in situ (162). Of note, sPLA; injection is known to induce
hypersensitivity (163,164) and several studies indicate that it has a role in different pain models
(165-168). Finally, osteoclasts were shown to release axonal guidance molecules like
semaphorin 4D and netrin-1, known to regulate bone remodeling, and recent studies point to a
role of netrin-1 in mediating bone innervation and hypersensitivity in animal models of low

back pain and OA (169,170). Although a vast amount of data points towards the contribution
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of osteoclasts to nociception, local or systemic administration of RANKL was not sufficient to
induce pain-like behaviors in mice (171). This suggests that physiologic osteoclasts are unable
to induce pain and that additional disease-specific mechanisms are needed to produce and

maintain bone pain.

2.1.7.2 Bone and synovial joint innervation

Different joint structures such as synovium, periosteum, articular capsule, ligaments and
surrounding joint tissues are innervated by nociceptive primary afferents and sympathetic
fibers (172). While AP fibers can be found mainly in ligaments and fibrous capsule, Ad and C
fibers innervate most of the joint structures including meniscus, periosteum, synovium, bone
marrow as well as cortical and trabecular bone. The majority of sensory fibers innervating these
structures can be classified as “silent nociceptors”, which become active and send nociceptive
information to the CNS only following injury or inflammation (173,174). Unlike other joint
tissue, healthy cartilage does not contain any nerve fibers or blood vessels (175). In contrast to
skin, which is innervated by a rich variety of sensory neurons, including TrkA™ and TrkA*,
bone and articular joint structures are innervated predominantly by TrkA™ Ad and C fibers
(176). This knowledge has brought some understanding into the clinical and pre-clinical
observations that anti-NGF therapy provides successful analgesia in several skeletal pain
conditions including bone cancer pain and low back pain (176—178), but does not relieve

chronic pain in the skin (179).

Bone and joint tissues are also richly innervated by sympathetic fibers. Although tyrosine
hydroxylase (TH) positive nerve fibers are mainly associated with blood vessels, their free
nerve endings can be found in periosteum, synovium and ligaments (172). Following injury,
sympathetic fibers can modulate sensory nerve fiber function in several ways. There is evidence
that in chronic pain conditions, sprouting of TrkA* sensory fibers is accompanied by increased
growth of nearby sympathetic fibers (180). Additionally, noradrenaline released from the
newly sprouted sympathetic fibers alters the nociceptors ion channel properties to make them

more readily activated by painful stimuli (181).

2.2 RHEUMATOID ARTHRITIS

2.2.1 Epidemiology

Rheumatoid arthritis is a systemic, autoimmune disease with an unclear etiology. Genetic,
environmental, and immunological factors all contribute to the development of RA (182). In

industrialized countries RA affects 0.5% to 1% of the population, with an approximately three-
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fold higher incidence among middle-aged women than men (183,184). Positive family history
increases the risk of RA three to five times and twin studies have found above 50% contribution
of genetic factors for the entire disease (185). Genome wide association studies (GWAS) and
large-scale cohorts have identified more than a hundred high risk loci for RA, most of which
are strongly related to immune mechanisms (186—188). Examples of genetic risk factors are
HLA DRBI alleles and a single nucleotide polymorphism (SNP) in PTPN22 gene (189,190).
Interestingly, data indicate that these risk alleles are associated with a subset of RA
characterized by the presence of ACPAs or rheumatoid factor (RF, anti-IgG antibody), or both.
Development of RA is strongly associated with environmental factors. Cigarette smoking is
the greatest environmental risk factor for RA (191,192), which doubles the chance of RA
development. Additionally, RA is associated with periodontal disease (193), gastrointestinal
dysbiosis (194,195) and obesity (196), but the exact relationships between these factors and

disease development remain to be elucidated.

2.2.2 Pathogenesis of rheumatoid arthritis

RA is a heterogeneous disease, which encompasses various disease subsets that can differ in
their underlying pathophysiology (182). Through common inflammatory pathways these
subsets lead to a similar phenotype in most of the patients, that is characterized by joint edema,
synovitis (synovial inflammation and hyperplasia), cartilage damage, bone erosion and pain.
Small and medium sized joints in hands and feet are usually affected first. If left untreated, the
disease can spread to large joints like hips or knees and lead to severe physical disability and

significantly reduced quality of life.

Several cell types of both the innate and adaptive system are involved in the pathophysiology
of RA. The innate immune response includes macrophages, mast cells, and dendritic cells,
which produce a cascade of inflammatory mediators. These factors can then further attract a
variety of mononuclear cells, to the site of the injury, where they overproduce pro-
inflammatory cytokines, prostaglandins and oxygen-reactive species (197). Several cytokines
play a fundamental role in the pathophysiology of RA, with TNF-a, IL-183, IL-6 and IL-17

being the key molecules driving inflammation and bone destruction (198).

2.2.3 Pain in rheumatoid arthritis

Patients suffering from rheumatoid arthritis identify joint pain as one of their most problematic
symptoms and the major reason for seeking medical help (199). RA pain has a wide range of

characteristics (constant, intermittent, localized or widespread) and varies in intensity along the
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course of the disease. Classically, RA pain has been associated with inflammation and tissue
injury. However, increasing evidence indicates that RA-associated pain arises from both
inflammatory and non-inflammatory mechanisms. Non-inflammatory mechanisms of RA-
associated pain include structural and neurochemical changes within the joint and sensory
nervous system or altered pain processing in the CNS (200,201). The contribution of
(seemingly) inflammatory-independent mechanisms in RA pain is depicted by the observation
that 19-37% of RA patients present with neuropathic-like (nerve-injury) pain features
(202,203). In addition, the prevalence of fibromyalgia (widespread pain) was shown to be
higher in RA patients (14-24%) compared to the general population (2-4%) (204). This strong
co-morbidity as well as the higher incidence of widespread pain in patients with long-term RA

suggests that disturbed pain modulation plays an important role in RA pain pathogenesis (205).

Further supporting the notion that the inflammatory process in the joint is not the sole driver of
joint pain stems from the observation that a substantial proportion of RA patients (60%) do not
experience satisfactory pain reduction and/or long-term pain suppression after successful anti-
inflammatory treatment with disease-modifying anti-rheumatic drugs (DMARDs) (206-209).
This lack of pain control raises the possibility that RA pain is only partly dependent on the
inflammatory status. In fact, there is poor correlation between disease activity and pain
(208,209). It is worth mentioning that during the development of RA, joint pain is frequently
one of the first symptoms of an emerging disease, frequently present prior to visible join edema,
suggesting that pain can develop prior to the RA diagnosis due to sub-clinical inflammation or
via other mechanisms. In the context of this thesis, one important observation is that ACPAs,
and other autoantibodies, can be present prior to disease onset (see paragraph 2.2.5).
Furthermore, combination of arthralgia (joint pain) and the presence of ACPAs can be
predictive of development of RA (210,211). We have previously identified a direct link
between ACPA seropositivity and arthralgia (138). Wigerblad et al. found that injecting
polyclonal ACPA causes mice to display long-lasting pain-like behaviors, without any signs of
joint inflammation. In Studies I-III we have demonstrated that also other RA-associated
monoclonal antibodies, with distinct mechanisms of action, induce mechanical hypersensitivity
when injected to mice. These observations suggest that pain in RA could be driven through

several mechanisms in the absence of joint inflammation.

2.2.4 Pain management in rheumatoid arthritis

Current pain management strategies for RA include directly acting analgesics or drugs that

suppress joint damage and inflammation, and indirectly improve pain scores. Although modern
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pharmaceuticals allow excellent disease control, pain continues to be a problem for a significant

number of patients even one year post-treatment initiation (212).

Several types of analgesics are currently used for pain management in RA. These include non-
steroid anti-inflammatory drugs (NSAIDs), paracetamol, opioids and neuromodulators
(antidepressants and anticonvulsants). Although effective at relieving pain short-term,
analgesics were shown to have limited efficacy, especially beyond 6 weeks (212). Additionally,
prolonged treatment with analgesics is associated with high risk of adverse effects including
gastrointestinal, renal, or cardiovascular, which increase with combined pharmacotherapy

(213,214).

Disease-modifying anti-rheumatic drugs are a heterogeneous group of drugs categorized as
synthetics (small molecules given orally) and biologics (proteins administered parenterally).
They aim to decrease inflammation, swelling, limit the tissue damage and reduce joint pain
within several weeks (215). Methotrexate (MTX) is the most widely used synthetic DMARD
and is a first-line treatment option. When used with other DMARDs or glucocorticoids, MTX
can provide almost half of the patients with proper disease control or even remission at early
stage RA (216,217). Biologics are used to treat patients suffering from moderate and severe
arthritis that did not respond to conventional DMARDs (218). The most frequently used
biologics include decoy tumour necrosis factor (TNF) receptors (etanercept), anti-TNF
antibodies (certolizumab), interleukin-1 antagonists (anakinra) and anti-interleukin 6
antibodies (siltuximab). Large cohort studies report that despite successful anti-inflammatory
treatment with DMARDS, more than 70% of patients with established RA continue to suffer
from pain that ranges from moderate to severe (206). A Swedish cohort study of early RA
patients (EIRA) brought similar results (209). Almost one-third of the patients who responded
well to MTX had remaining pain after three months of treatment. Importantly, the remaining
pain was associated with high disability and low inflammation at baseline. These results further
support the observations that pain in RA can be partially driven by non-inflammatory

mechanisms.

2.2.5 Preclinical rheumatoid arthritis

Prior to the development of clinically diagnosed RA, patients often present with several RA-
related abnormalities, which are termed preclinical RA or pre-RA. Pre-RA is often
characterized by arthralgia, bone erosion and autoantibody production, all in the absence of
detectable inflammation. Pre-RA patients can develop autoantibodies against several post-

translational modifications (AMPAs) like ACPAs, anti-carbamylated (ACarPAs), anti-
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acetylated (AAPAs) and malondialdehyde acetaldehyde (MAA) modified protein antibodies,
rheumatoid factor (RF) and anti-collagen type II antibodies (anti-CII), which can be found in

the serum many years before the onset of the disease, with titres rising closer to the time of

diagnosis (219-226).

Although joints are the primary target of RA, the starting point of systemic autoimmunity is
still unknown. A compelling amount of evidence points towards the lungs as a site where
autoimmunity develops, however it still remains a question why inflammation is exclusively
directed towards the joints. Importantly, seropositivity is not enough to induce chronic synovial
inflammation, since not all ACPA+ individuals develop RA (227) and several animal studies
show that passive ACPA transfer does not induce arthritis (138,228,229). A “second hit”, such
as trauma or infection may be necessary for autoimmune reaction to reach the joint (230-232).
The preclinical phase of RA should be strongly considered a “window of opportunity” for the
treatment of the disease and for that an increased understanding of the autoimmunity and its

shift towards active RA is needed (233).

Genetic susceptibility Break of Antibody Pain Established
Environmental risk immune production Bone loss disease
factors tolerance

N 4
2 A e

Second hit

Epitope spreading (minor joint
Increasing antibody titres challenges etc.)
Risk of developing RA Autoantibody development Autoantibody effector phase

Figure 3. Schematic representing stages in the development of autoantibody-positive rheumatoid arthritis. When
exposed to environmental factors like pollutants or microorganisms at the mucosal sites (oral cavity, lungs,
intestine) genetically susceptible individual can develop local inflammation, which activates the immune system
and might lead to the break of immune tolerance and generation of autoantibodies. Gradually, autoantibodies
increase in titres and undergo epitope spreading which eventually might lead to bone erosion and pain, preceding
any signs of joint inflammation. Minor joint challenges, called “second hits”, might lead to chronic inflammation,
which if left untreated can develop into established disease and cause significant joint destruction. Created with
Biorender.com.

2.2.6 Autoantibodies in rheumatoid arthritis

Antibodies (Abs) are tetramer proteins (composed of four polypeptide chains) produced by B
cells and plasma cells that bind and neutralize pathogens and elicit an immune response by

recruiting other cells and molecules. They exist in two forms: as membrane-bound antigen

17



receptors on B cells or secreted proteins (234). Antibodies are composed of two light chains
(L) and two heavy chains (H) with each chain containing a variable (Fab) and a constant (Fc)
region. The variable domain of the antibody allows for unique antigen recognition and binding.
The constant region binds to other molecules involved in pathogen elimination like Fc receptors
and complement system proteins. Depending on the type of heavy chains, antibodies belong to
different isotypes named IgA, IgD, IgE, IgG and IgM. Mouse IgG antibodies can be further
subdivided into four subclasses, named in order of decreasing abundance: IgG1, IgG2a, IgG2b
and IgG3. Each IgG subclass has unique properties including antibody binding, immune
complex formation, complement activation and half-life (234). Antibodies directly bind their
antigens, resulting in functional modifications of the antigen. However, they can also form
immune complexes (ICs, a complex of antibodies bound to an antigen) that activate the

complement system and Fc receptors (FcRs).
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Figure 4. Immunoglobulin structure. (A) IgGs are glycoproteins composed of two identical heavy chains (blue)
and light chains (green). The variable regions (lighter blue and green) form the Fab fragment which recognizes
and binds antigens. The constant regions of the heavy chains form the Fc part, which mediates the effector
functions of IgG. (B) Immune complex (IC), also called antigen-antibody complex is a molecule formed from
binding multiple antigens to antibodies, needed to activate FcyRs. Created with Biorender.com.

The immune system enables antibodies to distinguish between foreign and self-molecules, a
phenomenon called immunological tolerance (234). During the process of maturation,
autoreactive B cells are selected and eliminated from the system in order to prevent the
production of antibodies that recognize self-antigens (autoantibodies). Deficient regulation of
the tolerance might lead to autoimmune diseases where autoantibodies are produced and can

cause tissue damage.

High titres of autoantibodies are present in several autoimmune diseases and can serve as
serological markers, however often their pathophysiological relevance is unknown.
Rheumatoid arthritis is characterized by the presence of several autoantibodies including
ACPAs, ACarPAs and AAPAs, rtheumatoid factor and anti-collagen II antibodies (anti-CII).
Although ACPAs, ACarPAs and AAPAs are considered three independent classes of
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autoantibodies (235), they often occur in parallel in RA and cross-react on both poly- and
monoclonal level (236-239), therefore they may be considered as one group of anti-modified
protein antibodies (AMPAs) (240). Knowledge about the direct pathogenic potential of
antibodies in RA comes from observations that arthritis is mediated in experimental animals

via B cells (241) as well as by passive transfer of autoantibodies (242).

Rheumatoid factor (mainly IgM, but also to some extent IgG and IgA) is an antibody
recognizing the Fc portion of IgG, which is present in up to 80% of RA patients (243). RF
forms large immune complexes with Fc part of IgG that are potentially involved in RA
pathogenesis. For a long time, RF was considered the only serological marker of RA and
several studies have shown its association with a more severe disease phenotype (244,245).
Furthermore, high titres of RF are correlated with the risk of developing RA (246). However,
recent studies have shown that RF is not specific for RA and it can be found in patients with

other autoimmune or infectious diseases as well as in 15% of healthy individuals (247).

Citrullination, also known as deamination, is a post-translational protein modification (PTM)
that occurs when peptidyl-arginine deiminase enzymes (PADs) convert arginine into citrulline,
in the presence of high calcium levels. Citrullination results in significant conformational and
biochemical changes of the proteins and renders them immunogenic leading to the breach of
self-tolerance (248,249). Anti-citrullinated protein antibodies have been first reported in the
serum of RA patients more than twenty years ago (250). To date, several ACPA autoantigens
have been identified including citrullinated fibrinogen, vimentin, histones, alpha-enolase and
collagen type II (251-254), however due to significant cross-reactivity, ACPAs most likely
also bind to other, yet unidentified citrullinated self-antigens (226,237,239,255). ACPAs are
found in approximately 60-70% of RA patients and as described in paragraph 2.2.5, can be
detected in serum many years before the disease onset (256,257). Given their specificity for
RA, ACPAs are a valuable diagnostic tool for diagnosing established RA as well as identifying
individuals at risk (258,259). Furthermore, an increasing amount of evidence shows that
ACPAs play a significant role in mediating the pathogenesis and development of RA
(260,261).

Carbamylation (also referred to as homocitrullination) is, unlike citrullination which is
catalyzed by an enzyme, a chemical modification in which lysines are converted into
homocitrullines under the influence of cyanate. Carbamylation is an irreversible modification
and affects mostly long-lived proteins due to their ability to acquire homocitrulline residues
over time (223). The carbamylation of amine groups changes the charge of the molecules which

in turn allows the carbamylated derivatives to acquire antigenic properties. Carbamylated
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proteins are thought to play a role in inflammation as they can modulate the function of
inflammatory cells e.g. enhance the production of metalloproteinase-9 (MMP-9) by monocytes
(262). ACarPAs can be found in the serum of 45% of RA patients (223). Although they
partially overlap with the presence of ACPAs they can occur also in ACPA negative RA
patients (223). The exact autoantigens recognized by ACarPAs are still being investigated.
Among potential proteins, fibrinogen, which is a frequent target of ACPAs, was shown to be
highly accessible for carbamylation (263) and the presence of antibodies against carbamylated
fibrinogen was confirmed in RA patients (263). ACArPAs were shown to be associated with
progression to RA as ACArPAs positive individuals with arthalgia developed RA within a
shorter time than individuals with RF of ACPAs (264). This association was maintained even
in the double positive ACPA/ACArPA arthalgia individuals suggesting that ACArPAs could

serve as an additional biomarker in predicting the development of RA (264).

The fibrillar collagen type II (CII) is the major protein building articular cartilage. Depending
on the type of assay and target epitopes used, anti-CII antibodies are found in the blood of 3-
27% of RA patients, with their levels peaking at the time of diagnosis (265,266). Anti-CII
autoantibodies are strongly associated with active inflammation during the early stages of RA
and their levels decrease within the first few years of the disease. RA patients positive for anti-
CII antibodies have a distinct phenotype, characterized by higher disease activity and an early
acute phase response (267,268). The role of anti-CII antibodies in initiating arthritis has been
reported in several species, including mice (269,270). Additionally, thanks to targeting a joint
specific epitope, anti-CII antibodies can serve as a tool to study the effector phase of the disease

Q271).

2.2.7 Fc-gamma receptors

Fc gamma receptors (FcyR) are membrane-bound glycoproteins, which bind the Fc region of
IgG antibodies and are predominantly expressed in immune cells. FcyRs regulate innate and
adaptive immune responses involving phagocytosis, cytolysis, cytokine production, immune
complex clearance and antibody transport (272,273). In rodents FcyRI, FcyRIII and FcyRIV
are activating receptors and FcyRIIb is inhibitory (273). Activating receptors are characterized
by a cytoplasmic immunoreceptor tyrosine-based activation motif (ITAM) signaling domain,
whereas FcyRIIb contains an immunoreceptor tyrosine-based inhibitory motif (ITIM) signaling
domain. FcyRs bind the four subclasses of mouse IgG, IgG1, IgG2a, IgG2b and IgG3, with
different affinities (274,275). FcyRlI is a high-affinity receptor binding murine IgG2a in both
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monomeric and IC form, whereas other FcyRs are activated only by aggregated IgG ICs and

show a broader IgG subclass specificity (276).

Recent studies show that FcyRs can be expressed not only on immune cells but also on neurons
(277,278) and osteoclasts (279,280) and their functional significance in these cell types is under
investigation. For example, FcyRs expressed on osteoclasts (bone resorbing cells) were shown
to contribute to bone homeostasis by regulating osteoclastogenesis (new osteoclast formation)
(281). Under autoimmune inflammatory conditions characterized by abundance of IgG ICs,
like rheumatoid arthritis, a disruption in the balance between activating and inhibiting FcyRs
was shown to drive bone erosion (280). Furthermore, in a murine serum transfer arthritis model,
deletion of FcyRIV was shown to protect the mice from bone erosion induced by inflammation
(282). On the other hand, the exact functional role of FcyRs on neurons is unknown. The
presence of FcyRI on rat sensory neurons was shown to be crucial for both in vitro and in vivo
neuronal activation (measured as increased calcium, substance P and CGRP release) after
stimulation with ICs (277,278,283-285). Furthermore, findings from our group indicate the
presence of both FcyRI and FcyRIIb on naive murine sensory neurons and that neuronal FcyRI
mediate nociception after injection of anti-CII antibodies prior to development of joint edema
in mice (285). Changes in neuronal FcyR expression might play an important regulatory
function in response to injury or inflammation. Increased capacity of binding immune

complexes could lead to enhanced neuronal excitability and result in hypersensitivity.

2.2.8 Bone erosion in rheumatoid arthritis

Destruction of bone is a pathological hallmark of RA that is reflective of disease severity and
associated with poor outcomes. RA-induced bone erosion is characterized primarily by local,
periarticular erosions, but also systemic bone loss (286). Bone loss is caused by excessive
resorptive osteoclast activity and inadequate bone formation by bone-forming osteoblasts
(287). Although bone resorption was believed to reflect the inflammatory burden in the joint,
many RA patients have low bone mass at diagnosis, suggesting that erosion precedes
inflammation (288,289). Clinical observations have found evidence that disrupted bone
metabolism and thinning of cortical bone is already present at the pre-RA stage (290-292).
Additionally, the subset of RA patients positive for ACPA is characterized by a higher degree
of joint destruction and a much more severe course of the disease, compared to ACPA negative
patients (293-295). Furthermore, despite successful treatment with DMARDs, progression of
joint damage is still present in one-quarter of RA patients, which can be explained by the fact

that not all DMARDs exhibit significant effects on ACPA levels in the blood (296,297).
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Preclinical murine research has demonstrated that polyclonal ACPA IgG and certain
monoclonal ACPA IgG binds osteoclasts in vitro (229,298) and osteoclast precursors in vivo
(138). Binding of normally expressed citrullinated epitopes on osteoclasts is thought to promote
osteoclastogenesis, leading to increased bone resorption (228,229). Besides directly binding
citrullinated epitopes or FcyRs on osteoclasts surface, ACPA-containing immune complexes
can stimulate other cells to release pro-inflammatory cytokines that increase osteoclastogenesis
and lead to subsequent bone loss (299-301). However, it has been shown that ACPA can
induce bone erosion also in the absence of joint inflammation (138,229). When stimulated with
polyclonal ACPAs, both human and murine osteoclasts secrete CXCL1, which then further
activates them through an autocrine loop (138,229). Blocking CXCLI1, or its receptor,
completely inhibits osteoclastogenesis and resorption, preventing bone loss in vitro and in vivo
(138,229). Interestingly, CXCL1 blockade inhibits also pain-like behavior seen in mice after
polyclonal (138), and monoclonal ACPA injection (Study II), suggesting a link between
increased osteoclast activity and pain. Importantly, in Study I we have shown that also other
RA-associated autoantibodies have the capacity to induce pain-like behavior and bone erosion
in the absence of overt joint inflammation. A combination of monoclonal AMPA IgG and a
monoclonal IgG without detectable citrulline specificity induces bone erosion in vivo and
osteoclastogenesis in vitro (155). Furthermore, bone erosion induced by these two monoclonal
IgGs is accompanied by increased levels of lysophosphatidylcholine 16:0 (LPC 16:0) in bone
marrow and increased expression of two secretory phospholipase A2 isoforms (Pla2g2 and
Pla2g5) in the ankle joint. Inhibiting SPLA> reverses both mechanical hypersensitivity and
bone erosion induced by these mAbs. These findings suggest that RA-associated
autoantibodies stimulate osteoclasts to release various factors (e.g. CXCL1, lipids), which in
turn can sensitize the nociceptors and lead to mechanical hypersensitivity in the absence of

joint inflammation.
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2.3 FIBROMYALGIA

2.3.1 Epidemiology of fibromyalgia

Fibromyalgia syndrome (FMS), classified as nociplastic pain, is a common and complex
disorder characterized by chronic, widespread, muscular and joint pain as well as generalized
hypersensitivity to sensory stimuli (302). It is often accompanied by fatigue, unrefreshing
sleep, anxiety, depression and cognitive difficulties. Depending on the diagnostic criteria, the
prevalence of FMS ranges between 2-8% in general population with a higher incidence among
females than males (303,304). Fibromyalgia has a high negative impact on the quality of life
as it leads to personal suffering, loss of productivity, substantial disability and high use of
medical resources (305). Disease can develop at any age, including childhood (306), however
the prevalence rises linearly with increasing age and is the highest in elderly women (303).
FMS may be triggered by physical trauma, surgery, significant psychological stress or certain
infections like Lyme disease or Epstein-Barr virus (307). In other cases, symptoms develop
spontaneously and accumulate over time, without a certain trigger. Importantly, patients with
FMS often have a history of localized chronic pain e.g. headaches, IBS, endometriosis or back
pain (308) and the long duration of regional pain (> 6 years) was identified as a risk factor for
FMS development (309). Of note, comorbid FMS occurs in approximately 10-30% of patients
with other rheumatic disorders (e.g. RA, OA, systemic lupus erythematosus (SLE), psoriatic
arthritis) (310,311).

Various studies have shown potential involvement of genetic factors in FMS development
(312). Indeed, first-degree relatives were shown to have a higher risk of developing FMS and
reduced pressure pain thresholds, compared to general population (313-315). GWAS studies
have identified several genetic polymorphisms associated with FMS development including
ones in TRPV2 gene (315), serotonin transporter (5-HTT) (316), catechol-O-methyltransferase
(COMT) (317) and serotonin 2A (5-HT2A) genes (318). It has been proposed that these
polymorphisms might contribute to increased pain severity and psychiatric symptoms seen in
FMS patients, however further studies are needed to understand their exact role in susceptibility

to FMS (312).

2.3.2 Pathogenesis of fibromyalgia

Fibromyalgia encompasses a wide range of symptoms and functional alterations in many

systems. Although the exact pathogenesis is still unknown and further complicated by many
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co-morbidities, it is thought to involve an interaction between central and peripheral

mechanisms.

2.3.2.1 Central pathologies in fibromyalgia

Several studies have implicated that abnormal central pain processing is the key mechanism of
FMS pathophysiology. Indeed, patients with FMS were reported to exhibit
allodynia/hyperalgesia in response to multiple somatosensory modalities including innocuous
cold, warmth or pressure pain (319). Additionally, their responses to painful stimuli are
characterized by increased temporal summation of second pain (also known as “wind-up”)
(320) and pain referral to larger areas (321), both reflecting increased excitability of spinal cord
neurons, a cardinal feature of central sensitization. Moreover, several behavioral studies have
shown that FMS patients have impaired descending pain inhibition associated with decreased
activation of rostral anterior cingulate cortex (rACC) and brainstem - brain regions which are
part of central pain regulatory system (322—-324). In addition, brain imaging studies indicate
that brain areas involved in pain inhibition display a less functional connectivity in FMS
patients, compared to healthy controls (325,326). Apart from functional disturbances, FMS is
shown to be associated with atrophy of gray matter in brain regions responsible for pain
processing. Although the morphological changes do not seem to correlate with pain symptoms,
they might be a precondition for central sensitization (327,328). FMS was also shown to be
associated with several neurochemical changes in the CNS, including increased levels of
glutamate and decreased levels of GABA in the insula and decreased number of p-opioid
receptor (MOR) in pain-processing structures like ACC (329-331). Moreover, factors involved
in pain transmission and central sensitization such as substance P (332), NGF (333) and BDNF

(334) were found to be elevated in patients’ cerebrospinal fluid (CSF).

In addition to neuronal alterations in FMS, overactivation of glia cells in the CNS was shown
to be involved in the pathophysiology of the disease due to its facilitatory role in central
sensitization. A recent study using positron emission tomography (PET) demonstrated
increased glia activation in the brain cortex of FMS patients, compared to healthy controls
(335). Researchers have measured the binding of translocator protein (TSPO), a protein widely
upregulated in the activated microglia and astrocytes (336) and reported that higher TSPO
signal in the brain correlates with fatigue in the studied FMS cohort. By measuring the levels
of monoaminoxidase-B (MAQO-B), protein specifically expressed in the astrocytes, researchers
suggested the predominant role of microglia in FMS pathology. Activated glia is thought to be

the source of elevated concentrations of pro-inflammatory cytokines in the CSF of FMS
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patients. Several studies demonstrated increased CSF levels of factors involved in neuroglia
signaling like IL-8 or fractalkine (337-339). Furthermore, rodent equivalent of IL-8 (CXCLI)
co-localizes with TSPO in glia cells and TSPO agonists modulate the expression of CXCL1
(340), supporting the hypothesis of TSPO-glia associated mechanisms in FMS.

2.3.2.2 Peripheral pathologies in fibromyalgia

Although FMS was traditionally thought to be a central pain disorder, increasing data show
that FMS patients also present with peripheral pathologies. Importantly, individuals with FMS
were reported to have a reduced number of intraepidermal nerve fibers in the skin, specifically
C-afferent fibers (341-343). This was shown to be associated with a more severe disease
phenotype and higher symptom load (344). Furthermore, using microneurography, it has been
demonstrated that mechano-insensitive C nociceptors (classified as silent nociceptors) in FMS
patients have an abnormally high slowing of conduction velocity and many of them respond to
mechanical stimulation and exhibit spontaneous activity (345). Researchers have suggested
that these pathological features seen in C-fibers are likely due to decreased axon diameter.
Indeed, an ultrastructural study of the skin innervation in FMS patients reported morphological
changes (termed “ballooning”) in the unmyelinating Schwann cells, which was associated with
a more peripheral localization of the axons within the Schwann cell sheath as well as smaller
axon diameter (346). Intriguingly, these abnormalities were, so far, not reported in any other

pain condition.

Individuals with FMS suffer from increased muscle fatigue and a low tolerance to exercise
(347). This clinical observation led to a hypothesis that FMS is associated with muscle
pathology. Although no signs of degeneration, regeneration or inflammation can be found in
FMS muscles, studies have shown that FMS is associated with lower capillary density in the
muscles (348), mitochondrial dysfunction (349) and lower oxygenation of the muscles (350).
Furthermore, microdialysis studies have shown increased interstitial levels of glutamate,
pyruvate and lactate levels in the muscles of FMS patients (351). Intriguingly, a 15-week
exercise intervention normalized these alterations and decreased pain intensity. Moreover,
decreased levels of ATP in the muscles (352), but also in skin (353) and peripheral blood
mononuclear cells (354) of FMS individuals were reported, pointing to global metabolic

alterations in FMS.
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2.3.2.3 Inflammation and immunity in fibromyalgia

An altered balance between pro- and anti-inflammatory cytokines is thought to play a role in
induction and maintenance of pain. Several studies have examined the systemic levels of
cytokines in patients with FMS, however results have been so far conflicting due to different
methods used to detect these factors. Systematic reviews performed by Ucelyer et al. and
Andrés-Rodriguez et al. have shown that FMS patients have higher serum and plasma levels
of IL-6, IL-8, IL-1Ra and IL-17A, compared to controls, but the levels of IL-13, TNF, IFNy or
IL-10 are not altered (355,356). Interestingly, the levels of anti-inflammatory cytokine 1L-4
were shown to be increased in FMS patients, probably as a counterbalance to increased levels
of IL-6 and IL-17A (357). More studies are needed to understand if these cytokines mediate

symptoms in FMS or rather could be used as symptom biomarkers in FMS.

The high comorbidity of FMS in other autoimmune disorders like SLE, RA or thyroid
autoimmunity as well as the precipitation of symptoms in response to infection highlights the
role of autoimmunity in the pathophysiology of the disease. More than twenty years ago several
independent studies have reported occurrence of various autoantibodies in the serum of FMS
patients. The most frequent autoantibody group found in FMS patients were the anti-nuclear
antibodies (ANA), which were consistently reported in several patient studies (358—362). Anti-
serotonin, anti-ganglioside and antiphospholipid antibodies were also shown to be higher in
patients with FMS as well as in patients with chronic fatigue syndrome (363,364). Intriguingly,
family members of these patients also had these antibodies strengthening the hypothesis of
genetic predisposition to the disease (364). Although researchers suggested an association
between autoantibodies and different FMS symptoms including cognitive dysfunction and
hypersomnia (362), the clinical relevance of the autoantibodies has not been established so far.
In Study IV we have provided evidence that IgG isolated from FMS patients recapitulates key
sensory, motor and anatomical features of FMS (mechanical and thermal hypersensitivity,
tenderness, decreased skin innervation and reduced activity) when injected into mice (365).
Importantly, we have demonstrated that FMS IgG binds SGCs and neurons in mouse and
human DRGs, which suggests that FMS patients indeed have autoreactive antibodies. Future
studies are needed to unravel the exact reactivities of the autoantibodies as well as the

underlying cellular and molecular mechanisms behind FMS IgG-induced sensitization.

2.3.3 Pain management in fibromyalgia

Fibromyalgia is a multidimensional disease and although patients share similar symptoms, they

require individualized treatment based on the associated conditions and the patients’ previous
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experiences (366). Although currently there is no cure for FMS, there is some evidence for
pain-reducing effects of centrally acting medications like antidepressants (duloxetine,
milnacipram) and anticonvulsants (pregabalin), but many FMS patients do not benefit from
these drugs (367). Opioids were shown to have very limited efficacy in FMS treatment (368).
Although patients have altered endogenous opioid signaling with decreased receptor
availability, high levels of opioids are found in their biological fluids, which is probably why
opioids are not effective. A combination of tramadol, a weak p-opioid receptor agonist with
mild serotonin-norepinephrine reuptake inhibitor (SNRI) activity, and paracetamol was shown
to improve the global quality of life, however tramadol alone had no benefit on treatment of
FMS symptoms, compared to placebo (369). The effects of pain treatment with classical
analgesic drugs like paracetamol and NSAIDs were so far disappointing (370), however they
can be used to treat concurrent disorders e.g. OA or RA (371). Despite a better understanding
of FMS pathogenesis and increasing number of pharmaceuticals available for FMS treatment,
pharmacological treatment alone often demonstrates insufficient symptom relief and thus
should be a part of multidisciplinary therapeutic approach (372). Exercise is recognized as an
important part of FMS management as both aerobic exercise as well as resistance training were
associated with significant improvement in pain and physical function (367). Additionally, in
association with exercise, cognitive behavioral therapy is strongly recommended especially in

patients who experience depression and anxiety along with FMS (373).

Our recent findings (Study IV) demonstrating that FMS might be, at least partially, mediated
by autoreactive antibodies provides an intriguing therapeutic opportunity. Confirming the role
of autoantibodies in FMS pathogenesis might allow for using therapies which reduce the total
titers of autoreactive IgG (plasmapheresis) or interfere with binding of the autoreactive
antibodies. Of note, a study done in 2008 has demonstrated that a short treatment with
intravenous immunoglobulin (IVIG) significantly improved pain, tenderness and strength
scores in FMS patients without inducing significant adverse effects (374), proving that

immunomodulating therapies could be of benefit in FMS.

2.4 SUMMARY

In conclusion, increasing evidence points to novel roles of autoantibodies in pronociceptive
processes in diverse conditions including rheumatoid arthritis and fibromyalgia. Although
symptoms like inflammation and joint destruction are satisfactorily managed in the clinic, pain
continues to be a problem for a significant percent of patients, pointing to inflammation-

independent mechanisms that drive hypersensitivity. Recent studies have demonstrated that
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autoantibodies can exert their pronociceptive functions through various mechanisms e.g. by
signaling at Fc receptors, binding self-reactive targets or recruiting complement. This thesis
provides further knowledge on the complex mechanisms through which RA- and FMS-
associated autoantibodies contribute to pain. Delineating the interactions between the immune
and sensory system will hopefully open new perspectives and lead to the identification of new
targets for development of novel analgesics and therapeutic strategies in painful autoimmune

conditions.
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Figure 5. Autoantibodies can cause hypersensitivity and pain through multiple mechanisms. Presence of IgG or
IgM autoantibodies in tissues like joint can stimulate the complement system and lead to inflammation. At the
level of DRG or its nerve terminal, IgGs in immune complex can activate neuronally-expressed FcyRs resulting
in neuronal activation. Autoantibodies can also disrupt the activity of voltage gated ion channels (VGKC) located
on the axons leading to disturbed hyperpolarizing currents which in consequence increase action potential firing
and cause pain. Reprinted with permission and adapted from Lacagnina et al. 2021.
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3 RESEARCH AIMS

This thesis has the overall aim to explore the mechanisms through which autoantibodies drive
persistent pain in conditions like rheumatoid arthritis and fibromyalgia, and to challenge the

classical view that autoantibodies induce pain solely by initiating inflammatory processes.
Thus, the specific aims of this thesis are:

Study I: To examine the contribution of osteoclast activity to mechanical hypersensitivity

induced by a combination of two RA patient-derived monoclonal autoantibodies

Study II: To explore the mechanisms through which a single monoclonal osteoclast-activating

anti-citrullinated protein antibody (ACPA) induces pain-like behavior in mice

Study III: To investigate the pronociceptive properties of a monoclonal AMPA, which lacks

osteoclast-activating characteristics

Study IV: To understand if autoreactive IgGs are responsible for key symptoms of

fibromyalgia and to scrutinize the mechanisms behind their pronociceptive properties in mice
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4 MATERIALS AND METHODS

4.1 PATIENTS

Synovial fluid and serum collection for Study I — I'V were done under the approval from the
regional ethics committees (Sweden and UK). Samples from patients were collected following
written informed consent. Patients with RA fulfilled RA criteria as defined by the American
College of Rheumatology 1987. Fibromyalgia syndrome (FMS) patients fulfilled both 1990
and 2011 ACR diagnostic criteria for FMS and were unaffected by other sensory, autoimmune
or theumatological conditions. Human DRG was collected from a 53-year-old female donor
(without a history of chronic pain, who died from head trauma), following consent from the

family and under the approval of McGill University Health Centre Review Board.
4.2 ANIMAL MODELS

4.21 Animals

All animal procedures were approved by the local ethical committees for animal research in
Sweden (Stockholm Norra Djurforsoksetiska ndmnd), France (Comité Régional d’éthique en
matiere d’expérimentation animale Auvergne) and UK (King’s College London Animal
Welfare and Ethical Review Body under a UK Home Office Project License). All work was
done in agreement with the Animal Research Reporting of /n Vivo Experiments (ARRIVE),
IASP Guidelines as well as the UK Home Office Animal Procedures 1986 Act. Mice were
housed in standard cages (3-5 per cage) in a temperature-controlled room with a 12-hour

light/dark cycle, with food and water ad libitum.

Different mouse strains were used for the work in this thesis. For Study I female BALB/c (10-
12 weeks old) mice were purchased from Janvier labs (Le Genest-Saint-Isle, France) or Charles
River (Freiberg, Germany). C57BL/6J WT-littermates and ASIC3 knock-out female mice were
bred in University Clermont Auvergne Medical School animal facility (France) and housed as
described above. For APETx2 pharmacological experiment, C57BL/6J female mice were
purchased from Janvier labs (Le Genest-Saint-Isle, France). For Study II and III male and
female BALB/c (10-12 weeks) from Janvier labs were used. Additionally in Study III male
and female BALB/c WT and FcRy ~ mice (lacking the activating receptors FcyRI, 11, and
IV), which originated from the same breeding line, were maintained as homozygous mice in
parallel and bred at the Comparative Medicine Biomedicum, Karolinska Institutet. C57Bl/6

male and female mice used for flow cytometry experiments were bred and maintained at the
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animal facility of University Medical Center Utrecht. Study IV used C57BL/6J (8-10 weeks
old) female mice purchased from Envigo UK Ltd and BALB/c (16 weeks old) female mice

from Janvier labs.

4.2.2 Antibodies

4.2.2.1 Monoclonal IgG from RA patients

Monoclonal Abs (mAbs) used in Studies I-I1I were isolated from synovial fluid samples drawn
from knee joints of RA patients who attended the Rheumatology clinic at Karolinska University
Hospital and fulfilled RA criteria as defined by the American College of Rheumatology 1987.
Monoclonal Abs were isolated from single memory B cells or antibody secreting cells and
expressed as recombinant IgG1, as previously described (232,238,375). All IgGs underwent
extensive quality control testing including specificity evaluation, size exclusion
chromatography aggregation test and endotoxin test (<I0OEU/mg IgG). Murine chimera
antibody of the human monoclonal 1325:04C03 was generated by replacing the human gamma
and lambda/kappa constant regions with the murine IgGG2a constant regions. 1325:01B02 mAb
used in Study I is negative for reactivity towards all screened citrulline and arginine-containing
peptides but does not show polyreactivity or general non-specific reactivity. Although it was
previously shown to have functional activity and osteoclast binding (229) it is currently not
known which epitopes 1325:01B02 mADb binds to. 1325:01B09 mAb used in Study I and IIT
is classified as an anti-modified protein antibody (AMPA) as it binds to citrullinated, acetylated
and carbamylated peptides. 1325:04C03 mAb used in Study II binds to citrullinated and
carbamylated vimentin. Control mAbs used in Studies I-IIT (1276:01G09, 1362:01E02, and
MGO53:0110) have no detectable reactivity.

Each mAb was injected intravenously alone at a dose of 2 mg/mouse or in combination
(B02/B09) 1 mg/each mAb per mouse. Intra-articular injections were done with human
1325:01B09, 1325:04C03 and 1276:01G09 mAbs at a dose of 2.5 pg/joint in a 2.5 pul PBS

volume.

4.2.2.2 Anti-collagen type Il antibodies

For Study I, the collagen antibody-induced arthritis (CAIA) model was used. BALB/c female
mice were injected i.v. with anti-collagen type II (CII) arthritogenic cocktail (1.5 mg/mouse,
Chondrex) on day 0. Lipopolysaccharide (LPS, 25 pg/mouse, Chondrex) was injected

intraperitoneally (i.p.) on day 5 to synchronize the onset of joint inflammation. Control group
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received saline solution i.v. on day 0 and i.p. on day 5. Mice were sacrificed 16 days post

CAIA-induction at the peak of inflammation.

4.2.2.3 IgG from fibromyalgia patients

Serum IgG was purified from patients with fibromyalgia (FMS) and healthy controls (HC).
Sera for pooled sample testing were purified using HiTrap Protein G HP columns (GE
Healthcare), eluted with 0.1 M glycine/HCI pH 2.7, and the pH adjusted to 7.4 with 1 M Tris
pH 9; consequently, samples were dialyzed against PBS, concentration adjusted, stored at
—20°C, and later thawed, pooled, and concentration-adapted using PBS-prewet concentration
columns (Pall Corporation, Macrosep, 10K). Concentration measurements were performed
using Nanodrop 2000 (ThermoFischer Scientific). The concentration of IgG-depleted sera
(flow-through), which served as an additional control for FMS and HC IgG, was adapted before
injection. Mice were injected i.p. with 8 mg of pooled FMS or HC IgG.

4.2.3 Drugs and drug delivery

4.2.3.1 Analgesics

For Studies I-III several different pain-relieving drugs with distinct mechanisms of action
were used. Naproxen (50 mg/kg, Sigma), a non-selective, non-steroidal anti-inflammatory drug
(NSAID) was administered as a single i.p. injection (Study II) or in repeated i.p./s.c. injections
(Study I and III respectively) on three consecutive days post-antibody injection. Diclofenac
(30 mg/kg, EliLily), a selective COX-2 inhibitor was administered as a single i.p. injection in
Study II and III. Paracetamol (200 mg/kg), an analgesic and anti-pyretic was administered in
Study I in a single ip. injection. Two opioids, morphine (3 mg/kg, Sigma, s.c.) and
buprenorphine (0.1 mg/kg, Sigma, i.p.) were given in a single bolus injection in Study I and
IL, III respectively. Gabapentin (50 mg/kg, Teva), an anticonvulsant with analgesic properties,

used for treatment of neuropathic pain, was administered in a single i.p. injection in Study II.

4.2.3.2 Osteoclast inhibitors

Two osteoclast-inhibitors, zoledronate and tanshinone II A sulfonic sodium (T06) were tested
for this thesis. Zoledronate is a nitrogen-containing bisphosphonate, which leads to osteoclast
apoptosis and prevents bone mineral dissolution and matrix digestion. It is used in the clinic
for treatment of osteoporosis, Paget’s disease, osteogenesis imperfecta and bone malignancies
(376). For Study I and II zoledronate (100 mg/kg, Sigma) was administered i.p. every 3 days

and saline was used as vehicle control. T06 (kindly provided by Dr. Dieter Bromme) is a
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derivative of natural component of Salvia miltiorrhiza, a herb commonly used in traditional
Chinese medicine as an anti-osteoporotic compound (377). It selectively binds to ectosteric site
of cathepsin K and prevents osteoclasts from degrading collagen (378). T06 was given by oral
gavage in a 100 pl per 10 g body weight volume, every day for the whole duration of the
experiment (Study I).

4.2.3.3 ASIC3 inhibitor

APETxX2 is a peptide toxin isolated from a sea anemone Anthopleura elegantissima that
selectively blocks ASIC3 homomeric and heteromeric channels, and has no effect on other
ASIC channels (379). In Study I, APETx2 (Alomone Labs, 20 umol in 10 pl saline) was
injected intra-articularly (i.a.) into the ipsilateral ankle joint. The contralateral paw, injected

with saline, was used as an internal control.

4.2.3.4 V-ATPase inhibitor

Bafilomycin A1l is a selective V-ATPase inhibitor, which prevents osteoclasts from secreting
protons and subsequently attenuates acidification (380). In Study I, BafAl (Abcam, 25 ng/kg)
was administered s.c. daily for 5 days. Vehicle (0.01% DMSO in PBS) or 1362:01E02 mAb

were used as controls.

4.2.3.5 CXCRI/2 antagonist

Reparixin L-lysine salt is a non-competitive allosteric inhibitor of CXCR1/2 that prevents
receptor signaling by modifying its conformation (381). In Study II, mice were treated with
s.c. injections of reparixin (MedChem Express), twice a day (30 mg/kg/day, in 100 pul volume)

for 6 consecutive days. Mice injected with saline served as controls.

4.2.3.6 Anti-NGF monoclonal antibody

MEDI-578 is a monoclonal antibody, kindly provided by Medlmmune, which binds nerve
growth factor (NGF) and prevents it from signaling onto its receptors. In Study II, MEDI-578
(3 mg/kg) was administered by s.c. injections every 6 days and PBS was used as vehicle

control.

4.2.4 Arthritis score

The degree of joint inflammation in the fore and hind paws was assessed daily by a blinded

researcher, as previously described (382). A score of 1 point was given for each inflamed toe
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or knuckle, and if the ankle/wrist was inflamed, 2.5 or 5 points were given, resulting in a

maximum arthritis score of 15 points per paw and 60 points per mouse.

4.2.5 Assessment of pain-like behavior

In Studies I-I'V mechanical and/or cold hypersensitivity were assessed as a measure of evoked
pain-like behaviors. Additionally, in Study IV mice were subjected to paw pressure test and
grip strength test (performed by co-authors) and their locomotion was monitored. Before any
nociceptive testing, mice were acclimatized to the experimental room for 10-15 min. Animals

were randomized between cages and the experimenters were blinded to the treatment groups.

4.2.5.1 Mechanical hypersensitivity

Paw mechanical hypersensitivity in the hind paws was assessed using von Frey OptiHair
filaments (Marstock) in Studies I-IV. Before each baseline testing (3-5 measurements) mice
were habituated to the experimental environment (single plexiglass cubicles placed on mesh
platform). On the indicated testing days, they were acclimatized to the testing apparatus for 30-
60 min prior to the measurements. Filaments with logarithmically incremental stiffness of 0.5,
1,2,4,8, 16,32 mN (converted to 0.051g, 0.102g, 0.204g, 0.408g, 0.815¢g, 1.63g and 3.26¢g
respectively) were applied to the plantar surface of the paw and held for 2-3 seconds until a
brisk withdrawal of the paw was observed. A cutoff of 4 g was applied in order to avoid tissue
damage. The filaments were applied on the right and left hind paw alternatively, with a 5 min
interval between stimuli. The Dixon up-down method (383) was used to calculate the 50%
withdrawal thresholds (the thresholds at which there was a 50% probability of paw
withdrawal). Experiments done by collaborators in University Clermont-Auvergne (France)
were performed using Bioseb filaments (0.02, 0.04, 0.07, 0.16, 0.4, 0.6, 1.0, 1.4g), which is
reflected in the different y-axis values, however all calculations and testing were done in a
similar fashion. Data is presented in grams or as percentage change to individual baseline
values. For certain experiments mechanical hypersensitivity is presented as hyperalgesic index
(HI), which is calculated from the area between extrapolated baseline and the time-response
curve following certain treatment. Increasing HI index reflects increasing mechanical

hypersensitivity.

4.2.5.2 Cold allodynia

Cold thermal sensitivity was assessed using acetone drop method (384) in Study II and III.
Mice were placed in the same testing device as used for detection of mechanical

hypersensitivity. After habituation, a 1 ml syringe was used to gently apply a drop of acetone
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to the plantar surface of the hind paw and the duration of the nocifensive behavior (lifting,
shaking, biting, rubbing, and licking the paw) was recorded. Absence or delay of these
responses was considered as anti-nociceptive effect. The test was repeated three times on each

paw and the average was calculated.

4.2.5.3 Locomotion

In Study IV locomotor activity was assessed using Comprehensive Lab Animal Monitoring
System (CLAMS, Columbus Instruments) cages for 48 h. Mice were single-housed and
habituated to the cages for 24 h. The locomotion of the mouse in x-y plane was assessed by
automated recording of the beam breaks (counts) in 20 min bins over a 24 h period. The night

phase (peak activity phase) was further subdivided in to 4 h bins from 18:00—6:00 hours.

4.2.5.4 Randall-Selitto pressure test

Randall-Selitto test was performed using Analgesy-Meter (Ugo-Basile) to measure the
nociceptive withdrawal thresholds of the paw, in Study IV. Briefly, mouse was lightly
immobilized and a constant, increasing mechanical force was applied to the dorsal surface of
the paw using a blunt, conical probe, until a withdrawal response was observed. The maximum
force applied was limited to 150 g to avoid tissue damage. Similarly, a thigh-pressure test was
performed where increasing pressure was applied to the inner thigh of the mouse. The force in

grams at which the mouse withdrew its leg was noted as nociceptive threshold.

4.2.5.5 Grip strength test

Forelimb grip strength test was performed in Study IV using a grip strength meter (Ugo Basile)
positioned horizontally to the mouse. Animals were habituated to the apparatus twice before
the start of the study. Mice were held by the base of the tail and allowed to grab the horizontal
bar with their front paws, and then pulled backwards. The measurement of maximum force
applied is given once the grip is released. Each mouse was tested at least 2 times and a mean

force value was used.

4.2.6 Ethical considerations

My PhD project is solidly based in animal research and would not be possible without the use
of laboratory mice. Thus, all the work included in this thesis has been approved by ethical
committees and has complied with the ARRIVE and IASP guidelines previously mentioned.
The Russell and Burch 3R principle (Replacement, Reduction, Refinement) of humane

experimental technique has been thoroughly discussed and implemented in my PhD work.
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Replacement: Despite our will to replace the use of animals with other research assays, it has
been impossible for this particular thesis work. Although significant effort has been put in our
group to find an in vitro replacement system for the use of animals for primary cell culture, we
were unsuccessful in creating a cell line that could mimic the physiological properties of

sensory neurons derived from animals.

Reduction: During planning of each animal experiment substantial amount of time was spent
discussing the relevance of the research questions, outcomes and the number of animals that
would provide statistically significant answers. The general rule applied to this thesis work was
that no more than 10 mice should be used per experimental group. However, if this number
was not enough to detect small changes in experimental parameters more mice were included,
following a discussion whether it was ethically justified and if it will help us further develop
our understanding of studied pain mechanisms. Additionally, extraordinary measures were
taken to fully use and/or reuse the tissues collected from each mouse, thereby reducing the

number of animals needed.

Furthermore, our lab focuses on the translational aspects of chronic pain research and we have
collaborated with clinicians from the rheumatology and pain fields, with the belief that animal
research should be done in disease-relevant models. Over the last decades several pain models
have been developed, however many of them failed in the process of translating the findings
to the clinic. Although, no single animal model will recapitulate all aspects of human
pathology, using clinically informed models has a greater chance of identifying novel
therapeutics. Important to note is that by conducting research in well-characterized, disease-
relevant models we can reduce the number of laboratory animals and focus our efforts on
disease-specific experimental studies and, by that, make the most out of the unfortunately

inevitable animal research.

Refinement: Carrying out behavioral experiments requires a good understanding and firm
control over the general wellbeing of the animals. Throughout this thesis work, it has been
extremely important to maintain close contact with the animal technicians and veterinarians to
communicate the needs and concerns arounds animal welfare. Furthermore, in order to reduce
stress among animals, enriched environment and stable living conditions were constantly
monitored. Moreover, once the study started, researchers closely followed the veterinary
guidelines and sacrificed the animals as soon as they have reached humane endpoints to
minimize their suffering. Additionally, all the behavioral tests that were used allowed the

animals to withdraw from the painful stimulus as soon as they perceived it as uncomfortable.
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With this approach we have minimized the pain to a level necessary only for the induction of

the disease model.
4.3 CELL CULTURE

4.3.1 Mouse osteoclast culture

For Study I primary osteoclast cultures were generated from mononuclear hematopoietic cell
population isolated from mouse tibial and femoral bones. Following isolation, cells were
centrifuged at 300g for 5 min and resuspended in Eagle’s Minimum Essential Medium (a-
MEM, Life Technologies) supplemented with 10% fetal bovine serum (FBS, Sigma Aldrich),
50 U/ml penicillin and 50 pg/ml streptomycin and seeded onto a T75 flask. Cells were
incubated at 37°C and 5% CO2 overnight to allow adherence of stromal cells. Next day, non-
adherent cells were removed and harvested by centrifugation for 7 min at 300g. Finally, cells
were resuspended in (a-MEM) supplemented with 30 ng/ml macrophage colony - stimulating
factor (M-CSF, R&D Systems) and 50 ng/ml receptor activator of nuclear-kappa B ligand
(RANKL, R&D Systems) and seeded onto 96-well plate at density 10° cells/ml and cultured
for 5 days at 37°C and 5% CO2. Human antibodies (1103:01B02, 1325:01B09 and
1276:01G09) were added to the culture at a concentration of 5 pg/ml on the day of seeding and
on day 4, during media change. At the end of experiment (day 5) cells were fixed with 4%
paraformaldehyde (PFA), washed with 0.01M PBS and TRAP stained using leukocyte acid
phosphatase kit (Sigma-Aldrich). The number of multinucleated cells (1-3, 3-9, >9 nuclei) were
counted and averaged for each condition (5 wells/condition). Observations have been repeated

in three independent experiments.

4.3.2 Human osteoclast culture

For Study II, CD14" monocytes were purified from anonymous female donors (n=3, age >50)
by centrifugation through Ficoll-paque (GE Healthare) and subsequently isolated by
immunomagnetic separation following the procedure previously described (385,386). Briefly,
CD14+ cells were purified using BD IMag Anti-Human CD14 Magnetic Particles — DM (BD
Biosciences) and seeded at a density of 5 x 10° per T75 flask in a-MEM culture medium,
following differentiation into mature osteoclasts over 9 days with 25 ng/mL M-CSF and 25
ng/mL RANKL. Osteoclasts were considered mature when the number of nuclei per cell was

between 4-8.
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Mature osteoclasts were harvested by accutase treatment and resuspended in culture media with
25 ng/mL M-CSF and 25 ng/mL RANKL. The viability of detached cells was monitored with
trypan blue staining prior to reseeding. Resuspended cells were seeded in 96-well plates on 0.4
mm thick bovine cortical bone slices at a density of 50,000 cells per bone slice. After 60 min
incubation at 37°C and 5% CO2 in a humidified atmosphere, the vehicle control (PBS) or
human 1325:04C03 (1 pg/ml) were added to the mature osteoclasts. Five replicates were
prepared per condition. Treated cells were incubated for three days at 37°C and 5% CO2. After
incubation, conditioned media from each well was stored at — 20°C. Resorption was visualized
with toluidine blue staining as previously described (387) and analyzed by light microscopy to
determine the percentage of eroded surface and the number of resorption events. All

quantifications were performed blinded.

Conditioned supernatant (20 pl) was mixed with 80 pul TRACP solution buffer (1 M acetate,
0.5% Triton X-100, 1 M NaCl, 10 mM EDTA (pH=5.5), 8.8 mg/mL L-ascorbic acid, 46
mg/mL disodium tartrate and 18 mg/mL 4-nitrophenylphosphate) and incubated at 37°C for 15
min. The reaction was stopped with 0.3 N NaOH and measured by fluorescence intensity using

a microplate reader at an excitation and emission wavelength of 400/645 nm.

4.3.3 Osteoblast culture

For Study II, human osteosarcoma cells (Saos-2, Merck), which display osteoblastic features,
were resuscitated according to the manufacturer’s instructions and cultured for 2 passages in
basic culture medium (McCoy’s SA Medium, Sigma), supplemented with 10% FBS (Gibco)
and 100 U/mL Penicillin-Streptomycin (Gibco), in 3 T75 flasks (Sarstedt). Cells were
harvested by removing the medium, washing once with 1X PBS and incubating for 5 min with
3 mL Trypsin-EDTA (Sigma) solution to facilitate detaching. Trypsinization was stopped by
adding 5 mL basic culture medium to the detached cells. The cell suspensions were pooled in
a 50 mL falcon tube and centrifuged at 4 °C and 300 RCF for 5 min. Cells were resuspended
in 8 mL of medium, counted using a Burker-Turk deep hemocytometer and seeded into 24-
well plate or 8-well chamber slide. After reaching confluency Saos-2 cells were differentiated
towards an osteoblast phenotype by replacing the basic medium with osteoblast medium
supplemented with 100 nmol/L Dexamethasone, 50 pumol/L 2-Phospho-L-ascorbic acid
trisodium salt and 10 umol/L B- Glycerol phosphate disodium salt pentahydrate (all from
Sigma), every 2 days. On day 7 or 21 of osteogenic differentiation cells were stimulated for 24
h with different stimuli (see Study II). The next day the supernatant was collected and stored
at -80°C until analysis.
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4.3.4 Mouse macrophage culture

For Study III, primary macrophage culture was generated from bone marrow cells isolated
from mouse tibia and femur. Cells were cultured in low adherence flasks in DMEM
(ThermoFischer) complemented with 10% FBS, 2 mM GlutaMAX (ThermoFischer), 50 U/mL
penicillin, 50 pg/mL streptomycin, and 10 ng/mL M-CSF in a humidified incubator at 37°C
with 5% CO02. Upon reaching 70-85% confluency, cells were dissociated and seeded onto 8-
well Nunc™ Lab-Tek™ II CC2 chamber slide (ThermoScientific) at a concentration of
1x10°/mL and placed in the incubator overnight. After 24 h of incubation, cells were stimulated
with 100 pg/mL of human 1325:01B09 or 1276:01G09 for 1 h in starved (0.1% FBS) or non-
starved conditions (10% FBS).

4.3.5 Human macrophage culture

For Study II, mononuclear cells were isolated from buffy coats of healthy blood donors by
Ficoll centrifugation (GE Healthcare), which was followed by monocyte separation using anti-
CD14—conjugated microbeads. Monocytes were cultured at a concentration of 5 x 10° cells/ml
in DMEM supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin and 2 mM L-glutamine (all from Sigma Aldrich) in the presence of 25 ng/ml M-
CSF (Peprotech), with new medium (50%) and cytokines added at day 3. After 3 days, cells
were stimulated with DMEM supplemented with mAbs, chemokines or lipopolysaccharide
(LPS) for 24 h (see Study II). Next day, the supernatant was collected and stored at -80°C until

analysis.

4.3.6 Fibroblast-like synoviocytes culture

Human fibroblast-like synoviocytes were isolated from synovial tissues (obtained from knee
or hip orthopedic surgery) through enzymatic digestion using 4 mg/ml Collagenase A and 0.1
mg/ml DNase I (Roche). The dissociated cells were cultured in DMEM complemented with
10% heat-inactivated FBS, 100 U/mL penicillin, 100 pg/mL streptomycin and 2 mM L-
glutamine. Non-adherent cells were removed after overnight incubation and new medium was
added. The cells were detached with Trypsin/EDTA (Sigma Aldrich) and split into new
medium 1:2 when reaching approximately 80% confluence. Cells from passage 11 were used
in the experiments. Cells were resuspended in DMEM supplemented with 10% FBS, 100 U/mL
penicillin, 100 pg/mL streptomycin and 2 mM L-glutamine and seeded at a density of 5 x 10*
cells per well in a 96-well plate. Two days later when cells reached 80% confluence, half of

the plate was starved for 2 h by replacing the medium with DMEM without supplements. Next,
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cells were stimulated for 24 hours with medium containing several stimulants (see Study II for

details). After 24 hours, the supernatant was collected and stored at -80 °C until analysis.

4.3.7 Neutrophil culture

For Study I, neutrophil granulocytes were isolated at room temperature from peripheral blood
of healthy individuals using dextran sedimentation and Ficoll-density gradient centrifugation,
followed by lysis of red blood cells in 0.2% NaCl solution. The remaining cells were filtered
through 70 mm cell-strainer, washed 3 times in PBS, and resuspended in RPMI-1640 medium
supplemented with glutamine and 2% FBS at a concentration of 5x10° cells/mL. Cells were
seeded in a 96-well plate (5 x 10° cells/well) and incubated for 24 h with mAbs, recombinant
human IL-8 or a calcium ionophore (see Study II for details). Next day, supernatant was

collected and stored at -80 °C until analysis.

4.3.8 Dorsal root ganglia (DRG) culture

For Study III and IV primary neuronal and satellite glial cell (SGC) enriched/ neuron-depleted
cultures were generated. Briefly, C1-L6 mouse DRGs were dissected and kept in cold PBS
until enzymatic digestion using papain (Worthington, 0.8 mg/mL; 30 min at 37°C) followed
by collagenase I (Worthington, 12 mg/mL) and dispase II (Sigma Aldrich, 14 mg/mL; 30 min
at 37°C). Cells were then gently triturated to form a single-cell suspension in Ham’s F-12
Nutrient Mixture medium (Gibco) supplemented with 10% FBS, 50 U/mL penicillin and 50
pg/mL streptomycin (all from Gibco). SGC-enriched/neuron-depleted cultures were obtained
by seeding the cell suspension onto uncoated glass Nunc™ Lab-Tek™ chamber slides and
removing the media with nonadherent cells (including neurons) 1.5 h post-seeding. DRG
cultures for neuronal staining were seeded onto 8-well Nunc™ Lab-Tek™ II CC2 chamber
slides (ThermoScientific). Cells were maintained at 37°C in 5% CO2 atmosphere and allowed
to recover for approximately 20 h before ICC. In order to stain the cells in non-permeabilized
conditions, cells were washed and stimulated with 100 pg/mL of human 1325:01B09 or
1276:01G09 IgG in media containing 10% FBS and 50 U/mL penicillin, 50 pg/mL

streptomycin for 3 h in humidified incubator.

4.3.9 Electrophysiology and calcium imaging

Electrophysiology and calcium imaging experiments for both Study I and IV were performed
by co-authors of the papers and will be only shortly described below. The outcomes of these
experiments will not be discussed in detail in this thesis, for more information please see Study

Iand IV.
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For Study I patch clamp recording was performed in HEK293 cells transfected with ASIC3,
to investigate if B02/B09 antibodies can directly activate and/or potentiate ASIC3 currents.

Electrophysiological recordings from skin-nerve preparations were performed for Study IV in
order to examine if IgG from fibromyalgia patients sensitizes peripheral nociceptors.
Furthermore, calcium imaging on DRG neurons was performed to assess if FMS IgG directly

activates sensory neurons.

4.4 IMAGING ANALYSES

441 2-DeoxyGlucosone 750 imaging

For Study I glucose uptake as a surrogate of inflammation was measured in vivo using IVIS
spectrum imaging system (Perkin Elmer). Mice were injected i.v. with 10 nmol/100 pl of
XenoLight RedlJect 2-deoxyglucosone (DG)-750 (Perkin Elmer), a fluorescent probe that
specifically accumulates in regions with enhanced glucose uptake. Three hours later imaging
was performed under isoflurane anesthesia and using ex/em = 745/820 nm bandpass filter.
Quantification analysis was performed with Living Image Software using ROI delineated on
hind paws (ankle joint). Results are presented as the average of both hind paws of total counts
of radiance efficiency (radiance (photons per second per square centimeter per steradian) per

incident excitation power (microwatt per square cm)).

4.4.2 Cathepsin K imaging

For Study I and II bone remodeling was assessed using cathepsin K in vivo imaging. Mice
were injected i.v. with 2 nmol/100 pl Cat K 680 FAST™ (Perkin Elmer) fluorescent imaging
agent, which localizes to the sites of increased bone resorption and osteoclast activity. Six hours
later, image acquisition was performed using IVIS spectrum imaging system (Perkin Elmer)
under isoflurane anesthesia, using ex/em=675/720 nm bandpass filter. Quantification was

performed as described form 2-DG imaging.

4.4.3 Scintigraphic imaging

To evaluate bone and cartilage remodeling in Study I, in vivo scintigraphic imaging was
performed. Mice were i.v. injected with either 25 MBq of ™Tc-NTP 15-5 to visualize cartilage
or with 10 MBq of *™Tc-HMDP to visualize bone. Imaging was performed under isoflurane
anesthesia 30 min post *"Tc-NTP 15-5 injection and 2.5 hours post *"Tc-HMDP injection

using gamma imager for small animals (yImager, Biospace). Quantitative analysis of both
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scintigrams was performed with Gammavision+, with ROIs delineated over the hind paws.

Results are presented as the average of both hind paws of the total counts in cpm in the ROI.

4.4.4 Micro-computer tomography imaging

For Study I and II bone erosion was evaluated using micro-computer tomography imaging
(micro-CT). Prior to imaging, hind legs were harvested from euthanized mice, post-fixed in
4% PFA for 48 h and stored in 0.01 M PBS until use. Proximal tibia, calcaneus and thalus were
scanned using Skyscan 1272 system (Bruker) at a 10 um voxel size, 60 kVp, 166 pA and
integration time 627 ms. Images were reconstructed using NRecon software (Bruker) and
analyzed using CT analyzer program (Bruker). The parameters used for the trabecular bone
were: bone mineral density (BMD), trabecular bone volume ratio (BV/TV), trabecular
separation (Tb.Sp), trabecular number (Tb.N). Finally for cortical bone, cortical thickness
(Ct.Th) was obtained.

4.5 HISTOLOGICAL AND MOLECULAR ANALYSES

4.5.1 Joint histology

For Study I and II, hind ankle joints were post-fixed in 4% PFA for 48 h. Next, tissues were
decalcified in 10% EDTA for 4-5 weeks, dehydrated in ethanol and embedded in paraffin.
Sagittal sections (5 um) were cut and stained with hematoxylin and eosin and scored by two
blinded investigators on a scale from 0-3, where 0 is normal and 3 is severe synovitis, bone

erosion, and/or cartilage destruction.

4.5.2 Immunohistochemistry

For Study I, I1, IV mice were terminally anesthetized and perfused transcardially with saline
followed by 4% PFA. Lumbar DRGs (L3-L5) and hind paw glabrous skin (Study IV) were
collected, post-fixed in PFA for 24 h, cryoprotected in 20 or 30% sucrose in 0.01 M PBS for
48 h at 4°C and then embedded in freezing tissue medium (OCT). Tissue was sectioned with

CryoStar NX70 cryostat and mounted onto SuperFrost Plus slides.

For Study I, transverse sections (12 pm) were cut on cryostat and dried for 30 min at room
temperature (RT) before staining. Following 3 washes in PBS, sections were blocked with PBS
containing 0.2% Triton X-100 and 1% bovine serum albumin (BSA). Slides were then
incubated overnight at RT in a humid chamber with primary antibodies diluted in PBS + 0.2%
Triton X-100 and 1% BSA (listed in the Table 1). Next day, after 5 washes with PBS, sections
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were incubated with appropriate secondary antibodies for 2 h, at RT. Finally, sections were
washed in PBS and cover slipped with fluorescent mounting medium. Negative control
sections were stained only with secondary antibody and subjected to the same experimental

conditions.

For Study 11, tissue was sectioned at a thickness of 15 um and dried before staining. Slides
were blocked with 0.01M PBS supplemented with 3% normal goat serum (NGS) and 0.3%
Triton X-100 for 1 h and then incubated overnight with human 1325:04C03 hIgGl,
1325:01B09 hIgG1 and 1276:01G09 hlgGl1 antibodies (see Table 1) and primary anti-GS
antibody diluted in PBS with 1% NGS and 0.1% Triton X-100. Next day slides were washed
and incubated with fluorescently conjugated antibodies against human IgG and appropriate
secondary antibodies for 1.5 hours at RT. Following washing, slides were incubated with
NeuroTrace 640/660 Deep-Red Fluorescent Nissl Stain (1:200) for 20 min, washed and
counterstained with DAPI for 10 min (1:10.000). Finally, slides were washed, and cover

slipped with ProLong Gold mounting media.

For Study IV, lumbar DRGs and glabrous skin were sectioned at a thickness of 10 um. Slides
were blocked with PBS supplemented with 0.3% Triton X-100 and 3% NGS or donkey serum,
depending on the secondary antibody, followed by incubation with primary antibodies diluted
in PBS with 0.1% Triton X-100 and 1% serum. For colocalization studies of human IgG with
various cell-type markers the primary antibodies against the cell-type markers were first added,
and then following washing, the anti-human IgG antibody was co-incubated with the
secondary antibodies against the cell-type marker primary antibodies. Following washing, the
slides were incubated with DAPI (1:20.000), washed again, and then cover slipped with

Prolong Gold mounting media.

For Study IV a human DRG was collected, flash frozen and stored at -80°C until use. Tissue
was sectioned at a thickness of 14 pm, fixed for 30 min with cold 4% PFA, washed and blocked
with PBS supplemented with 0.3% Triton X-100 and 3% NGS for 1 h. Next, tissue was
incubated overnight with 100 pg/ml unconjugated anti-human IgG Fab fragments. Following
washing, slides were incubated overnight with pooled FMS or HC IgG (15 pg/ml) diluted in
PBS with 1% NGS and 1% Triton X-100. Next day slides were incubated with appropriate
secondary antibodies for 2 h. Primary antibodies against NF200 and GFAP were applied for
2 h, following incubation with secondary antibodies, washing, and incubating with DAPI

(1:10.000). Finally, slides were cover slipped with Prolong Gold mounting media.

44



Table 1. List of antibodies used for IHC

Primary Ab Tissue Dilution ~ Vendor/catalog Study
Guinea pig anti-ASIC3 L3-L5DRG  1:200 Merck, #AB5927 I

Rabbit anti-GS L3-L5 DRG  1:500 Abcam, #ab73593 1L, IL, IV
Rabbit anti-Iba-1 L3-L5 DRG  1:500 Wako, #019-19741 v
Rabbit anti-GFAP L3-L5 DRG  1:500 Milipore, #Mab360 v
Chicken anti-NF200 Human DRG  1:500 Neuromics, #CH22104 v
Rabbit anti-PGP 9.5 Skin 1:2000 Cedarlane, #CL7756AP v

Rat anti-CD31 L3-L5 DRG  1:500 BD Pharmigen, #Ab739 v

Goat anti-TrkA L3-L5 DRG  1:100 R&D Biosystems, #AF5479 IV
Human G09/C03/B09 mAbs L3-L5DRG 5 pg/ml - I

4.5.3 Immunocytochemistry

For Study III, immunocytochemistry (ICC) was performed on macrophage and DRG/SGC
primary cell cultures. Cells were live incubated in humid incubator with human B09 and G09
mAbs for 3 h. After incubation with antibodies, cells were washed 2x with 0.01 M PBS, fixed
with 4% PFA for 10 min, washed and blocked for 20 min with solution containing 5% NGS in
PBS. Neurons and SGC were visualized by staining with anti-PGP 9.5 and anti-GS and
macrophages with anti-Iba-1 primary antibodies, respectively. Following incubation with
primary antibodies, cells were washed and incubated with fluorescently conjugated antibodies
against human IgG and appropriate secondary antibodies for 1.5 h, at RT. Next, cells were
washed and incubated with DAPI for 10 min (1:5000), washed again and cover slipped with

Prolong Gold mounting media.

For Study IV, DRG/SGC primary cell cultures were live incubated with fibromyalgia (FMS)
or healthy control (HC) pooled IgG diluted in media with 10% FBS and 1x Penicilin-
Streptomycin, for 3 h. Cell were then washed with PBS, fixed with 4% PFA for 10 min, washed
and blocked with PBS supplemented with 5% NGS. SGCs and neurons were visualized by
adding primary antibodies (anti-GS or anti-B-III tubulin, respectively) diluted in the blocking
solution to the cells. Next, cells were washed and incubated with fluorescently conjugated
antibodies against human IgG and appropriate secondary antibodies. Finally, cells were
incubated with Hoechst (1:5000), washed and cover slipped with Prolong Gold mounting

media.
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Table 2. List of primary antibodies used for ICC

Primary Ab Cell type Dilution Vendor/catalog Study
Rabbit anti-GS DRG/SGC culture 1:500 Abcam, #ab73593 111
Rabbit anti-PGP 9.5 DRG/SGC culture 1:4000 Promega, #CL7756AP  1II
Mouse anti-B-III tubulin DRG/SGC culture 1:2000 Promega, #G7121 v
Rabbit anti-Iba-1 Macrophage culture  1:500 Wako, #019-19741 I
FMS/HC IgG DRG/SGC culture 100 pg/ml - v
Human G09/C03/B09 mAbs DRG/SGC culture 100 pg/ml - I

4.5.4 Confocal imaging

Representative pictures of cell cultures and DRGs were taken using a confocal microscope

(Zeiss LSM800) operated by LSM ZEN2012 (Zeiss) software.

4.5.5 Quantitative polymerase chain reaction

Flash frozen tissues (ankle joints, L3-L5 DRGs) were homogenized using TRIzol reagent.
Total RNA was extracted followed by cDNA preparation according to the manufacturer’s
protocol. Quantitative polymerase chain reaction (QPCR) was performed using pre-developed
hydrolysis probes listed in the Table 3. Data were normalized against housekeeping genes
Rplp2 or Hprt. Relative fold changes were calculated using the comparative Ct method (2-
AACY).

Table 3. List of TagMan primers used in the thesis

Gene Full name Tagman primer Paper
Acp5 Acid phosphatase 5, tartrate resistant MmO00475698 ml LI
Adgre Adhesion G protein-coupled rec. E1 MmO00802529 ml I
Aifl Allograft inflammatory factor MmO00479862 gl IL 111
Asicl Acid-sensing ion channel subunit 1 Mm01306001 gl I
Asic3 Acid-sensing ion channel subunit 3 MmO00805460 ml I
Bdnf Brain-derived neurotrophic factor Mm01334042 ml I
Cacna2d]  Calcium channel, voltage-dependent, alpha2/delta MmO00486607 ml I
subunit 1
Calca Calcitonin gene-related peptide MmO00801462 ml I
Clcn7 Chloride channel 7 MmO00442400 ml Lo
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Ctsk
Ctss
Csf1
Cxcll
Cxcl2
Cx3CllI
Cx3Crl
Enpp?2
Gap43
Gfap
Glul
Hprt
nip
1l17Ra
133

16
ltgam

Kenjl10

Lparl
Lpar?2
Lpar3
Lpard
Lpar5
Lpar6
Nef
Nefr
Nif3
Ntrkl
Pla2g2a
Pla2g5
Pla2gl0
Prgs2

Tacl

Cathepsin K

Cathepsin S

Colony stimulating factor 1

Chemokine (C-X-C motif) ligand 1

Chemokine (C-X-C motif) ligand 1

Chemokine (C-X3-C motif) ligand 1

Chemokine (C-X3-C motif) receptor 1
Ectonucleotide pyrophosphatase/phosphodiesterase 2
Growth-associated protein 43

Glial fibrillary acidic protein

Glutamate-ammonia ligase (glutamine synthetase)
Hypoxanthine guanine phosphoribosyl transferase
Interleukin-13

Interleukin-17 receptor A

Interleukin-33

Interleukin-6

Integrin alpha M

Potassium inwardly rectifying channel, subfamily J,

member 10

Lysophosphatidic acid receptor 1
Lysophosphatidic acid receptor 2
Lysophosphatidic acid receptor 3
Lysophosphatidic acid receptor 4
Lysophosphatidic acid receptor 5
Lysophosphatidic acid receptor 6
Nerve growth factor

Nerve growth factor receptor
Neurotrophin 3

Neurotrophic tyrosine kinase, receptor, type 1
Phospholipase A2, group ITA
Phospholipase A2, group V
Phospholipase A2, group X
Prostaglandin-endoperoxide synthase 2

Tachykinin 1

MmO00484039 ml
Mm01255859 ml
Mm00432686_ml
Mm04207460 ml
MmO00436450 ml
MmO00436454 ml
MmO00438354 ml
MmO00516572 ml
MmO00500404 ml
Mm01253033 ml
MmO00725701 sl

Mm03024075_ml
MmO00434228 ml
MmO00434214 ml
MmO00505403 ml
Mm00446190 ml
Mm00434455 ml

MmO00445028 ml

Mm00439145_ml1
Mm00469562_ml1
Mm00469694 m]1
Mm01228532_ml
Mm01190818_ml1
Mm00163058_ml1
Mm00443039_ml
Mm00446296_m]1
Mm01182924 ml
Mm01219406_m]1
Mm00448160_m]1
Mm00448162_m]1
Mm01344436 gl
Mm00478374_ml

Mm01166996 ml

LI
1, I
I

L 1L I
L 1L I
1, I
1, I

I

I

I

I

IL 101, TV

L 1L I
I
I
L 1L I
I

I

0, 111
)|
)|

0, 111

LI

I
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Tcirgl V-type proton ATPase isoform A3 Mm00469406_ml LI
Tnf Tumor necrosis factor MmO00443258 ml I II, 11T

Trpm8 Transient receptor potential cation channel, subfamily Mm01299593 ml I

M, member 8

Trpvl Transient receptor potential cation channel, subfamily V. Mm01246302 m1 I, I
member |

Rplpl2 Ribosomal protein P2 MmO00782638 sl I II, 11T

S100p8 S100 protein, beta polypeptide, neural MmO00485897 ml L, Iv

4.5.6 Immunoassay

In Study I, ELISA assay was established to detect the levels of lipocalin-2 in the tissue. Ankle
joints were crushed in liquid nitrogen and homogenized in lysis buffer. Homogenates were
centrifuged at 14.000 g for 10 min at 4 °C and supernatants were collected following BCA
Protein Assay to determine protein concentrations in cell lysates. Lipocalin-2 (LCN2) was
measured using a quantitative sandwich enzyme immunoassay technique according to the
manufacturer’s protocol (DuoSet, #DY 1857, R&D). Samples were processed in duplicates;

final values were calculated from the standard curve.

For Study II, mesoscale immunoassay (U-PLEX Metabolic Singleplex Assay) was used to
assess the presence of B-NGF in the supernatant of human fibroblasts, macrophages,
neutrophils and osteoblasts stimulated with 1325:04C03hIgGl or 1362:01E02 control
antibody. Supernatants of unstarved fibroblasts were diluted 2X and supernatant from starved
fibroblasts were diluted 4X. Macrophage, neutrophil and osteoblast supernatants were used

undiluted. Results are presented as pg/mL and depicted as mean + standard error of mean

(SEM).

For Study III, mesoscale was used to determine the levels of CXCLI1 in the supernatant of
SGC cells. SGCs were stimulated with 1325:01B09 hIgG1 (1 pg/ml) alone or with different
LPS concentrations (5-50 ng/ml) for 24 h. Levels of CXCL1 (KC-GRO) were measured in the
supernatant according to the manufacturer’s instructions, results are presented as pg/mL and

depicted as mean + standard error of mean (SEM).

In Study IV, mesoscale (V-Plex Proinflammatory Panel 1) was used to measure the
concentrations of cytokines and chemokines in the serum of mice injected with FMS, HC IgG
or saline. The concentrations of TNF, IL-6, IL-2, IL-5, IFNy, IL-10 and CXCL1 were measured
according to the manufacturer’s instructions. All serum samples were dilute 1:2 and measured

as technical duplicates. The lower limit of detection for each analyte was defined as the mean

48



signal of the blank plus 2.5 standard deviations and the lower limit of quantification was
obtained from the manufacturer. Results are presented as pg/mL and depicted as mean +

standard error of mean (SEM).

4.5.7 Fluorescence-activated cell sorting

For Study III, fluorescence-activated cell sorting (FACS) was performed on L3-L5 DRGs
collected from mice injected with 1325:01B09 hIgG1 (2 mg/mouse) or control (saline). Tissue
was gently homogenized and digested at 37°C for 30-40 min with an enzyme cocktail (1 mg
collagenase A with 0.5 mg trypsin in 1 ml DMEM, Sigma). Cells were stained with
fluorochrome-labelled antibodies listed in the table (Table 4). Samples were acquired by LSR
Fortessa flow cytometer (BD Biosciences) and analyzed with FACSDiva software; counting
beads were added. Forward scatter was used for all cellular analysis, as a trigger to identify

events.

Table 4. List of fluorophores used for FACS in Paper 111

Target Clone Fluorophore Vendor/Catalog

F4/80 BMS FITC BioLegend/123108
Cdl11b M1/70 PerCPCy5.5 BioLegend/101227(8)
CD45 30-F11 APCeF780 eBioscience/47-0451-82
MHC I M5/114.15.2 PE-Cy7 BioLegend/107629
Ly6C AL-21 BV421 BD Bioscience/562727
CDl1l1c N418 BV785 BioLegend/117336
CDI115 AFS98 APC eBioscience/1277550

4.6 STATISTICAL ANALYSES

Statistical tests were performed using GraphPad Prism 8. Results were analyzed using unpaired
two-tailed student’s t-test (differences between two groups), one-way analysis of variance,
(ANOVA; differences between multiple groups), followed by Bonferroni post-hoc test and
two-way ANOVA (for changes between multiple groups compared over time), followed by
Bonferroni post-hoc test. All data are presented as mean + standard error of mean (SEM) and

p-values less than 0.05 were considered statistically significant.
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5 RESULTS AND DISCUSSION

5.1 STUDY |: CONTRIBUTION OF OSTEOCLASTS AND ASIC 3 SIGNALING TO
PAIN-LIKE BEHAVIOR INDUCED BY RA-ASSOCIATED ANTIBODIES

Joint pain (arthralgia) and bone erosion in RA have been classically considered to be the
consequences of inflammation and tissue injury. However, several clinical reports show that
these two RA features can occur long before the disease onset (291,388,389), suggesting that
other non-inflammatory mechanisms are involved. An increasing amount of evidence links
pain and bone loss to autoantibodies, which are present in certain cohorts of RA patients and
can be detected many years before the disease onset. Our group has previously shown that
transfer of polyclonal anti-citrullinated protein antibodies (ACPA) to naive mice causes pain-
like behavior and bone loss without visible signs of inflammation (138,229). To build on the
previous work, we have used a combination of two monoclonal antibodies isolated from
synovial B cells of RA patients to study the underlying mechanisms of their pronociceptive and

erosive properties.

In this study, we have combined an anti-modified protein antibody (1325:01B09 IgG), known
to react with citrullinated, acetylated and carbamylated antigens with 1103:01B02 IgG, an
antibody with unknown binding properties. Although at the time when our work on this project
has started, we considered B02 mAb to bind citrullinated antigens, extensive analysis using
optimized assays demonstrated that it does not have any citrulline reactivity (239). Previously
we have demonstrated that BO2 mAb binds and stimulates osteoclasts in vitro and induces pain-
like behavior and bone erosion when injected into mice (138,229). In contrast, BO9 mAb was
shown to lack stimulatory effects on osteoclasts, but instead it binds nuclear antigens in
activated neutrophils (390) and stimulates migration of stressed fibroblast-like-synoviocytes
(298). Thus, despite the setback associated with unknown antigenicity of B02 mAb, we still
considered this antibody combination worth studying due to the differential effects of B02 and
B09 mAbs on cells in the joint.

To compare the pronociceptive effects of B02 and B09 mAbs, we have injected them i.v. alone
(1 mg/mouse) or in combination (2 mg/mouse) into naive female mice and monitored the
arthritis scores and mechanical thresholds. We have observed that mice injected with BO9 mAb
displayed a long-lasting mechanical hypersensitivity, until day 21 post-injection, whereas B02
mAb induced only a short-lasting mechanical hypersensitivity detectable at days 7 and 10 post-
injection (Study I, Figure 1). Interestingly, combining B02 and B09 enhanced and prolonged
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mechanical hypersensitivity, compared to injection of these antibodies alone, suggesting a

potentiation of BO9 pronociceptive effect, when combined with B02 mAb.
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Figure 6. Monoclonal antibodies from RA patients act in synergy to prolong pain-like behavior, which is not
associated with overt inflammation. (A) Single i.v. injection of B02 or B09 mAb induces transient mechanical
hypersensitivity, as compared to G09 control mAb. (B) Combining B02 and B09 leads to long-lasting pain-like
behavior, detectable 28 days post-injection. (C) Neither of the mAbs, injected alone or in combination induces
visible joint inflammation, measured as arthritis score (0-60). (D) Pain-like behavior induced by B02/B09 is not
reversed by repeated treatment with naproxen (50 mg/kg). Data presented as mean+SEM, *p<0.05, **p<0.01,
**%p<0.001, n=6-11/group. Adapted from Study I, Figure 1 and 3.

While none of the antibodies, injected alone or in combination induced any visual signs of
inflammation in the joint, we have performed several in vivo and in vitro analyses to assess the
potential involvement of subclinical inflammation to B02/B09-induced hypersensitivity.
Although in vivo imaging, lipocalin levels and histological assessment of the ankle joint did
not suggest an overt inflammatory process, we found a modest increase in the expression of
proinflammatory cytokines (7nf, /-6 and Ptgs2) in the joints of B02/B09 mice. As a
comparison, we have evaluated the expression of six proinflammatory cytokines in the ankle
joints from the inflammatory phase of CAIA model and found them all to be upregulated with
a much higher magnitude than in B02/B09 joints (Study I, Figure 2). These data suggested that
B02/B09-induced pain-like behavior is accompanied only by low-grade subclinical joint
inflammation that cannot be detected by means of visual inspection. Despite the possible
contribution of subclinical inflammation to pain-like behavior in this model, we excluded it as
the sole driver of mechanical hypersensitivity, as we found that treatment with naproxen and
paracetamol did not reverse pain-like behaviors in B02/B09-injected mice (Study I, Figure 3).
Thus, we concluded that B02/B09-induced mechanical hypersensitivity is most probably

driven by other mechanisms.

We next tested if BO2 and B09, alone or in combination, lead to changes in bone metabolism
and cause bone erosion. Using in vivo scintigraphy, micro-CT and osteoclast cultures we have
demonstrated that B02/B09 combination stimulates osteoclast activity in vitro, rapidly
increases bone metabolism and leads to significant bone erosion in vivo (Study I, Figure 4).

Importantly, although B02 alone did not cause significant bone erosion in vivo, it stimulated
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osteoclast differentiation in vitro, confirming previous findings done in human osteoclast

cultures (229).

In order to assess if bone erosion is coupled to B02/B09-induced hypersensitivity, we have
tested the antinociceptive effects of two osteoclast inhibitors: zoledronate and cathepsin K
inhibitor T06. Systemic treatment with either of these inhibitors successfully prevented the
development of pain-like behaviors following B02/B09 injection (Study I, Figure 5), pointing

to a direct relationship between osteoclast activity and mechanical hypersensitivity in B02/B09

mice.
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Figure 7. B02/B09 mAbs induce bone erosion and osteoclast inhibitors prevent B02/B09-induced mechanical
hypersensitivity. (A) Micro-CT analysis demonstrates that B02/B09 mAbs reduces trabecular bone volume in the
proximal tibia, compared to GO09 control Ab, n=6-19/group. (B) Treatment with zoledronate (100 pg/kg,
n=6/group) or (C) T06 (40 mg/kg, n=6-8/group) prevents the development of B02/B09-induced pain-like behavior
in mice. Data presented as mean+SEM, *p<0.05, **p<0.01, *** or ### or +++ p<0.001. Adapted from Study I,
Figure 4 and 5.

Actively resorbing osteoclasts release protons through the action of V-ATPase to facilitate
degradation of bone mineral matrix. As mentioned in the introduction, nociceptors express
acid-sensing ion channels such as ASIC3 and thus can detect acidification of local bone
environment. In order to assess if ASIC3 is involved in B02/B09-induced mechanical
hypersensitivity, we have targeted ASIC3 pharmacologically using APETx2, a selective
ASIC3 inhibitor, as well as genetically using ASIC3-deficient mice. We found that blockade
and/or deletion of ASIC3 protect mice from B02/B09-induced mechanical hypersensitivity
(Study I, Figure 6). We also observed that injection of B02/B09 increases the percentage of
ASIC3 positive neurons in the L3-L5 DRGs, as well as enhances the expression of 4sic3 in the
ankle joints, compared to PBS-injected controls. Importantly, in order to confirm that ASIC3
is activated by protons released from B02/B09-activated osteoclasts, we have used bafilomycin
Al to block the action of V-ATPase. Intriguingly, treatment with this inhibitor did not attenuate
B02/B09-induced pain-like behavior, suggesting that mechanical hypersensitivity is not

dependent on acidification, and that other osteoclast-derived ligands might activate ASIC3.
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Figure 8. B02/B09-induced mechanical hypersensitivity is dependent on ASIC3. (A) Intravenous injection of
B02/B09 increases the percentage of ASIC3-positive neurons in the L3-L5 DRGs, as compared to PBS control,
scale bar = 100 um. Arrows point to representative cells with positive ASIC3 staining. (B) ASIC3 knock-out
mice are protected from B02/B09-induced pain-like behavior, in comparison with WT animals, n=26-29
mice/group until day 14 and n=9-19/group until day 28. Data presented as mean+SEM, *p<0.05, ** or ## p<0.01,
### p<0.001. Adapted from Study I, Figure 6.

Extracellular protons are considered the dominant endogenous triggers of ASIC3 activation.
However, certain lipids such as AA or LPC were shown to activate ASIC3 at physiological pH
(48). Moreover, increased levels of LPC were found in the knee synovial fluid of RA patients
(48,391) and LPC injection into mice was shown to induce pain-like behaviors (391). Thus, we
sought to investigate if B02/B09-induced pain-like behavior is accompanied by increased LPC
levels that could sensitize ASIC3. Mass-spectrometry analysis has shown that, out of several
LPC species that were measured, LPC 16:0 was the only one significantly increased in the bone
marrow of B02/B09 mice, compared to controls (Study I, Figure 8). We then assessed if
elevated levels of LPC 16:0 are associated with increased expression of sPLA», enzyme
responsible for LPC production. We found that two out of three sPLA; isoforms (Pla2g2a,
Pla2g5) were upregulated in B02/B09 ankle joints and, importantly, reduced with zoledronate
treatment (Study I, Figure 8). Since sPLA> was shown to be involved in inflammation, we
assessed its expression in the joints from CAIA inflammatory phase and found no significant
upregulation of either of the two sPLA: isoforms. These findings suggest that sPLA>

upregulation in B02/B09 joints is unlikely to be due to an ongoing inflammatory process.

Finally, to investigate if B02/B09-induced mechanical hypersensitivity is dependent on sPLA>
activity, we treated B02/B09-injected mice with varespladib, an inhibitor of all three isoforms

of sPLA>. We found that repeated injections of the inhibitor significantly reversed both
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mechanical hypersensitivity and bone erosion in the treated group (Study I, Figure 8). This
indicates that sSPLA is involved in autoantibody-driven bone loss and pain-like behavior in this
model.
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Figure 9. sPLA; inhibitor reverses B02/B09-induced mechanical hypersensitivity and bone erosion. (A) Dose-
escalation treatment with varespladib (3 mg/kg on days 16-18, 6 mg/kg on days 19-24 post-B02/B09
administration), reverses pain-like behavior induced by B02/B09, compared to mice injected with vehicle (20%
DMSO in PBS). (B) Varespladib normalizes bone mineral density of the thalus, reversing B02/B09-induced bone
erosion. Data presented as mean+=SEM, n=6-7/group, **p<0.01. Adapted from Study I, Figure 8.

Taken together, our data suggest a novel mechanism through which RA-associated monoclonal
antibodies generate pain-like behavior in mice. We found that B02/B09-induced mechanical
hypersensitivity does not depend on classical inflammatory processes and cannot be reversed
with NSAIDs or paracetamol. Instead, we have shown that B02/B09-induced pain-like
behavior is coupled to osteoclast and ASIC3 activity. These findings are in line with previous
preclinical studies which demonstrated that targeting osteoclasts and ASIC3 signaling can act
anti-nociceptive in several models of bone-related pain (136,139,170,392,393). Intriguingly,
we have identified sPLA; and LPC 16:0 as possible links between increased bone erosion and
ASIC3 sensitization. Injections of both sPLA; and LPC 16:0 were shown to induce
hypersensitivity in mice, suggesting their direct role as pain-triggering factors (163,164,391).
While the exact source of sSPLA> remains to be identified in this model, it has been previously
shown that osteoclasts, chondrocytes and fibroblasts-like synoviocytes can produce sPLA>
(162,394-396). Hence, we hypothesize that either BO2 mAb activates osteoclasts and/or B09
mAb stimulates fibroblasts to release sPLA>, which catalyzes LPC 16:0 production, and
ultimately leads to ASIC3 activation and sensitization. From a translational point of view, our
work can help understand the mechanisms that drive arthralgia in the pre-clinical phase of RA,

where joint inflammation is not yet detected, but patients already have pain and bone erosion.
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5.2 STUDY II: NGF MEDIATES PAIN-LIKE BEHAVIOR INDUCED BY
OSTEOCLAST-ACTIVATING MONOCLONAL ACPA

Increasing amount of evidence points to the role of anti-citrullinated protein antibodies (ACPA)
in mediating the pathogenesis and development of RA. Previous studies from our group have
demonstrated the relationship between the presence of ACPA IgG and pain-like behavior and
bone erosion in mice. While the exact mechanisms remain to be elucidated, through in vitro
studies we have shown that ACPA IgG drives the release of CXCLI1 from human and mouse
osteoclasts, which then further stimulates them in an autocrine manner (138,229). Moreover,
intra-articular injection of CXCL1 was shown to be pronociceptive in mice and treatment with
CXCRI1 receptor antagonist reparixin prevented ACPA-induced bone loss and
hypersensitivity. While these studies provide evidence for the functional properties of ACPAs,
due to the use of polyclonal IgG they do not fully delineate the complex mechanisms that drive
ACPA-induced bone erosion and pain-like behavior. Thus, it is important to study single

monoclonal ACPAs to fully understand their pathological properties.

The aim of this study was to explore the mechanisms through which monoclonal 1325:04C03
IgG, previously shown to stimulate osteoclast differentiation and increase artificial bone

erosion in vitro (238,298), induces pain-like behavior in mice.

Mice injected i.v. with 2 mg of C03 mAb (human or murine) developed significant mechanical
hypersensitivity and displayed cold allodynia 9 days post-injection, as compared to control
mice. Importantly, these evoked pain-like behaviors were not accompanied by any visual signs
of joint inflammation, measured as arthritis score (Study II, Figure I). In addition, local
injection of CO3 mAb into the ankle joint resulted in mechanical hypersensitivity detectable 6-
and 24 hours post-injection as compared to non-injected paw. This demonstrates that C03 mAb

evokes mechanical hypersensitivity both when injected systemically or locally in the joint.

While we have detected increased levels of mRNA for several proinflammatory cytokines in
the ankle joints of C03-injected mice, treatment with two NSAIDs (diclofenac and naproxen)
did not alleviate C0O3-induced mechanical hypersensitivity (Study II, Figure I). Together with
the lack of histological signs of inflammation in the ankle joint, like synovial hyperplasia or
cell infiltration, these data suggest that C03-induced pain-like behavior is not driven by

inflammation.
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Figure 10. Monoclonal C03 Ab induces mechanical and cold hypersensitivity in the absence of joint inflammation.
(A) Single i.v. injection of human CO03 (2 mg/mouse) induces mechanical hypersensitivity and (B) cold sensitivity,
compared to human control antibody G09 (2 mg/mouse). (C) Human CO03 does not cause visual signs of
inflammation, compared to control and measured as arthritis score (0-60). Data presented as mean+SEM, n=6-
16/group, *p<0.05, **p<0.01, ***p<0.001. Adapted from Study II, Figure 1.

Previous studies using human osteoclasts demonstrated that C03 mAb stimulates
osteoclastogenesis in vitro (238), however its effects on bone metabolism in vivo were so far
not investigated. Surprisingly, using in vivo cathepsin K imaging and micro-CT in the proximal
tibia and calcaneus we concluded that CO3 mAb does not alter bone metabolism or bone
microarchitecture (Study II, Figure 2). However, despite the lack of macroscopic changes in
bone morphology we assessed the expression of osteoclast-related genes in the ankle joints of
C03-injected mice and found some of them to be upregulated, compared to control joints. In
order to understand if C03 mAb directly activates osteoclasts, we have established human
osteoclasts cultures and incubated them with the antibody. While C03 mAb stimulated
osteoclastogenesis on day 3 and 5 (measured as increased TRACP activity), it did not have any
effect on day 7, suggesting only a transient effect on differentiation. Furthermore, several
osteoclast activity parameters were measured to assess the effect of C03 mAb on bone-eroding

capacity of the cells, but neither of them has demonstrated a potentiating effect of CO3 mAb.

Although our data does not point to increased erosive activity of osteoclasts in response to C03
mADb, an increasing number of studies shows that osteoclasts can display alternative modes of
activation and release factors which are not directly associated with bone erosion, such as IL-
8, netrin-1 or semaphorin 4D (170,229,397). In order to ascertain that osteoclasts are important
for C03-induced mechanical hypersensitivity, we treated C03-injected mice with zoledronate
and found that it partially prevents mechanical allodynia in mice (Study II, Figure 2). Since
C03 mAb administration led to enhanced expression of Cxc// in the ankle joints, we next
assessed the anti-nociceptive effects of reparixin, a CXCR1/2 antagonist. Similarly to what we
saw with polyclonal ACPA (138), blocking CXCL1/2 signaling prevented the development of

mechanical hypersensitivity in C0O3-injected mice. This indicates that while osteoclast activity
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is at least partially important for C03-induced pain-like behavior other osteoclast-derived

pronociceptive factors, like CXCL1/2, can contribute to hypersensitivity.
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Figure 11. Monoclonal C03-induced mechanical hypersensitivity is associated with increased expression of
osteoclast-related genes in the joints and is partially prevented with zoledronate. (A-D) Systemic injection of C03
mADb increases the expression of osteoclast-related genes in the ankle joints, compared to control; n=6-8/group.
(E) Zoledronate (100 ug/kg) administered i.p. on days 1, 4, and 7 post-mAb injection partially prevents the
development of C03-induced mechanical hypersensitivity (n=11-16/group). Data presented as mean+SEM, n=6-
16/group, *p<0.05, **p<0.01, ***p<0.001. Adapted from Study II, Figure 2.

Joint pain is often associated with increased levels of neurotrophic factors in the joint, which
can directly potentiate nociceptive signaling and/or stimulate other cells to release
proinflammatory factors (398,399). Interestingly, we found that systemic injection of C03 mAb
leads to enhanced expression of nerve growth factor (Ngf) and neurotrophin 3 (N#/3) in the
ankle joints (Study II, Figure 3). Furthermore, neutralizing NGF using anti-NGF monoclonal
antibody significantly reversed CO03-induced mechanical hypersensitivity in CO03-injected
mice, compared to mice injected with the vehicle. According to the literature several cells in
the joint can produce and release NGF (400-404). Based on previous findings we stimulated
human fibroblasts, macrophages, neutrophils and osteoblasts with C03 mAb, but we did not
succeed in identifying the source of NGF as none of them released NGF in response to the
antibody. Future studies will determine if osteoclasts, chondrocytes or mast cells are the source

of NGF in this model.
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Figure 12. C03-induced mechanical hypersensitivity is associated with increased expression of neurotrophic
factors in the joint and can be attenuated using anti-NGF antibody. (A) Systemic injection of C03 mAb (2
mg/mouse) increases the expression of Ngf'and (B) Ntf3 in mouse ankle joints, compared to mice injected with
control mAb, n=6-8/group. MEDI-578 (3 mg/kg) was administered s.c. every 6 days, starting from day 3 post-C03
injection until end of the study (shown in blue), or as a single i.p. injection on day 14 post-C03 injection (shown
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in green). (C) MEDI-578 significantly reversed mechanical hypersensitivity in C03-injected mice assessed on day
10 and (D) day 16 post-C03 injection and compared to CO3+VEH group; 8-15/group until day 14, n=7-13/group
from day 14 until the end of the study. Adapted from Study II, Figure 3.

Long-term NGF signaling leads to transcriptional changes in the DRG and enhanced
expression of pronociceptive factors. While we have no evidence for direct action of C03 mAb
in the DRG, we found that systemic C03 injection upregulates several glia- and inflammation-
related genes in L3-L5 DRGs (Study 11, Figure 4). These transcriptional changes are most likely
a consequence of C03 action in the joint and a local release of NGF that acts on nociceptors in
the joint. Finally, we were curious to see if the drugs that attenuated C03-induced pain-like
behavior had any effect on the transcriptional changes in the DRGs. Intriguingly, while
zoledronate had only partial effect on mechanical hypersensitivity it normalized the expression
of almost all studied factors in the DRGs (Study II, Figure 5). In contrast, anti-NGF antibody
had no effect on any of the upregulated genes, while reparixin had a mixed effect, with

expression of several factors being further enhanced with the treatment.

In conclusion, our work points to a complex interaction between osteoclasts and other cells in
the joint that mediates pain-like behavior in response to CO3 mAb. Although there are still
critical experiments to undertake in order to delineate the exact relationship between osteoclast
activation and increased NGF signaling in this model, we speculate that C03 mAb stimulates
osteoclasts and leads to the release of CXCLI. This in turn provides signal to surrounding cells
to release NGF, which in synergy with CXCLI1 activates nociceptors and drives a strong
increase in nociceptor signaling. While pain-like behavior induced by polyclonal ACPA is
coupled to bone erosion (138), CO3 mAb was not sufficient to induce bone loss. Despite that,
the role of osteoclasts in inducing mechanical hypersensitivity seems to be critical and is
highlighted by the anti-nociceptive effects of zoledronate at both behavioral and molecular
level. We find it important that NGF mediates mechanical hypersensitivity even in the absence
of inflammation and that increased expression of pro-inflammatory factors occurs at a higher
magnitude than in the joint. This observation points to a possibility that NGF and osteoclast-
derived ligands contribute to arthralgia in ACPA-positive pre-RA individuals who suffer from

joint pain but did not yet develop inflammation.

5.3 STUDY lil: ANTI-MODIFIED PROTEIN ANTIBODY INDUCES MECHANICAL
HYPERSENSITIVITY VIA FC-GAMMA RECEPTORS

In Study I, we have demonstrated that a combination of two RA monoclonal antibodies
(B02/B09) induces mechanical hypersensitivity via an osteoclast-dependent mechanism.

Intriguingly, while both mAbs induce mechanical hypersensitivity when injected alone into
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mice, B09 mAb does not bind osteoclasts and has no impact on bone metabolism in vitro or in
vivo, which suggests that other mechanisms are behind its pronociceptive properties. Thus, the
aim of Study III was to explore the processes through which B09 mAb induces pain-like

behavior in mice.

We have replicated our previous findings that systemic injection of B09 mAb induces
mechanical hypersensitivity in mice, as well as leads to cold allodynia and causes a drop in
withdrawal thresholds for heat stimuli (Study III, Figure 1). Similarly to other RA-
autoantibodies, BO9 mAb gave rise to pain-like behavior that was not attenuated with NSAIDs
like naproxen or diclofenac, but instead was reversed with buprenorphine, a partial opioid
agonist. Concomitantly, we did not detect any histological signs of joint inflammation or
changes in the expression of pro-inflammatory factors in the ankle joints of B09-injected male

or female mice (Study III, Figure II).

To investigate if BO9 mAb exerts its pronociceptive action through antigen-binding region
(Fab) or by forming immune complex (IC) and activating Fcy receptors, FcyR”- and wild-type
(WT) mice were injected systemically with BO9 mAb. In contrast to WT mice, which
developed mechanical hypersensitivity, male and female mice that lacked activating FcyRs
were protected from B09-induced mechanical hypersensitivity (Study III, Figure 3). Similar
observation was made upon intra-articular injection of B09, which caused a drop in withdrawal
thresholds in WT but not FcyR” mice. Local action of the antibody could be explained by its
binding to antigens present in the ankle joint followed by forming IC and activating FcyRs.
Previous studies have demonstrated that BO9 mAb binds and enhances the migration of stressed
fibroblasts-like synoviocytes through a mechanism that is dependent on antigen binding
through Fab fragment (298). Moreover, B09 was shown to form ICs that stimulate peripheral
blood mononuclear cells to release pro-inflammatory factors like IL-8 or TNF (390). In our
study, mRNA levels for chosen inflammatory cytokines were not increased in the joints, thus
this scenario is unlikely, however measuring protein levels of cytokines is needed to make a
firm conclusion. We have previously shown that mouse FcyRI is locally translated at the
peripheral nerve endings, enabling nociceptors to directly react with ICs present in the vicinity
(285). This opens up the possibility of an alternative scenario where B09 forms ICs and
induces mechanical hypersensitivity by directly activating FcyRs located on nerve terminals
in the joint. Further work is needed to understand the exact interaction between B09 mAb and

FecyRs.
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Figure 13. B09-induced mechanical hypersensitivity is dependent on FcyRs. (A) FcyR-deficient male mice are
protected from mechanical hypersensitivity induced by murine B09 mAb (2 mg/mouse), compared to wild-type
mice, n=5-7/group. (B) WT male mice develop mechanical hypersensitivity 24 h after i.a. injection of 2.5 pg of
murine B09 into the ipsilateral ankle joint, compared to contralateral paw, n=6/group. (C) Male mice lacking
FcyRs are completely protected from mechanical hypersensitivity induced by administration of BO9 mAb into
the ipisilateral joint, and compared to contralateral paw, n=6/group. Data presented as mean+SEM, * or #
p<0.05, **p<0.01, ***p<0.001. Adapted from Study III, Figure 3.

We next asked the question if B09-induced mechanical hypersensitivity is associated with
transcriptional changes in the DRGs. We found that systemic B09 injection triggered a
pronounced upregulation of several inflammatory factors as well as markers of macrophage,
glia and neuronal activation in L3-L5 DRGs (Study III, Figures 4 & 5), but not in the joints or
lumbar spinal cord (Study III, Figure S1). Moreover, the lack of FcyRs not only protected the
mice from B09-induced pain-like behavior but also normalized the expression of most
inflammatory and macrophage-related markers in the DRGs. Of interest, FcyR deficiency did
not alter the enhanced expression of satellite glial cell markers and some of the neuronal

markers (e.g. Calca, TrpmS§).
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Figure 14. B09-induced upregulation of inflammatory and macrophage related markers, but not SGC or neuronal
markers depends on the presence of FcyRs. Examples of (A) inflammatory and (B) macrophage-related factors
significantly upregulated with systemic B09 injection and downregulated in the absence of FcyRs. (C) SGC- and
(D) neuronal markers are upregulated by B09 injection and not affected by the absence of FcyRs. The mRNA data
were normalized to Hprt mRNA levels and are presented as fold change (n=4-7/group). Data presented as
meantSEM, *p<0.05, **p<0.01, ***p<0.001 compared with control group. Adapted from Study III, Figures 4
&5.

Increasing number of studies points to immune cells like macrophages and glia cells as

important modulators of pain behaviors. Based on the findings we made in the DRGs we aimed
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to explore if BO9 mAb could bind and directly stimulate macrophages and/or satellite glial
cells. While we did not see any binding of B09 in primary macrophage cultures and no signs
of macrophage infiltration and/or activation in the DRGs upon B09 injection (Study III, Figure
6), we found that BO9 mAb binds DRG satellite glial cells in vitro (Study III, Figure 7). Of
note, since BO9 mAb was previously reported to preferentially bind nuclear antigens, we live
incubated the cells and observed B09 binding in non-permeabilizing conditions. As a result,
we have detected positive binding signal in non-neuronal PGP 9.5-negative and GS positive
cells. This is intriguing as SGCs are considered to lack FcyRs, suggesting that BO9 mAb binds
epitopes on the surface of these cells. Finally, in order to understand if BO9 binding exerts any
functional effects we have used CXCL1 as a readout of SGC activation and LPS as a “stress
trigger”. We found that while B09 alone did not stimulate SGCs it acted in synergy with LPS
to significantly enhance the release of CXCL1. These results suggest that BO9 mAb can
stimulate SGCs to release CXCL1 in the presence of certain inflammatory triggers. Further

studies are needed to unravel if the same mechanism is present in vivo.

To conclude, our findings point to a new, osteoclast-independent mechanism through which a
monoclonal RA autoantibody induces pain-like behavior in mice. We find it intriguing that
single mAb leads to a global upregulation of several proinflammatory, glia- and neuronal-
related factors, which is restricted to DRGs. It suggests, similarly to what we saw with C03
mAb, that inflammatory mediators act locally and are not necessarily accompanied by systemic
inflammation. While we have not confirmed that BO9 mAb can act locally in the DRG, it is
plausible that it binds antigens on SGC surface and activates glia to release pronociceptive
factors. Moreover, as FcyRs deficiency normalized proinflammatory- and macrophage-related
factors, but not SGC or all neuronal markers we speculate that upon antigen binding, BO9 mAb
forms ICs that will concomitantly stimulate resident macrophages in the DRG. The scenario in
which SGCs are directly stimulated by B09 mAb could explain why in the absence of FcyRs

we still observe transcriptional signs of SGC and neuronal activation.

62



5.4 STUDY IV: ANTIBODIES FROM FIBROMYALGIA PATIENTS MEDIATE
HYPERSENSITIVITY IN MICE

Fibromyalgia syndrome (FMS) is a chronic condition characterized by widespread pain,
tenderness, fatigue and emotional disturbances. While the exact etiology and pathophysiology
are unknown, it has been suggested that FMS might be associated with immune dysregulation.
Alterations in pro- and anti-inflammatory cytokine found in FMS patients, as well as high
comorbidity of FMS in autoimmune diseases led us to postulate that FMS may be driven by
autoimmune mechanisms. Thus, the aim of Study IV was to investigate if IgG antibodies

purified from FMS patients mediate FMS symptoms when administered to mice.
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Figure 15. Passive transfer of FMS IgG induces hypersensitivity and reduces locomotion in mice. Mice injected
with FM IgG were hypersensitive to (A) punctate stimuli (Von Frey) and (B) paw pressure (Randall-Selitto) four
days after injection, n=6/group. (C) FMS IgG-injected mice were less active during the peak activity phase (22:00-
2:00) five days after injection, compared to HC IgG injected mice, n=12/group. Data presented as mean+SEM,
*p<0.05, **p<0.01, ***p<0.001 compared with control group. Adapted from Study IV.

Firstly, IgG purified from the serum of FMS patients and healthy controls (HC) was
administered to female mice through i.p. injection on 4 consecutive days (8 mg per day). Since
FMS patients often exhibit polymodal hypersensitivities, we have tested the mice for different
sensory modalities as well as measured the evoked and non-evoked pain behaviors. We found
that injection of FMS IgG, but not HC IgG led to decreased mechanical pressure thresholds in
hind paws and thighs of the mice as well as increased sensitivity to noxious cold, which
developed within 24-48 hours after first IgG injection and lasted for approximately a week after
the final injection (Study IV, Figure 1, 2). Furthermore, mice injected with FMS IgG exhibited
decreased mechanical thresholds to stimulation with von Frey filaments, reduced grip strength
as well as decreased activity at night (time when mice are usually most active), compared to
mice injected with HC IgG. These results demonstrate that IgG mediates the key features of
FMS: pressure and cold sensitivity, muscle weakness and fatigue, reflected by the impact on
both evoked and non-evoked mice behaviors. Importantly, these findings were reproduced
using IgG from individual patients as well as using IgG preparations pooled from FMS patients
from a different and regionally distinct cohort. Of note, IgG-depleted serum of FMS patients

did not produce cold or mechanical hypersensitivity, pointing to the functional role of IgG in
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mediating FMS symptoms (Study IV, Figure 4). Furthermore, male and female mice exhibited
comparable mechanical and cold hypersensitivity after FMS IgG injection, indicating that a
higher prevalence of FMS among women is most probably not due to sexual dimorphism or

increased sensitivity to IgG in females.

Sensory abnormalities in FMS patients might be partially explained by the sensitization of C-
fibers, detected using microneurography (345). Intriguingly we found that Ad- and C-
mechanosensitive fibers in skin-nerve preparations from mice injected with FMS IgG had
reduced mechanical response thresholds compared to preparations from HC IgG-treated mice
(Study 1V, Figure 6). While pain in some autoimmune diseases is caused by a direct activation
of sensory neurons by IgGs (16), using calcium imaging, we have excluded the possibility that
FMS IgG directly acts on sensory neurons in the DRGs and leads to hypersensitivity. Instead,
immunohistochemical and Western Blot analysis demonstrated a robust accumulation of FMS
IgG in the lumbar DRGs, but none in the spinal cord or brain, with FMS IgG binding having a
higher pixel intensity and staining larger areas compared to HC IgG (Study IV, Figure 7). As
shown with anti-glutamine synthetase (GS) staining, FMS IgG primarily colocalized with
SGCs surrounding the sensory neurons in the DRGs, however it was also detectable in fiber
tracts and a small number of Iba-1 positive macrophages and CD31 positive blood vessels.
Although we did not detect a direct effect of FMS IgG on sensory neurons, IHC has shown
extensive labelling of GS-positive cells. In addition, FMS IgG binds some, but not all, TrkA-
positive neurons in the DRGs. While IHC limits the possibilities of differentiating between
labelling SGCs and sensory neurons we have performed a series of in vitro ICC experiments
using primary DRG neuron-rich and SGC-enriched cultures. We have demonstrated that FMS
IgG binds a higher proportion of cells in both DRG neuron-rich and SGC-enriched cultures,
compared to HC IgG without affecting their viability. Moreover, by live-staining the cells with
IB4, a membrane marker of a certain nociceptor subpopulation, we confirmed that FMS IgG
binds neuronal membranes. Although we cannot directly translate in vitro findings to in vivo
processes, this experiment supports the scenario where FMS IgG binds both SGCs and sensory

neurons in the DRG.

We next investigated if FMS IgG binding to SGCs in vivo has any functional consequences.
We have detected increased signs of SGC activation — enhanced GFAP staining as well as
increased Gfap and S100f expression in the DRGS from mice injected with FMS IgG,
compared to HC IgG controls. Interestingly, while we did not detect increased Iba-1 staining
in response to FMS IgG accumulation, we still found /tgam and Aif] (macrophage markers)

mRNA to be increased in the DRGs from FMS IgG-injected mice (Study IV, Figure 8). This
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suggests that although there is no evident macrophage infiltration and/or proliferation in the

DRG, the presence of FMS IgG might still induce molecular changes in the surrounding cells.

While several human studies reported altered levels of cytokines in the serum or plasma of
FMS patients, we did not find any differences in the levels of TNF-a, IL-2, IL-5, IL-6, IL-10,
IFN-y or CXCL1 in the serum from FMS IgG, HC IgG, or saline-injected mice (Study IV,
Figure 8). On the other hand, FMS patients were reported to have signs of small-nerve fiber
pathology as well as reduced skin innervation, which might contribute to their hypersensitivity
(344). In line with human data, we found that FMS IgG led to a decrease in intra-epidermal
nerve fiber density (IENFD) in the glabrous skin of the mouse hind paw (Study IV, Figure 10),
suggesting a possible role of IgG in reduced innervation. Finally, we have stained human DRG
sections with FMS IgG and HC IgG and found that FMS IgG bound GFAP- and NF200-
immunoreactive cells, demonstrating that autoreactive FMS IgG binds antigens expressed on

human SGCs and sensory neurons.

Indicated antibody

Figure 16. FMS IgG binds human DRG. High-magnification images of FMS IgG (white) show colocalization
(purple) between FMS IgG and GFAP-positive SGCs (green) and NF-200-immunoreactive neurons (green). Scale
bar 20 pum. Adapted from Study IV, Figure 11.

To summarize, we have shown for the first time that passive transfer of fibromyalgia IgG can
mediate key features of the disease in mice. While IgG from HC and/or IgG-depleted serum
did not evoke any pain-like behaviors in mice, we postulate that the multimodal sensitivity and
tenderness seen in FM patients, depends on the presence of autoreactive IgGs. In addition to
increased sensitivity, FMS IgG transfer led to muscle weakness, diminished activity and
decreased skin innervation, pathophysiological features often seen in FMS patients. Albeit

FMS is thought to be mainly driven by alterations in the CNS, our work points to possible
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contribution of peripheral disturbances demonstrated by sensitization of peripheral nociceptors
and reduced skin innervation. Moreover, enhanced responsiveness of nociceptors located in the
skin collected from mice injected with FMS IgG, shows that increased neuronal firing induced
by the antibodies persists even without the connection to the CNS. Intriguingly, while
consequences of FMS IgG administration are global, DRGs seem to be the only site of action
for the autoreactive IgG. We speculate that upon binding to specific epitopes on SGCs, FMS
IgG activates SGCs that can further release pronociceptive cytokines and enhance nociceptor
excitability resulting in hypersensitivity. Moreover, the presence of autoreactive IgGs in the
DRG will indirectly stimulate resident macrophages and further contribute to neuronal
overexcitation. Importantly, our findings open the possibilities for treatments of FMS that were
not previously considered. Although more studies are needed to uncover the specific targets of
the FMS IgG which will allow for specific removal of autoreactive antibodies or blockage of
their action, therapies that decrease amount of circulating IgG might prove efficacious already

now.
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6 CONCLUDING REMARKS

Pain in musculoskeletal diseases like RA or FMS continues to be a huge problem that is poorly
managed with available therapies. Recent years have brought evidence for a bidirectional
communication between the sensory system and the immune system in initiating and sustaining
chronic pain. For example, it has been shown that autoantibodies actively mediate persistent
pain in several chronic conditions through their interaction with immune receptors,
complement system or by binding epitopes or FcyRs on sensory neurons. The focus of this
thesis was to further delineate the mechanisms through which autoantibodies isolated from
serum of RA and FMS patients induce pain behaviors in mice, with the hope to identify novel

targets or strategies that could serve as a basis for development of new pain therapeutics.

Study I and II point to an important role of osteoclast activation in driving pain in RA and a
possible use of osteoclast inhibitors as novel treatment of arthralgia. In Study I we have used
a combination of two mAbs RA autoantibodies with distinct functional properties — one with
mild osteoclastogenic properties and the other with fibroblast-binding capabilities.
Intriguingly, only when combined these mAbs induced prolonged mechanical hypersensitivity
and potently activated osteoclasts leading to bone erosion. This suggests that the synergistic
mechanisms of action of these two mAbs are needed to potently stimulate bone metabolism in
this model. This observation is particularly important as RA patients often harbor a wide
spectrum of autoantibodies. Pin-pointing the exact interactions between them could open up

for novel avenues to treat bone erosion and pain in RA.

While we did not find evidence for proton-driven pain-like behavior in Study I we have
identified LPC 16:0 and ASIC3 as mediators of autoantibody pain-like behavior in this model.
Intriguingly, high levels of LPC 16:0, as well as an overactivation of the conversion pathway
from phosphatidyl choline to LPC have been previously reported in patients with painful joint
diseases, including RA (48,391,405), suggesting that LPC might be a relevant target for pain-
relief. However, the cellular sources of sSPLA> and LPC and the exact mechanisms that trigger
sPLA; activation and subsequent LPC production in the joint remain to be discovered. Of note,
LPC 16:0-induced ASIC3 sensitization was previously reported as one of the mechanisms
driving pain-like behavior in animal models of fibromyalgia (406—408). Intriguingly, clinical
metabolomic analyses showed that FMS patients have increased levels of
lysophosphatidylcholine metabolites (including LPC 16:0) in their plasma, compared to
controls (409,410). Although we have not assessed the levels of LPC in the plasma of FMS
IgG-injected mice in Study IV, it would be worthwhile to investigate if FMS IgG leads to
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enhanced production of LPC 16:0 that could sensitize ASIC3 and contribute to hypersensitivity
in this model. While authors of the previously mentioned studies suggest that high degree of
oxidative stress and peroxidation of lipids might be specific for FMS pathogenesis, further
studies are warranted to understand if LPC 16:0—induced ASIC3 sensitization is a common
mechanism in chronic pain conditions like RA and FMS or if it is associated with the activation

of disease-specific pain pathways.

In Study II we have identified a link between autoantibody-induced altered bone metabolism
and NGF-driven nociception. While we did not detect bone erosion in vivo, blocking osteoclast
activity partially reversed pain-like behavior and prevented the transcriptional changes in the
DRGs, suggesting a close relationship between enhanced bone metabolism and NGF signaling.
Indeed, NGF was previously shown to stimulate osteoclastogenesis even in the absence of
RANKL (411), suggesting that increased levels of NGF can concomitantly contribute to C03-
induced osteoclast activation. The cellular source of NGF in this model was not deciphered in
Study II and remains to be found. Understanding which cell type in the joint contributes to
NGF/C03-induced hypersensitivity will allow for a more precise targeting of this
pronociceptive mechanism. Our findings have translational value as they are in line with human
studies showing increased levels of NGF in synovial fluid samples from painful joint diseases
like OA, RA or JIA (412-414). Several approaches have been developed to target NGF
signaling, including sequestration of free NGF, prevention of its binding to TrkA receptor or
inhibition of TrkA function (415). Many of these compounds have reached late-stage
development and have showed a significant analgesic effect over placebo in clinical trials
(416,417). However, anti-NGF therapies have been associated with high risks of joint
destruction which halted their entry into the market. This observation further points to an
involvement of NGF signaling in bone remodeling and underlines the urgency of identifying
the exact role of NGF in bone physiology and pathology for the success of future anti-NGF

analgesic therapies.

Study III demonstrates an important role of FcyRs in mediating autoantibody pain-like
behavior. Earlier work from our laboratory and other research groups has shown that
autoantibodies in IC formation bind to neuronally expressed FcyRs and contribute to
mechanical hypersensitivity (278,285,418). Although we have not yet identified if this is the
exact mechanism behind B09 mAb-induced pain-like behavior, its direct effect in the joint and
complete protection from pain-like behavior in FcyRs-deficient mice supports this notion.
Thus, future studies are required to understand if BO9 mAb forms ICs in the joint and activates

FcyRI on sensory neurons or if other FcyR-dependent mechanisms are at play. Most of the
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currently used RA therapies do not directly alter FcyRs function, but instead dampen the
response of the immune system. Based on our findings we propose that specific targeting of
neuronally expressed FcyRs could offer a novel approach for the treatment of autoantibody-

induced pain which is not accompanied by inflammation.
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Figure 17. RA-associated autoantibodies induce mechanical hypersensitivity through various mechanisms. In
Study I we have demonstrated that B02 and B09 mAbs stimulate osteoclasts and lead to the development of pain-
like behavior and bone erosion. Mechanical hypersensitivity in this model is associated with increased ASIC3
expression in the DRGs and can be reversed by blocking ASIC3 signaling. Increased sPLA: activity and enhanced
levels of LPC 16:0 contribute to sensitization in this model. In Study II we have linked C03-induced mechanical
hypersensitivity to increased NGF signaling. We speculate that CXCL1/2 released from activated osteoclasts acts
in synergy with NGF and contributes to nociceptor sensitization. Enhanced nociceptor signaling in the joint leads
to transcriptional changes in the L3-L5 DRGs and to pain-like behavior in this model. Study III points to important
role of FcyRs in mediating autoantibody-induced pain-like behavior. We speculate that BO9 mAb acts on FcyRs
in the joint leading to mechanical hypersensitivity. BO9 mAb might also bind epitopes on SGC in vivo and
stimulate them to release pronociceptive factors. Concomitantly, in case of IC formation, B09 mAb can stimulate
resident macrophages in the DRG through FcyRI located on their surface, to release proinflammatory factors that
further sensitize sensory neurons. Created with Biorender.com.
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A common and noteworthy finding made in Studies I, II and III is that pain-like behavior
induced by RA-associated autoantibodies is not reversible with NSAIDs, commonly used to
treat inflammatory pain in the clinic (5,214). While the autoantibodies used in these three
studies do not employ the same molecular mechanisms, pain resulting from their action does
not depend on “classical” inflammatory processes. Our data using osteoclast-activating RA-

autoantibodies points to osteoclast-blocking therapies as efficient alternatives for treatment of
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non-inflammatory pain arising from enhanced bone metabolism. However, findings from
Study III show that RA-associated autoantibodies can also exert their pronociceptive effects
through alternative, osteoclast-independent mechanisms. This highlights the notion that
autoantibody-induced pain mechanisms in RA are complex and enhanced bone metabolism
should not be the only target for pain relief. Extensive studies are warranted to delineate
alternative mechanisms through which RA-associated autoantibodies induce pain. This

knowledge will help in designing novel, better treatments of pain that does not respond to

=l conventional analgesics.

Figure 18. Cartoon summarizing
To brain findings from Study IV.
Autoreactive IgG antibodies bind
SGCs  surrounding  sensory
neurons in the DRGs and
subsequentially stimulate sensory
neurons to further amplify pain
signals. Reprinted with
permission and adapted from JCI,
Tracey K., July 2021.
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symptoms and decreased skin innervation. Extensive preclinical research is still needed to
understand how FMS IgG drives hypersensitivity and if its mechanism of action is solely based
on epitope binding on SGCs or if FcyR-dependent mechanisms are involved. Furthermore,
understanding if FMS IgG-induced peripheral sensitization can cause alterations in the CNS
(e.g. enhanced glial activation and/or altered signaling) which are seen in FMS patients will
further increase the translational value of these findings. Discoveries made in Study I'V might
have a profound effect on future treatment options for patients with fibromyalgia. While
historically fibromyalgia has been viewed as “pain in the brain” and no therapies have been
able to offer an effective management of pain symptoms, our findings open the possibility of
using immunomodulatory therapies. A single clinical study provided promising data showing

that IVIG therapy decreased pain and tenderness as well as increased muscle strength in FMS
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patients (374). Continuing preclinical research on autoimmune mechanisms behind

fibromyalgia will allow for better, mechanism-based treatments in the future.

In conclusion, a shared characteristic of all four studies described in this thesis is their
translational approach to studying pain mechanisms. We have shown that passive transfer of
autoantibodies into mice allows for partial transfer of disease-related symptoms, which opens
the possibility of identifying responsible processes for pain induction and maintenance in
diseases like RA or FMS. Using the bedside-to-bench approach in all four studies, we have
provided several interesting cellular and molecular insights into the possible mechanisms
behind autoantibody-induced pain. While more studies are needed to confirm the translational
value of our findings, the work described in this thesis brings us one step forward in creating

more effective pain therapies for several chronic diseases.

71






7 ACKNOWLEDGEMENTS

This thesis represents not only the science behind my PhD but, more importantly, it reflects the
life journey I undertook in 2015 by coming to Sweden and to Karolinska Institutet. I wouldn’t
be where I am now — both scientifically and on a personal level —if it was not for the wonderful
and valuable people I met during these years, who on different steps of my way helped me
either with experiments or through exchanging scientific ideas, having inspirational
conversations, or simply sharing some goofy laughs over lunch. All these things — big and
small, helped me survive the tough periods of the PhD as well as enjoy the good ones, and I

am forever grateful for being surrounded by all of you. Thank you!

First and foremost, I would like to express my gratitude to my main supervisor Camilla
Svensson for allowing me to do my PhD studies in her group. This thesis would not have been
possible without her support and guidance. Although my PhD did not lack difficulties and
moments of doubt you have always made me feel that [ am not alone in it and that together we
can find a solution to all problems. During the years spent in your lab I have truly admired your
passion and enthusiasm for science and your constant hunger of knowledge which you have
always shared with us during meetings. Thank you for the time you have spent with me
discussing science, personal development, and life in general, as well as for your belief in me

during these years.

I would like to thank my co-supervisor Fredrik Wermeling for always willing to help, discuss
science and offer an external perspective. Although we have not collaborated much over these
years, knowing that I can always turn to you with any problem made me feel reassured. I would
also like to acknowledge my co-supervisor Chantal Chenu for hosting me in London during
my secondments at RVC and for giving me the opportunity to expand my knowledge about

bone and osteoclasts.

I would like to appreciate my dissertation committee: Tuomas Néreoja, Marie Wahren-
Herlenius and Heike Rittner, as well as my opponent Laura Stone for taking the time to
review my work and contribute to an interesting discussion on the outcomes of my research.

Thank you also to Johanna Lanner for hosting this thesis defence as a chairperson.

I have been very lucky to be part of BonePain training network during my PhD as it not only
allowed me to expand my skills but was also the reason I have met so many brilliant

researchers. Thank you to all Bonepain ESRs for great meetings and sharing the knowledge

73



even after the grant has ended. To Ulla Kleve Jakobsen and Anne-Marie Heegaard for
organizing the annual meetings, taking care of administrative work and always willing to help
and answer questions. Special thanks to Nils Eijkelkamp for hosting my secondment in

Utrecht and giving me the opportunity to learn the basics behind FACS.

I would like to acknowledge and thank all of the collaborators and co-authors I have had the
pleasure to work with including Juan Miguel Jimenez Andrade, Arisai Martinez-Martinez,
Kent Soe, Jacob Olesen, Emmanuel Deval, Eva Kosek. Special thanks go to our
collaborators at the University of Clermont-Auvergne — Fabien Marchand, Lauriane Delay
and Julie Barbier. I am truly grateful for our collaboration and for all the work you have put
into the B02/B09 paper. Furthermore, I would like to thank all of our collaborators from the
CMM Rheumatology Unit especially: Lars Klarskog, Vivianne Malmstrom, Caroline
Gronwall, Bence Rethi, Karin Lundberg, Lena Israelsson, Heidi Wihimaa, Akilan
Krishnamurthy, Charlotte de Vries and Peter Sahlstrom. Thank you for all the discussions
at the citrulline meetings, your help with the ACPA/AMPA projects as well as your enthusiasm

about our in vivo work.

I would like to thank all members of FyFa department past and present with whom I have
interacted through all these years and who have helped me in various ways during my PhD.
I owe special thanks to Kent Jardemark, Director of Doctoral Studies. Thank you for your
kindness and willingness to help in any situation as well as for encouraging me to teach in the

pharmacology courses.

Thank you also to all members of CMM, especially all the groups on 3™ floor, for creating a
friendly work atmosphere, with a special mention to Aisha and Chen with whom we share the
lab space, for always being so kind and thoughtful. I would also like to thank Zsolt for
organizing the Tuesday’s Rheuma meetings and for helping out with genotyping when we

faced some issues with the transgenic mice.

I would have never started a PhD at KI if it weren’t for the wonderful experience I have had as
an Erasmus student, visiting the laboratory of Prof. Tomas Hokfelt at the Department of
Neuroscience in 2014. Thank you Tomas for creating a rich and engaging environment in
which scientific excellence is the norm, for your generosity and for making me feel a part of

the group during the time I have visited your lab.

The Erasmus experience would not have been the same if not for the best teacher I have had
chance to work with. Thank you Swapnali for your kindness, patience and all the knowledge

you have shared with me.

74



I would like to thank my Master Thesis supervisor, Prof. Krystyna Golembiowska for her
guidance, encouragement, advice, and mentorship she has provided not only during my
university education but also throughout my PhD. Thank you for showing me how exciting

science can be and always believing in me!

During my PhD I was lucky to do a company internship. Many thanks to my supervisor at
Affibody, Nina who made this time a valuable experience and to Dorota for creating a familiar
atmosphere during that month. Special thanks to Lindvi who encouraged and motivated me to

further develop my skills.

I am thankful to all the members of Molecular Pain Lab for the time spent together and

creating the feeling of familiarity during these years:

Kata, the Cornerstone Member of the CIS lab, you have participated in all four papers of this
thesis, and you know all the colors that my PhD journey got. It’s hard to put in words how
much I appreciate your help over these years. Thank you for always rescuing the fatal
experimental situations, for the countless hours you have spent in the animal lab and for always
finding the time to listen, discuss and offer advice, despite your busy schedule. Mr. Alex, the
most fashionable and the most handsome Italian scientist I know, thank you for all these years
spent in the lab together, for all the chats and laughs and for always offering compassionate
words. I have always admired your intellect and I know that whatever you will wish for, you
will surely accomplish it! Resti, I am glad we had the chance to share the BonePain experience,
teaching, meetings and even go sightseeing in London together! Thank you for all the chats
about life and our cats © and for always being there to help. I wish you all the best at your new
job, you’ll rock it! Emerson, thank you for your help and support while working on the ACPA
projects, for keeping us all up to date with pain research and for nice chats over lunch, good
luck with the next step in your career as Group Leader! Nilesh, thank you for all the chats about
Swedish residential market and latest Apple products, but mostly for being such a nice and
caring colleague. I wish you all the best in your new roles — in Uppsala and as a father! ©
Carlos, thank you for always being kind and helping when needed, though we didn’t have the
chance to work closely together I have always admired your passion and dedication for science
and I am sure you will be very successful in the future, good luck with the rest of your PhD!
Nils, thank you for being my CO03-buddy for the last few months and performing crucial
experiments for this paper, keep up the great work, I am sure you’ll rock the rest of your PhD!
Oh, and thank you for all these delicious gluten-free cakes you bring to the lab! Zerina, your
enthusiasm and positive attitude for science and life in general are truly contagious, talking to

you always makes me smile and I wish we had a chance to work together more closely. You

75



have a true talent for science, and I'm convinced you’ll shine wherever life takes you! Joana,
thank you for always being so kind, gentle and caring, wishing you the best for the rest of your
PhD! Harald, your passion for science, work ethics and humble personality are truly
admirable, and I am sure they’ll take you far in your career, good luck! Matt, your witty sense
of humor always brightens up lab meetings, thank you for your help with data analysis on
several occasions and lycka till with your Swedish adventure! Francisca, thank you for being
such a good lab manager during these months and for always being there to help, I hope you
will enjoy your PhD, good luck! Zhenggang, it has been fun to share the office together during
the past months, thank you for organizing an after-work with Chinese food and for all the
discussions about life in China we had. Lydia, I wish you could spend more time with us in
the lab, good luck with the rest of your PhD! Femke, although we haven’t had the chance to
interact in the lab much I am glad you joined us for your internship, good luck with the rest of

your education! And finally, welcome Amira, I hope you will enjoy working with our group!

Thank you to all the past members of the Molecular Pain Group, who I have missed a lot since
they left: Diana, you brought lots of laughter and joy to our group which I have been longing
for since you went back home; thank you for your sweet and warm personality and the time
spent together in Stockholm, I hope to see you soon in Portugal! Yuki, thank you for being my
co-pilot in the FM cell culture experiments, for the nice discussions we had over lunch and for
your immense kindness. Azar, you have been the core of the lab since I have started my PhD
and it was really sad to see you leave, thank you for always being there to help and for always
finding the time to chat and give me advice on life. Sally, thank you for being such an
inspirational role model successfully juggling family life and career, I hope to meet you more
often in the future! Louisa, it was really nice to have you as part of our group and even nicer
that you came back to Sweden (and CMM!), I wish you all the best with whatever you decide
to do in the future! Thank you also to the other members of the group for the wonderful time
spent together in the lab: Gustaf, Jie, Duygu, Jungo, Kasia, Jaira, Shibu, Vinko, Tinna,

Freija.

During these years I have not only earned a PhD but also a true friend. There are no words to
express how grateful I am for your friendship Teresa. Thank you for always being there for
me when I needed it, for all the emergency phone calls, for motivating me when I doubted
myself, for rooting for me the last few months and helping with last few bits before the printing.

I hope that wherever we end up in the future our friendship will follow.

My precious friend whom I owe a huge thank you, is Monika (or Monia ©). I didn’t expect

that the first Polish person I would meet when I first came to Stockholm in 2014 will become

76



so dear to my heart and will celebrate the end of PhD with me! Thank you so much for all these
years of friendship, for listening to me in moments of doubt and melancholy, for being there to
help even when your schedule was very tight, as well as for the warm words and support you

always have for me.

To my dear friend from University, Paulina, for being my formatting guru ©, for last-minute
help with the thesis and all the nice reunions we had in Krakéw and in Copenhagen! I hope we

can travel more together in the future.

I would also like to thank my friends in Stockholm who made me feel here like home and who
brightened the long dark Swedish evenings throughout these years: Anders, Ula, Maciek,
Tomek, Paula and Albert.

To all my friends back in Poland for not forgetting about me and Maciek and always welcoming
us with open arms when we come to visit: Karolina, Tomek, Ola, Kamil, Michal, Nicole.
Special thanks to Family Apanowicz: Michal, Kasia, Tosia and Ignacy for making us feel like

we are part of your family, despite the distance between us.

To Monika Banasiewicz, for being so kindhearted and generous and never refusing to help

when needed. Thank you!

I wish to thank my Parents, Bozena and Kazimierz for their love and encouragement without
whom I would never reach this moment in my life. Dzigkuje Mamo i Tato za Wasze wsparcie,
troske 1 wiar¢ we mnie przez te lata oraz za to, ze zawsze mog¢ na Was polega¢ w trudnych

sytuacjach.

Last, but not least I wish to thank my other half, Maciek, for courageously joining me on this
Swedish journey and for being by my side through thick and thin. Your support, encouragement
and unconditional love were the source of my strength and allowed me to survive the hardest

moments of this PhD. Thank you!

77






8 REFERENCES

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

Mintyselkd P, Kumpusalo E, Ahonen R, Kumpusalo A, Kauhanen J, Viinamaiki H, et al. Pain as a
reason to visit the doctor: a study in Finnish primary health care. Pain. 2001 Jan;89(2-3):175-80.
Goldberg DS, McGee SJ. Pain as a global public health priority. BMC Public Health. 2011 Oct;11:770.
Turk DC, Okifuji A. Pain terms and taxonomies of pain. Bonica’s Manag pain. 2010;

Gureje O, Von Korff M, Simon GE, Gater R. Persistent pain and well-being: a World Health
Organization Study in Primary Care. JAMA. 1998 Jul;280(2):147-51.

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 May;10(4):287-333.

Wijnhoven HAH, de Vet HCW, Picavet HSJ. Explaining sex differences in chronic musculoskeletal
pain in a general population. Pain. 2006;124(1-2):158-66.

Yu S, Chen C, Pan Y, Kurz MC, Datner E, Hendry PL, et al. Genes known to escape X chromosome
inactivation predict co-morbid chronic musculoskeletal pain and posttraumatic stress symptom
development in women following trauma exposure. Am J Med Genet Part B Neuropsychiatr Genet.
2019;180(6):415-27.

Martin BI, Deyo RA, Mirza SK, Turner JA, Comstock BA, Hollingworth W, et al. Expenditures and
Health Status Among Adults With Back and Neck Problems. JAMA [Internet]. 2008 Feb
13;299(6):656—64. Available from: https://doi.org/10.1001/jama.299.6.656

Raffaeli W, Amaudo E. Pain as a disease: an overview. J Pain Res. 2017;10:2003-8.

Treede R-D, Rief W, Barke A, Aziz Q, Bennett MI, Benoliel R, et al. Chronic pain as a symptom or a
disease: the IASP Classification of Chronic Pain for the International Classification of Diseases (ICD-
11). Vol. 160, Pain. [Amsterdam] : Elsevier Science BV; 2019. p. 19-27.

Vos T, Allen C, Arora M, Barber RM, Brown A, Carter A, et al. Global, regional, and national
incidence, prevalence, and years lived with disability for 310 diseases and injuries, 1990-2015: a
systematic analysis for the Global Burden of Disease Study 2015. Lancet. 2016;388(10053):1545-602.
Carnes D, Parsons S, Ashby D, Breen A, Foster NE, Pincus T, et al. Chronic musculoskeletal pain rarely
presents in a single body site: results from a UK population study. Rheumatology (Oxford). 2007
Jul;46(7):1168-70.

Uhl RL, Roberts TT, Papaliodis DN, Mulligan MT, Dubin AH. Management of chronic musculoskeletal
pain. JAAOS-Journal Am Acad Orthop Surg. 2014;22(2):101-10.

Babatunde OO, Jordan JL, Van der Windt DA, Hill JC, Foster NE, Protheroe J. Effective treatment
options for musculoskeletal pain in primary care: a systematic overview of current evidence. PLoS One.
2017;12(6):e0178621.

Marchand F, Perretti M, McMahon SB. Role of the immune system in chronic pain. Nat Rev Neurosci.
2005 Jul;6(7):521-32.

Mcmahon SB, La Russa F, Bennett DLH. Crosstalk between the nociceptive and immune systems in
host defence and disease. Vol. 16, Nature Reviews Neuroscience. 2015. p. 389—402.

Lacagnina MJ, Heijnen CJ, Watkins LR, Grace PM. Autoimmune regulation of chronic pain. Pain
reports. 2021;6(1):¢905.

Vinuesa CG, Tangye SG, Moser B, Mackay CR. Follicular B helper T cells in antibody responses and
autoimmunity. Nat Rev Immunol. 2005 Nov;5(11):853-65.

Rawlings DJ, Metzler G, Wray-Dutra M, Jackson SW. Altered B cell signalling in autoimmunity. Nat
Rev Immunol. 2017 Jul;17(7):421-36.

Mifflin KA, Kerr BJ. Pain in autoimmune disorders. J Neurosci Res. 2017 Jun;95(6):1282-94.

Raja SN, Carr DB, Cohen M, Finnerup NB, Flor H, Gibson S, et al. The revised International
Association for the Study of Pain definition of pain: concepts, challenges, and compromises. Pain
[Internet]. 2020;161(9). Available from:
https://journals.lww.com/pain/Fulltext/2020/09000/The revised International Association for the.6.as
px

Woolf CJ. What is this thing called pain? J Clin Invest [Internet]. 2010/11/01. 2010 Nov;120(11):3742—
4. Available from: https://pubmed.ncbi.nlm.nih.gov/21041955

Kosek E, Cohen M, Baron R, Gebhart GF, Mico J-A, Rice ASC, et al. Do we need a third mechanistic
descriptor for chronic pain states? Pain. 2016 Jul;157(7):1382-6.

Mertz H, Morgan V, Tanner G, Pickens D, Price R, Shyr Y, et al. Regional cerebral activation in
irritable bowel syndrome and control subjects with painful and nonpainful rectal distention.
Gastroenterology [Internet]. 2000;118(5):842—-8. Available from:
https://www.sciencedirect.com/science/article/pii/S0016508500701703

Jensen KB, Srinivasan P, Spaeth R, Tan Y, Kosek E, Petzke F, et al. Overlapping Structural and
Functional Brain Changes in Patients With Long-Term Exposure to Fibromyalgia Pain. Arthritis Rheum

79



26.

27.

28.

29.

30.

31

32.

33.

34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

80

[Internet]. 2013 Dec 1;65(12):3293-303. Available from: https://doi.org/10.1002/art.38170

van Rooijen DE, Marinus J, van Hilten JJ. Muscle hyperalgesia is widespread in patients with complex
regional pain syndrome. Pain [Internet]. 2013;154(12). Available from:
https://journals.lww.com/pain/Fulltext/2013/12000/Muscle_hyperalgesia is widespread in_patients wi
th.25.aspx

Trouvin A-P, Perrot S. New concepts of pain. Best Pract Res Clin Rheumatol [Internet].
2019;33(3):101415. Available from:
https://www.sciencedirect.com/science/article/pii/S1521694219300610

Schaible HG, Schmidt RF. Responses of fine medial articular nerve afferents to passive movements of
knee joint. J Neurophysiol. 1983;49(5):1118-26.

Schmidt R, Schmelz M, Forster C, Ringkamp M, Torebjork E, Handwerker H. Novel classes of
responsive and unresponsive C nociceptors in human skin. J Neurosci. 1995;15(1 1):333-41.

Basbaum AlI, Bautista DM, Scherrer G, Julius D. Cellular and Molecular Mechanisms of Pain. Vol. 139,
Cell. 2009. p. 267-84.

Snider WD, McMahon SB. Tackling pain at the source: New ideas about nociceptors. Vol. 20, Neuron.
1998. p. 629-32.

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D. The capsaicin receptor: A
heat-activated ion channel in the pain pathway. Nature. 1997,

Guo A, Vulchanova L, Wang J, Li X, Elde R. Immunocytochemical localization of the vanilloid
receptor 1 (VR1), relationship to neuropeptides, the P2X3 purinoceptor and IB4 binding sites. Eur J
Neurosci. 1999;

Gold MS, Gebhart GF. Nociceptor sensitization in pain pathogenesis. Vol. 16, Nature Medicine. 2010.
p. 1248-57.

Gohar O, Ph D. Contribution of Ion Channels in Pain Sensation. Alomone. 2005;19(19):9-13.

White JP, Urban L, Nagy I. TRPV1 function in health and disease. Curr Pharm Biotechnol. 2011;
Brandt MR, Beyer CE, Stahl SM. TRPV1 Antagonists and Chronic Pain: Beyond Thermal Perception.
Pharmaceuticals (Basel) [Internet]. 2012 Feb 2;5(2):114-32. Available from:
https://pubmed.ncbi.nlm.nih.gov/24288084

Caterina MJ, Leffler A, Malmberg AB, Martin W], Trafton J, Petersen-Zeitz KR, et al. Impaired
nociception and pain sensation in mice lacking the capsaicin receptor. Science (80- ).
2000;288(5464):306—13.

Davis JB, Gray J, Gunthorpe MJ, Hatcher JP, Davey PT, Overend P, et al. Vanilloid receptor-1 is
essential for inflammatory thermal hyperalgesia. Nature. 2000;405(6783):183—7.

Kamei J, Zushida K, Morita K, Sasaki M, Tanaka S ichi. Role of vanilloid VR1 receptor in thermal
allodynia and hyperalgesia in diabetic mice. Eur J Pharmacol. 2001;422(1-3):83-6.

Kort ME, Kym PR. TRPV1 antagonists: Clinical setbacks and prospects for future development. Prog
Med Chem. 2012;

Nilius B, Szallasi A. Transient Receptor Potential Channels as Drug Targets: From the Science of Basic
Research to the Art of Medicine. Pharmacol Rev. 2014;

Kweon H-J, Suh B-C. Acid-sensing ion channels (ASICs): therapeutic targets for neurological diseases
and their regulation. BMB Rep. 2013 Jun;46(6):295-304.

Carattino MD, Montalbetti N. Acid-sensing ion channels in sensory signaling. Am J Physiol Physiol
[Internet]. 2020 Jan 27;318(3):F531-43. Available from: https://doi.org/10.1152/ajprenal.00546.2019
Deval E, Lingueglia E. Acid-Sensing Ion Channels and nociception in the peripheral and central nervous
systems. Vol. 94, Neuropharmacology. 2015. p. 49-57.

Waldmann R, Bassilana F, De Weille J, Champigny G, Heurteaux C, Lazdunski M. Molecular cloning
of a non-inactivating proton-gated Na+ channel specific for sensory neurons. J Biol Chem.
1997;272(34):20975-8.

Deval E, Baron A, Lingueglia E, Mazarguil H, Zajac JM, Lazdunski M. Effects of neuropeptide SF and
related peptides on acid sensing ion channel 3 and sensory neuron excitability. Neuropharmacology.
2003;44(5):662-71.

Marra S, Ferru-Clément R, Breuil V, Delaunay A, Christin M, Friend V, et al. Non-acidic activation of
pain-related Acid-Sensing Ion Channel 3 by lipids. EMBO J. 2016;35(4):414-28.

Allen NJ, Attwell D. Modulation of ASIC channels in rat cerebellar Purkinje neurons by ischaemia-
related signals. J Physiol. 2002;543(2):521-9.

Immke DC, McCleskey EW. Lactate enhances the acid-sensing NA+ channel on ischemia-sensing
neurons. Nat Neurosci. 2001;

Wang X, Li WG, Yu Y, Xiao X, Cheng J, Zeng WZ, et al. Serotonin facilitates peripheral pain
sensitivity in a manner that depends on the nonproton ligand sensing domain of ASIC3 channel. J
Neurosci. 2013;33(10):4265-79.

Cadiou H, Studer M, Jones NG, Smith ESJ, Ballard A, McMahon SB, et al. Modulation of acid-sensing
ion channel activity by nitric oxide. J Neurosci. 2007;27(48):13251-60.

Birdsong WT, Fierro L, Williams FG, Spelta V, Naves LA, Knowles M, et al. Sensing muscle ischemia:



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Coincident detection of acid and ATP via interplay of two ion channels. Neuron. 2010;68(4):739—49.
Deval E, Noél J, Lay N, Alloui A, Diochot S, Friend V, et al. ASIC3, a sensor of acidic and primary
inflammatory pain. EMBO J. 2008;27(22):3047-55.

[zumi M, Tkeuchi M, Ji Q, Tani T. Local ASIC3 modulates pain and disease progression in a rat model
of osteoarthritis. J Biomed Sci. 2012;19(1).

Sluka KA, Rasmussen LA, Edgar MM, O’Donnell JM, Walder RY, Kolker SJ, et al. Acid-sensing ion
channel 3 deficiency increases inflammation but decreases pain behavior in murine arthritis. Arthritis
Rheum. 2013 May;65(5):1194-202.

Gregory NS, Brito RG, Fusaro MCGO, Sluka KA. ASIC3 Is Required for Development of Fatigue-
Induced Hyperalgesia. Mol Neurobiol. 2016;53(2):1020-30.

Hsieh WS, Kung CC, Huang SL, Lin SC, Sun WH. TDAGS, TRPV1, and ASIC3 involved in
establishing hyperalgesic priming in experimental rheumatoid arthritis. Sci Rep. 2017;7(1).

Hiasa M, Okui T, Allette YM, Ripsch MS, Sun-Wada GH, Wakabayashi H, et al. Bone pain induced by
multiple myeloma is reduced by targeting V-ATPase and ASIC3. Cancer Res. 2017;77(6):1283-95.
Bunnett NW, Cottrell GS. Trafficking and signaling of G protein-coupled receptors in the nervous
system: implications for disease and therapy. CNS Neurol Disord Drug Targets. 2010 Nov;9(5):539-56.
Pan HL, Wu ZZ, Zhou HY, Chen SR, Zhang HM, Li DP. Modulation of pain transmission by G-protein-
coupled receptors. Vol. 117, Pharmacology and Therapeutics. 2008. p. 141-61.

Geppetti P, Veldhuis NA, Lieu TM, Bunnett NW. G Protein-Coupled Receptors: Dynamic Machines for
Signaling Pain and Itch. Neuron. 2015.

Stone LS, Molliver DC. In search of analgesia: Emerging roles of GPCRS in pain. Mol Interv.
2009;9(5):234-51.

Levi-Montalcini R, Hamburger V. Selective growth stimulating effects of mouse sarcoma on the sensory
and sympathetic nervous system of the chick embryo. J Exp Zool. 1951 Mar;116(2):321-61.

Lindsay RM. Role of neurotrophins and trk receptors in the development and maintenance of sensory
neurons: an overview. Philos Trans R Soc London Ser B, Biol Sci. 1996 Mar;351(1338):365-73.
Lewin GR, Ritter AM, Mendell LM. Nerve growth factor-induced hyperalgesia in the neonatal and adult
rat. J Neurosci. 1993;13(5):2136-48.

Lewin GR, Rueff A, Mendell LM. Peripheral and Central Mechanisms of NGF-induced Hyperalgesia.
Eur J Neurosci. 1994;6(12):1903-12.

Dyck PJ, Peroutka S, Rask C, Burton E, Baker MK, Lehman KA, et al. Intradermal recombinant human
nerve growth factor induces pressure allodynia and lowered heat-pain threshold in humans. Neurology.
1997,

Pezet S, McMahon SB. Neurotrophins: mediators and modulators of pain. Annu Rev Neurosci.
2006;29:507-38.

Delay L, Barbier J, Aissouni Y, Jurczak A, Boudieu L, Briat A, et al. Tyrosine kinase type A-specific
signalling pathways are critical for mechanical allodynia development and bone alterations in a mouse
model of theumatoid arthritis. Pain. 2021 Sep;

Castafieda-Corral G, Jimenez-Andrade JM, Bloom AP, Taylor RN, Mantyh WG, Kaczmarska MJ, et al.
The majority of myelinated and unmyelinated sensory nerve fibers that innervate bone express the
tropomyosin receptor kinase A. Neuroscience. 2011 Mar;178:196-207.

Mantyh PW. The neurobiology of skeletal pain. Eur J Neurosci. 2014 Feb;39(3):508-19.

Tam SY, Tsai M, Yamaguchi M, Yano K, Butterfield JH, Galli SJ. Expression of functional TrkA
receptor tyrosine kinase in the HMC-1 human mast cell line and in human mast cells. Blood. 1997
Sep;90(5):1807-20.

Raychaudhuri SP, Raychaudhuri SK. The regulatory role of nerve growth factor and its receptor system
in fibroblast-like synovial cells. Scand J Rheumatol. 2009;38(3):207-15.

Williams KS, Killebrew DA, Clary GP, Seawell JA, Meeker RB. Differential regulation of macrophage
phenotype by mature and pro-nerve growth factor. J Neuroimmunol. 2015 Aug;285:76-93.

Aiga A, Asaumi K, Lee Y-J, Kadota H, Mitani S, Ozaki T, et al. Expression of neurotrophins and their
receptors tropomyosin-related kinases (Trk) under tension-stress during distraction osteogenesis. Acta
Med Okayama. 2006 Oct;60(5):267-77.

Asaumi K, Nakanishi T, Asahara H, Inoue H, Takigawa M. Expression of neurotrophins and their
receptors (TRK) during fracture healing. Bone. 2000 Jun;26(6):625-33.

Iannone F, De Bari C, Dell’ Accio F, Covelli M, Patella V, Lo Bianco G, et al. Increased expression of
nerve growth factor (NGF) and high affinity NGF receptor (p140 TrkA) in human osteoarthritic
chondrocytes. Rheumatology [Internet]. 2002 Dec 1;41(12):1413-8. Available from:
https://doi.org/10.1093/rheumatology/41.12.1413

Marlin MC, Li G. Biogenesis and function of the NGF/TrkA signaling endosome. Int Rev Cell Mol
Biol. 2015;314:239-57.

Jarvis CR, Xiong ZG, Plant JR, Churchill D, Lu WY, MacVicar BA, et al. Neurotrophin modulation of
NMDA receptors in cultured murine and isolated rat neurons. J Neurophysiol. 1997 Nov;78(5):2363—
71.

81



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.
92.

93.

94.

95.

96.
97.

98.
99

100.

101.

102.

103.

104.

105.

106.
107.

108.

82

Jiang H, Takeda K, Lazarovici P, Katagiri Y, Yu ZX, Dickens G, et al. Nerve growth factor (NGF)-
induced calcium influx and intracellular calcium mobilization in 3T3 cells expressing NGF receptors. J
Biol Chem. 1999 Sep;274(37):26209-16.

Barker PA, Mantyh P, Arendt-Nielsen L, Viktrup L, Tive L. Nerve Growth Factor Signaling and Its
Contribution to Pain. J Pain Res [Internet]. 2020 May 26;13:1223—41. Available from:
https://pubmed.ncbi.nlm.nih.gov/32547184

Miller RJ, Jung H, Bhangoo SK, White FA. Cytokine and chemokine regulation of sensory neuron
function. Vol. 194, Handbook of Experimental Pharmacology. 2009. p. 417—49.

Gongalves dos Santos G, Delay L, Yaksh TL, Corr M. Neuraxial Cytokines in Pain States [Internet].
Vol. 10, Frontiers in Immunology. 2020. p. 3061. Available from:
https://www.frontiersin.org/article/10.3389/fimmu.2019.03061

Bao L, Zhu Y, Elhassan AM, Wu Q, Xiao B, Zhu J, et al. Adjuvant-induced arthritis: IL-1 beta, IL-6 and
TNF-alpha are up-regulated in the spinal cord. Neuroreport. 2001 Dec;12(18):3905-8.

Mclnnes IB, Buckley CD, Isaacs JD. Cytokines in rtheumatoid arthritis - shaping the immunological
landscape. Nat Rev Rheumatol. 2016 Jan;12(1):63-8.

Clark AK, Old EA, Malcangio M. Neuropathic pain and cytokines: Current perspectives. Vol. 6, Journal
of Pain Research. 2013. p. 803—14.

Hess A, Axmann R, Rech J, Finzel S, Heindl C, Kreitz S, et al. Blockade of TNF-alpha rapidly inhibits
pain responses in the central nervous system. Proc Natl Acad Sci U S A. 2011 Mar;108(9):3731-6.
Schéfers M, Sommer C. Anticytokine therapy in neuropathic pain management. Expert Review of
Neurotherapeutics. 2007.

Shubayev VI, Kato K, Myers RR. Cytokines in Pain. In: Translational Pain Research. 2010.

Zhang ZJ, Cao DL, Zhang X, Ji RR, Gao YJ. Chemokine contribution to neuropathic pain: Respective
induction of CXCL1 and CXCR?2 in spinal cord astrocytes and neurons. Pain. 2013;154(10):2185-97.
Cao DL, Zhang ZJ, Xie RG, Jiang BC, Ji RR, Gao YJ. Chemokine CXCL1 enhances inflammatory pain
and increases NMDA receptor activity and COX-2 expression in spinal cord neurons via activation of
CXCR2. Exp Neurol. 2014;

Wang JG, Strong JA, Xie W, Yang RH, Coyle DE, Wick DM, et al. The chemokine CXCL1/growth
related oncogene increases sodium currents and neuronal excitability in small diameter sensory neurons.
Mol Pain [Internet]. 2008 Sep 24;4:38. Available from:
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2562993/

Yang R-H, Strong JA, Zhang J-M. NF-kappaB mediated enhancement of potassium currents by the
chemokine CXCL1/growth related oncogene in small diameter rat sensory neurons. Mol Pain. 2009
May;5:26.

Dong F, Du YR, Xie W, Strong JA, He XJ, Zhang JM. Increased function of the TRPV1 channel in
small sensory neurons after local inflammation or in vitro exposure to the pro-inflammatory cytokine
GRO/KC. Neurosci Bull. 2012;

Murray GM. Referred pain, allodynia and hyperalgesia. ] Am Dent Assoc. 2009 Sep;140(9):11224.
Nijs J, George SZ, Clauw DJ, Fernandez-de-las-Pefias C, Kosek E, Ickmans K, et al. Central
sensitisation in chronic pain conditions: latest discoveries and their potential for precision medicine.
Lancet Rheumatol [Internet]. 2021;3(5):e383-92. Available from:
https://www.sciencedirect.com/science/article/pii/S2665991321000321

Campbell JN, Meyer RA. Mechanisms of neuropathic pain. Neuron. 2006 Oct;52(1):77-92.

Schaible HG, Grubb BD. Afferent and spinal mechanisms of joint pain. Vol. 55, Pain. 1993. p. 5-54.
Schaible H-G, Schmelz M, Tegeder I. Pathophysiology and treatment of pain in joint disease. Adv Drug
Deliv Rev. 2006 May;58(2):323—42.

Lluch E, Torres R, Nijs J, Van Oosterwijck J. Evidence for central sensitization in patients with
osteoarthritis pain: a systematic literature review. Eur J pain. 2014;18(10):1367-75.

Desmeules JA, Cedraschi C, Rapiti E, Baumgartner E, Finckh A, Cohen P, et al. Neurophysiologic
evidence for a central sensitization in patients with fibromyalgia. Arthritis Rheum. 2003
May;48(5):1420-9.

Loggia ML, Chonde DB, Akeju O, Arabasz G, Catana C, Edwards RR, et al. Evidence for brain glial
activation in chronic pain patients. Brain. 2015;138(3):604—15.

Latremoliere A, Woolf CJ. Central sensitization: a generator of pain hypersensitivity by central neural
plasticity. J pain [Internet]. 2009 Sep;10(9):895-926. Available from:
https://pubmed.ncbi.nlm.nih.gov/19712899

Donnelly CR, Andriessen AS, Chen G, Wang K, Jiang C, Maixner W, et al. Central Nervous System
Targets: Glial Cell Mechanisms in Chronic Pain. Neurotherapeutics [Internet]. 2020;17(3):846—60.
Available from: https://doi.org/10.1007/s13311-020-00905-7

Pannese E. The satellite cells of the sensory ganglia. Adv Anat Embryol Cell Biol. 1981;65:1-111.
Hanani M. Satellite glial cells in sensory ganglia: From form to function. Vol. 48, Brain Research
Reviews. 2005. p. 457-76.

Hu P, McLachlan EM. Macrophage and lymphocyte invasion of dorsal root ganglia after peripheral



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

nerve lesions in the rat. Neuroscience. 2002;112(1):23-38.

Mika J, Rojewska E, Makuch W, Przewlocka B. Minocycline reduces the injury-induced expression of
prodynorphin and pronociceptin in the dorsal root ganglion in a rat model of neuropathic pain.
Neuroscience. 2010 Feb;165(4):1420-8.

Hanani M. Intercellular communication in sensory ganglia by purinergic receptors and gap junctions:
implications for chronic pain. Brain Res. 2012 Dec;1487:183-91.

Vega JA, del Valle-Soto ME, Calzada B, Alvarez-Mendez JC. Immunohistochemical localization of S-
100 protein subunits (alpha and beta) in dorsal root ganglia of the rat. Cell Mol Biol. 1991;37(2):173—
81.

Ichikawa H, Jacobowitz DM, Sugimoto T. S100 protein-immunoreactive primary sensory neurons in the
trigeminal and dorsal root ganglia of the rat. Brain Res. 1997 Feb;748(1-2):253-7.

Sandelin M, Zabihi S, Liu L, Wicher G, Kozlova EN. Metastasis-associated S100A4 (Mts1) protein is
expressed in subpopulations of sensory and autonomic neurons and in Schwann cells of the adult rat. J
Comp Neurol. 2004 May;473(2):233-43.

Garrett FG, Durham PL. Differential expression of connexins in trigeminal ganglion neurons and
satellite glial cells in response to chronic or acute joint inflammation. Neuron Glia Biol [Internet].
2009/08/13. 2008 Nov;4(4):295-306. Available from: https://pubmed.ncbi.nlm.nih.gov/19674505
Hanstein R, Zhao JB, Basak R, Smith DN, Zuckerman Y'Y, Hanani M, et al. Focal Inflammation Causes
Carbenoxolone-Sensitive Tactile Hypersensitivity in Mice. Open Pain J. 2010 Jan;3:123-33.

Warwick RA, Hanani M. The contribution of satellite glial cells to chemotherapy-induced neuropathic
pain. Eur J Pain. 2013 Apr;17(4):571-80.

Kim YS, Anderson M, Park K, Zheng Q, Agarwal A, Gong C, et al. Coupled Activation of Primary
Sensory Neurons Contributes to Chronic Pain. Neuron. 2016 Sep;91(5):1085-96.

Pannese E. The structure of the perineuronal sheath of satellite glial cells (SGCs) in sensory ganglia.
Neuron Glia Biol. 2010 Feb;6(1):3-10.

Donegan M, Kernisant M, Cua C, Jasmin L, Ohara PT. Satellite glial cell proliferation in the trigeminal
ganglia after chronic constriction injury of the infraorbital nerve. Glia. 2013 Dec;61(12):2000-8.
Christie K, Koshy D, Cheng C, Guo G, Martinez JA, Duraikannu A, et al. Intraganglionic interactions
between satellite cells and adult sensory neurons. Mol Cell Neurosci [Internet]. 2015;67:1-12. Available
from: https://www.sciencedirect.com/science/article/pii/S1044743115000792

Warwick RA, Ledgerwood CJ, Brenner T, Hanani M. Satellite glial cells in dorsal root ganglia are
activated in experimental autoimmune encephalomyelitis. Neurosci Lett. 2014 May;569:59-62.

Blum E, Procacci P, Conte V, Hanani M. Systemic inflammation alters satellite glial cell function and
structure. A possible contribution to pain. Neuroscience. 2014 Aug;274:209-17.

Blum E, Procacci P, Conte V, Sartori P, Hanani M. Long term effects of lipopolysaccharide on satellite
glial cells in mouse dorsal root ganglia. Exp Cell Res [Internet]. 2017;350(1):236—41. Available from:
https://www.sciencedirect.com/science/article/pii/S0014482716303974

Mohr KM, Pallesen LT, Richner M, Vaegter CB. Discrepancy in the Usage of GFAP as a Marker of
Satellite Glial Cell Reactivity. Biomedicines. 2021 Aug;9(8).

Dublin P, Hanani M. Satellite glial cells in sensory ganglia: Their possible contribution to inflammatory
pain. Brain Behav Immun [Internet]. 2007;21(5):592-8. Available from:
https://www.sciencedirect.com/science/article/pii/S0889159106003904

Hanani M, Spray DC. Emerging importance of satellite glia in nervous system function and dysfunction.
Nat Rev Neurosci. 2020 Sep;21(9):485-98.

Vit J-P, Ohara PT, Bhargava A, Kelley K, Jasmin L. Silencing the Kir4.1 potassium channel subunit in
satellite glial cells of the rat trigeminal ganglion results in pain-like behavior in the absence of nerve
injury. J Neurosci. 2008 Apr;28(16):4161-71.

Takeda M, Takahashi M, Nasu M, Matsumoto S. Peripheral inflammation suppresses inward rectifying
potassium currents of satellite glial cells in the trigeminal ganglia. Pain. 2011 Sep;152(9):2147-56.
Tang X, Schmidt TM, Perez-Leighton CE, Kofuji P. Inwardly rectifying potassium channel Kir4.1 is
responsible for the native inward potassium conductance of satellite glial cells in sensory ganglia.
Neuroscience. 2010 Mar;166(2):397-407.

Dubovy P, Klusakova I, Svizenska I, Brazda V. Satellite glial cells express IL-6 and corresponding
signal-transducing receptors in the dorsal root ganglia of rat neuropathic pain model. Neuron Glia Biol.
2010 Feb;6(1):73-83.

Huang L-YM, Gu Y, Chen Y. Communication between neuronal somata and satellite glial cells in
sensory ganglia. Glia. 2013 Oct;61(10):1571-81.

Souza GR, Talbot J, Lotufo CM, Cunha FQ, Cunha TM, Ferreira SH. Fractalkine mediates
inflammatory pain through activation of satellite glial cells. Proc Natl Acad Sci U S A [Internet].
2013/06/17. 2013 Jul 2;110(27):11193-8. Available from: https://pubmed.ncbi.nlm.nih.gov/23776243
Afroz S, Arakaki R, Iwasa T, Oshima M, Hosoki M, Inoue M, et al. CGRP Induces Differential
Regulation of Cytokines from Satellite Glial Cells in Trigeminal Ganglia and Orofacial Nociception. Int
J Mol Sci. 2019 Feb;20(3).

83



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.
145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

84

Thalakoti S, Patil V V, Damodaram S, Vause C V, Langford LE, Freeman SE, et al. Neuron-glia
signaling in trigeminal ganglion: implications for migraine pathology. Headache. 2007;47(7):1005-8.
LiJ, Vause C V, Durham PL. Calcitonin gene-related peptide stimulation of nitric oxide synthesis and
release from trigeminal ganglion glial cells. Brain Res. 2008 Feb;1196:22-32.

Nagae M, Hiraga T, Wakabayashi H, Wang L, Iwata K, Yoneda T. Osteoclasts play a part in pain due to
the inflammation adjacent to bone. Bone. 2006;39(5):1107—-15.

Nagae M, Hiraga T, Yoneda T. Acidic microenvironment created by osteoclasts causes bone pain
associated with tumor colonization. ] Bone Miner Metab. 2007;25(2):99—104.

Wigerblad G, Bas DB, Fernades-Cerqueira C, Krishnamurthy A, Nandakumar KS, Rogoz K, et al.
Autoantibodies to citrullinated proteins induce joint pain independent of inflammation via a chemokine-
dependent mechanism. Ann Rheum Dis. 2016 Apr;75(4):730-8.

Dohke T, Iba K, Hanaka M, Kanaya K, Abe Y, Okazaki S, et al. Regional osteoporosis due to osteoclast
activation as a trigger for the pain-like behaviors in tail-suspended mice. J Orthop Res.
2017;35(6):1226-36.

Jurczak A, Delay L, Barbier J, Simon N, Krock E, Sandor K, et al. Antibody-induced pain-like behavior
and bone erosion: links to subclinical inflammation, osteoclast activity and ASIC3-dependent
sensitization. Pain [Internet]. 9000; Available from:
https://journals.lww.com/pain/Fulltext/9000/Antibody induced pain like behavior and bone.97815.as
pX

Morado-Urbina CE, Alvarado-Véazquez PA, Montiel-Ruiz RM, Acosta-Gonzalez RI, Castafieda-Corral
G, Jiménez-Andrade JM. Early, middle, or late administration of zoledronate alleviates spontaneous
nociceptive behavior and restores functional outcomes in a mouse model of CFA-induced arthritis. Drug
Dev Res. 2014;75(7):438-48.

Wen Z-H, Tang C-C, Chang Y-C, Huang S-Y, Lin Y-Y, Hsieh S-P, et al. Calcitonin attenuates cartilage
degeneration and nociception in an experimental rat model of osteoarthritis: role of TGF-f in
chondrocytes. Sci Rep [Internet]. 2016;6(1):28862. Available from: https://doi.org/10.1038/srep28862
Luger NM, Honore P, Sabino MAC, Schwei MJ, Rogers SD, Mach DB, et al. Osteoprotegerin
Diminishes Advanced Bone Cancer Pain. Cancer Res [Internet]. 2001 May 15;61(10):4038 LP — 4047.
Available from: http://cancerres.aacrjournals.org/content/61/10/4038.abstract

Gennari C. Analgesic effect of calcitonin in osteoporosis. Bone. 2002 May;30(5 Suppl):67S-70S.
Clemons MJ, Dranitsaris G, Ooi WS, Yogendran G, Sukovic T, Wong BYL, et al. Phase II trial
evaluating the palliative benefit of second-line zoledronic acid in breast cancer patients with either a
skeletal-related event or progressive bone metastases despite first-line bisphosphonate therapy. J Clin
Oncol. 2006;24(30):4895-900.

Abe Y, Iba K, Takada J, Wada T, Yamashita T. Improvement of pain and regional osteoporotic changes
in the foot and ankle by low-dose bisphosphonate therapy for complex regional pain syndrome type I: A
case series. ] Med Case Rep. 2011;5.

Martin-Broto J, Cleeland CS, Glare PA, Engellau J, Skubitz KM, Blum RH, et al. Effects of denosumab
on pain and analgesic use in giant cell tumor of bone: Interim results from a phase II study. Acta Oncol
(Madr). 2014;53(9):1173-9.

Yao Y, Tan Y-H, Light AR, Mao J, Yu ACH, Fu K-Y. Alendronate Attenuates Spinal Microglial
Activation and Neuropathic Pain. J pain. 2016 Aug;17(8):889-903.

Kato Y, Hiasa M, Ichikawa R, Hasuzawa N, Kadowaki A, Iwatsuki K, et al. Identification of a vesicular
ATP release inhibitor for the treatment of neuropathic and inflammatory pain. Proc Natl Acad Sci U S
A. 2017 Aug;114(31):E6297-305.

Yamagata R, Nemoto W, Nakagawasai O, Hung W-Y, Shima K, Endo Y, et al. Etidronate attenuates
tactile allodynia by spinal ATP release inhibition in mice with partial sciatic nerve ligation. Naunyn
Schmiedebergs Arch Pharmacol. 2019 Mar;392(3):349-57.

Wu 'Y, Humphrey MB, Nakamura MC. Osteoclasts - the innate immune cells of the bone.
Autoimmunity. 2008 Apr;41(3):183-94.

Teitelbaum SL, Ross FP. Genetic regulation of osteoclast development and function. Vol. 4, Nature
Reviews Genetics. 2003. p. 638—49.

Ghilardi JR, Réhrich H, Lindsay TH, Sevcik MA, Schwei MJ, Kubota K, et al. Selective blockade of the
capsaicin receptor TRPV1 attenuates bone cancer pain. J Neurosci. 2005;25(12):3126-31.

Fuseya S, Yamamoto K, Minemura H, Yamaori S, Kawamata T, Kawamata M. Systemic QX-314
Reduces Bone Cancer Pain through Selective Inhibition of Transient Receptor Potential Vanilloid
Subfamily 1-expressing Primary Afferents in Mice. Anesthesiology. 2016;125(1):204—18.

Jurczak A, Delay L, Barbier J, Simon N, Krock E, Sandor K, et al. Antibody-induced pain-like behavior
and bone erosion-links to subclinical inflammation, osteoclast activity and ASIC3 dependent
sensitization. Pain. 2021;

Roodman GD, Kurihara N, Ohsaki Y, Kukita A, Hosking D, Demulder A, et al. Interleukin 6. A
potential autocrine/paracrine factor in Paget’s disease of bone. J Clin Invest. 1992;89(1):46-52.
Tani-Ishii N, Tsunoda A, Teranaka T, Umemoto T. Autocrine regulation of osteoclast formation and



158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

bone resorption by IL-1 alpha and TNF alpha. J Dent Res. 1999 Oct;78(10):1617-23.

Mazaki A, Orita S, Inage K, Suzuki M, Abe K, Shiga Y, et al. Tumor Necrosis Factor-a Produced by
Osteoclasts Might Induce Intractable Pain in a Rat Spinal Metastasis Model of Breast Cancer. Spine
Surg Relat Res. 2019;3(3):261-6.

Matsuoka K, Park K-A, Ito M, Tkeda K, Takeshita S. Osteoclast-derived complement component 3a
stimulates osteoblast differentiation. J bone Miner Res Off ] Am Soc Bone Miner Res. 2014
Jul;29(7):1522-30.

Jang JH, Clark DJ, Li X, Yorek MS, Usachev YM, Brennan TJ. Nociceptive sensitization by
complement C5a and C3a in mouse. Pain [Internet]. 2009/12/23. 2010 Feb;148(2):343-52. Available
from: https://pubmed.ncbi.nlm.nih.gov/20031321

Taberner FJ, Fernandez-Ballester G, Fernandez-Carvajal A, Ferrer-Montiel A. TRP channels interaction
with lipids and its implications in disease. Biochim Biophys Acta - Biomembr [Internet].
2015;1848(9):1818-27. Available from:
https://www.sciencedirect.com/science/article/pii/S0005273615001017

Allard-Chamard H, Haroun S, De Brum-Fernandes AJ. Secreted phospholipase A2 type Il is present in
Paget’s disease of bone and modulates osteoclastogenesis, apoptosis and bone resorption of human
osteoclasts independently of its catalytic activity in vitro. Prostaglandins Leukot Essent Fat Acids.
2014;90(2-3):39-45.

Chacur M, Gutiérrez JM, Milligan ED, Wieseler-Frank J, Britto LRG, Maier SF, et al. Snake venom
components enhance pain upon subcutaneous injection: An initial examination of spinal cord mediators.
Pain. 2004 Sep;111(1-2):65-76.

Chacur M, Milligan ED, Sloan EM, Wieseler-Frank J, Barrientos RM, Martin D, et al. Snake venom
phospholipase A2s (Asp49 and Lys49) induce mechanical allodynia upon peri-sciatic administration:
Involvement of spinal cord glia, proinflammatory cytokines and nitric oxide. Pain. 2004 Mar;108(1—
2):180-91.

Svensson CI, Lucas KK, Hua XY, Powell HC, Dennis EA, Yaksh TL. Spinal phospholipase A2 in
inflammatory hyperalgesia: Role of the small, secretory phospholipase A2. Neuroscience.
2005;133(2):543-53.

Titsworth WL, Cheng X, Ke Y, Deng L, Burckardt KA, Pendleton C, et al. Differential expression of
sPLA2 following spinal cord injury and a functional role for sSPLA2-IIA in mediating oligodendrocyte
death. Glia. 2009 Nov;57(14):1521-37.

Kartha S, Yan L, Ita ME, Amirshaghaghi A, Luo L, Wei Y, et al. Phospholipase A2Inhibitor-Loaded
Phospholipid Micelles Abolish Neuropathic Pain. ACS Nano. 2020 Jul;14(7):8103-15.

Quindlen-Hotek JC, Kartha S, Winkelstein BA. Immediate inhibition of spinal secretory phospholipase
A2prevents the pain and elevated spinal neuronal hyperexcitability and neuroimmune regulatory genes
that develop with nerve root compression. Neuroreport. 2020 Oct;31(15):1084-9.

Ni S, Ling Z, Wang X, Cao Y, Wu T, Deng R, et al. Sensory innervation in porous endplates by Netrin-1
from osteoclasts mediates PGE2-induced spinal hypersensitivity in mice. Nat Commun. 2019
Dec;10(1):5643.

Zhu S,ZhuJ, Zhen G,Hu Y, An S, Li Y, et al. Subchondral bone osteoclasts induce sensory innervation
and osteoarthritis pain. J Clin Invest. 2019;129(3):1076-93.

de Clauser L, Santana-Varela S, Wood JN, Sikandar S. Physiologic osteoclasts are not sufficient to
induce skeletal pain in mice. Eur J Pain (United Kingdom). 2021;25(1):199-212.

Mach DB, Rogers SD, Sabino MC, Luger NM, Schwei MJ, Pomonis JD, et al. Origins of skeletal pain:
Sensory and sympathetic innervation of the mouse femur. Neuroscience. 2002;113(1):155-66.

Schaible H-G, Schmidt RF. Effects of an experimental arthritis on the sensory properties of fine articular
afferent units. J Neurophysiol. 1985;54(5):1109-22.

Schaible H-G, Schmidt RF. Time course of mechanosensitivity changes in articular afferents during a
developing experimental arthritis. J Neurophysiol. 1988;60(6):2180-95.

Grissel S. The role of peripheral nerve fibers and their neurotransmitters in cartilage and bone
physiology and pathophysiology. Arthritis Res Ther. 2014;16(1).

Jimenez-Andrade JM, Mantyh WG, Bloom AP, Xu H, Ferng AS, Dussor G, et al. A phenotypically
restricted set of primary afferent nerve fibers innervate the bone versus skin: Therapeutic opportunity for
treating skeletal pain. Bone. 2010;46(2):306—13.

Jimenez-Andrade JM, Martin CD, Koewler NJ, Freeman KT, Sullivan LJ, Halvorson KG, et al. Nerve
growth factor sequestering therapy attenuates non-malignant skeletal pain following fracture. Pain.
2007;133(1-3):183-96.

Katz N, Borenstein DG, Birbara C, Bramson C, Nemeth MA, Smith MD, et al. Efficacy and safety of
tanezumab in the treatment of chronic low back pain. Pain. 2011;152(10):2248-58.

Zahn PK, Subieta A, Park SS, Brennan TJ. Effect of blockade of nerve growth factor and tumor necrosis
factor on pain behaviors after plantar incision. J Pain. 2004;5(3):157-63.

Ghilardi JR, Freeman KT, Jimenez-Andrade JM, Mantyh WG, Bloom AP, Bouhana KS, et al. Sustained
blockade of neurotrophin receptors TrkA, TrkB and TrkC reduces non-malignant skeletal pain but not

85



181.

182.
183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

86

the maintenance of sensory and sympathetic nerve fibers. Bone. 2011;48(2):389-98.

Pertovaara A. The noradrenergic pain regulation system: A potential target for pain therapy. European
Journal of Pharmacology. 2013.

Klareskog L, Catrina Al, Paget S. Rheumatoid arthritis. Vol. 373, The Lancet. 2009. p. 659-72.
Buckwalter JA, Lappin DR. The disproportionate impact of chronic arthralgia and arthritis among
women. Clin Orthop Relat Res. 2000 Mar;(372):159-68.

Kvien TK, Uhlig T, @degard S, Heiberg MS. Epidemiological aspects of rheumatoid arthritis: The sex
ratio. Vol. 1069, Annals of the New York Academy of Sciences. New York,; 2006. p. 212-22.
MacGregor AJ, Snieder H, Rigby AS, Koskenvuo M, Kaprio J, Aho K, et al. Characterizing the
quantitative genetic contribution to rheumatoid arthritis using data from twins. Arthritis Rheum.
2000;43(1):30-7.

Craddock N, Hurles ME, Cardin N, Pearson RD, Plagnol V, Robson S, et al. Genome-wide association
study of CNVs in 16,000 cases of eight common diseases and 3,000 shared controls. Nature. 2010
Apr;464(7289):713-20.

Feng T, Zhu X. Genome-wide searching of rare genetic variants in WTCCC data. Hum Genet. 2010
Sep;128(3):269-80.

Eyre S, Bowes J, Diogo D, Lee A, Barton A, Martin P, et al. Letter. High-density genetic mapping
identifies new susceptability loci for rheumatoid arthritis. Nat Genet [Internet]. 2012 Nov
11;44(12):1336-40. Available from: http://dx.doi.org/10.1038/ng.2462

Gregersen PK, Silver J, Winchester RJ. The shared epitope hypothesis. an approach to understanding the
molecular genetics of susceptibility to theumatoid arthritis. Arthritis Rheum. 1987;30(11):1205-13.
Begovich AB, Carlton VEH, Honigberg LA, Schrodi SJ, Chokkalingam AP, Alexander HC, et al. A
missense single-nucleotide polymorphism in a gene encoding a protein tyrosine phosphatase (PTPN22)
is associated with rheumatoid arthritis. Am J Hum Genet. 2004;75(2):330-7.

Symmons DPM, Bankhead CR, Harrison BJ, Brennan P, Barrett EM, Scott DGI, et al. Blood
transfusion, smoking, and obesity as risk factors for the development of rheumatoid arthritis: Results
from a primary care-based incident case-control study in Norfolk, England. Arthritis Rheum.
1997;40(11):1955-61.

Karlson EW, Lee IM, Cook NR, Manson JAE, Buring JE, Hennekens CH. A retrospective cohort study
of cigarette smoking and risk of rheumatoid arthritis in female health professionals. Arthritis Rheum.
1999;42(5):910-7.

Lundberg K, Wegner N, Yucel-Lindberg T, Venables PJ. Periodontitis in RA-the citrullinated enolase
connection. Vol. 6, Nature Reviews Rheumatology. United States; 2010. p. 727-30.

Scher JU, Ubeda C, Artacho A, Attur M, Isaac S, Reddy SM, et al. Decreased bacterial diversity
characterizes the altered gut microbiota in patients with psoriatic arthritis, resembling dysbiosis in
inflammatory bowel disease. Arthritis Rheumatol. 2015;67(1):128-39.

Scher JU, Littman DR, Abramson SB. Review: Microbiome in Inflammatory Arthritis and Human
Rheumatic Diseases. Vol. 68, Arthritis and Rheumatology. 2016. p. 35-45.

Qin B, Yang M, Fu H, Ma N, Wei T, Tang Q, et al. Body mass index and the risk of rheumatoid
arthritis: A systematic review and dose-response meta-analysis. Arthritis Res Ther. 2015 Mar;17(1):86.
Smolen JS, Steiner G. Therapeutic strategies for rheumatoid arthritis. Vol. 2, Nature Reviews Drug
Discovery. 2003. p. 473-88.

Vervoordeldonk MIBM, Tak PP. Cytokines in rheumatoid arthritis. Vol. 4, Current rheumatology
reports. 2002. p. 208-17.

da Silva JAP, Ramiro S, Pedro S, Rodrigues A, Vasconcelos JC, Benito-Garcia E. Patients’ and
physicians’ priorities for improvement. The case of rheumatic diseases. Acta Reumatol Port.
2010;35(2):192-9.

Boyden SD, Hossain IN, Wohlfahrt A, Lee YC. Non-inflammatory Causes of Pain in Patients with
Rheumatoid Arthritis. Vol. 18, Current Rheumatology Reports. 2016.

Lampa J. Pain without inflammation in rheumatic diseases. Best Pract Res Clin Rheumatol [Internet].
2019;33(3):101439. Available from:
https://www.sciencedirect.com/science/article/pii/S152169421930124X

Harden RN. Chronic neuropathic pain: Mechanisms, diagnosis, and treatment. Neurologist.
2005;11(2):111-22.

Perrot S, Dieudé P, Pérocheau D, Allanore Y. Comparison of pain, pain burden, coping strategies, and
attitudes between patients with systemic sclerosis and patients with rheumatoid arthritis: A cross-
sectional study. Pain Med (United States). 2013;14(11):1776-85.

Wolfe F, Hauser W, Hassett AL, Katz RS, Walitt BT. The development of fibromyalgia - I:
Examination of rates and predictors in patients with rheumatoid arthritis (RA). Pain. 2011
Feb;152(2):291-9.

Lee YC. Effect and treatment of chronic pain in inflammatory arthritis. Curr Rheumatol Rep. 2013
Jan;15(1):300.

Taylor P, Manger B, Alvaro-Gracia J, Johnstone R, Gomez-Reino J, Eberhardt E, et al. Patient



207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

perceptions concerning pain management in the treatment of rheumatoid arthritis. J Int Med Res.
2010;38(4):1213-24.

Studenic P, Radner H, Smolen JS, Aletaha D. Discrepancies between patients and physicians in their
perceptions of rheumatoid arthritis disease activity. Arthritis Rheum [Internet]. 64(9):2814-23.
Available from: https://onlinelibrary.wiley.com/doi/abs/10.1002/art.34543

Lee YC, Cui J, Lu B, Frits ML, Iannaccone CK, Shadick NA, et al. Pain persists in DAS28 rheumatoid
arthritis remission but not in ACR/EULAR remission: A longitudinal observational study. Arthritis Res
Ther. 2011;13(3).

Altawil R, Saevarsdottir S, Wedrén S, Alfredsson L, Klareskog L, Lampa J. Remaining Pain in Early
Rheumatoid Arthritis Patients Treated With Methotrexate. Arthritis Care Res. 2016;68(8):1061-8.

ten Brinck RM, van Steenbergen HW, van Delft MAM, Verheul MK, Toes REM, Trouw LA, et al. The
risk of individual autoantibodies, autoantibody combinations and levels for arthritis development in
clinically suspect arthralgia. Rheumatol (United Kingdom). 2017;56(12):2145-53.

Boeters DM, Raza K, vander Helm-van Mil AHM. Which patients presenting with arthralgia eventually
develop rheumatoid arthritis? The current state of the art. RMD Open. 2017;3(2):¢000479.

Walsh DA, McWilliams DF. Mechanisms, impact and management of pain in rheumatoid arthritis. Vol.
10, Nature Reviews Rheumatology. 2014. p. 581-92.

Scott PA, Kingsley GH, Smith CM, Choy EH, Scott DL. Non-steroidal anti-inflammatory drugs and
myocardial infarctions: Comparative systematic review of evidence from observational studies and
randomised controlled trials. Vol. 66, Annals of the Rheumatic Diseases. 2007. p. 1296-304.

Crofford LJ. Use of NSAIDs in treating patients with arthritis. Vol. 15, Arthritis Research and Therapy.
2013.

Aletaha D, Smolen JS. Diagnosis and Management of Rheumatoid Arthritis: A Review. JAMA -J Am
Med Assoc. 2018 Oct;320(13):1360-72.

Weinblatt ME. METHOTREXATE IN RHEUMATOID ARTHRITIS: A QUARTER CENTURY OF
DEVELOPMENT. Trans Am Clin Climatol Assoc. 2013;

Steunebrink LMM, Versteeg GA, Vonkeman HE, ten Klooster PM, Kuper HH, Zijlstra TR, et al. Initial
combination therapy versus step-up therapy in treatment to the target of remission in daily clinical
practice in early rheumatoid arthritis patients: Results from the DREAM registry. Arthritis Res Ther.
2016;

Curtis JR, Singh JA. Use of Biologics in Rheumatoid Arthritis: Current and Emerging Paradigms of
Care. Vol. 33, Clinical Therapeutics. 2011. p. 679-707.

Nielen MMJ, Van Schaardenburg D, Reesink HW, Van De Stadt RJ, Van Der Horst-Bruinsma IE, De
Koning MHMT, et al. Specific Autoantibodies Precede the Symptoms of Rheumatoid Arthritis: A Study
of Serial Measurements in Blood Donors. Arthritis Rheum. 2004;50(2):380-6.

Van Der Woude D, Rantapii-Dahlqvist S, Ioan-Facsinay A, Onnekink C, Schwarte CM, Verpoort KN,
et al. Epitope spreading of the anti-citrullinated protein antibody response occurs before disease onset
and is associated with the disease course of early arthritis. Ann Rheum Dis. 2010;69(8):1554-61.

Van De Stadt LA, De Koning MHMT, Van De Stadt RJ, Wolbink G, Dijkmans BAC, Hamann D, et al.
Development of the anti-citrullinated protein antibody repertoire prior to the onset of rheumatoid
arthritis. Arthritis Rheum. 2011;63(11):3226-33.

Sokolove J, Bromberg R, Deane KD, Lahey LJ, Derber LA, Chandra PE, et al. Autoantibody epitope
spreading in the pre-clinical phase predicts progression to rheumatoid arthritis. PLoS One. 2012;7(5).
Shi J, Knevel R, Suwannalai P, Van Der Linden MP, Janssen GMC, Van Veelen PA, et al.
Autoantibodies recognizing carbamylated proteins are present in sera of patients with rheumatoid
arthritis and predict joint damage. Proc Natl Acad Sci U S A. 2011;108(42):17372-7.

Juarez M, Bang H, Hammar F, Reimer U, Dyke B, Sahbudin I, et al. Identification of novel
antiacetylated vimentin antibodies in patients with early inflammatory arthritis. Ann Rheum Dis.
2016;75(6):1099-107.

Volkov M, Kampstra ASB, van Schie KA, Kawakami A, Tamai M, Kawashiri S, et al. Evolution of
anti-modified protein antibody responses can be driven by consecutive exposure to different post-
translational modifications. Arthritis Res Ther [Internet]. 2021;23(1):298. Available from:
https://doi.org/10.1186/513075-021-02687-5

Gronwall C, Liljefors L, Bang H, Hensvold AH, Hansson M, Mathsson-Alm L, et al. A Comprehensive
Evaluation of the Relationship Between Different IgG and IgA Anti-Modified Protein Autoantibodies in
Rheumatoid Arthritis [Internet]. Vol. 12, Frontiers in Immunology . 2021. p. 1728. Available from:
https://www.frontiersin.org/article/10.3389/fimmu.2021.627986

Hensvold AH, Magnusson PKE, Joshua V, Hansson M, Israelsson L, Ferreira R, et al. Environmental
and genetic factors in the development of anticitrullinated protein antibodies (ACPAs) and ACPA-
positive theumatoid arthritis: An epidemiological investigation in twins. Ann Rheum Dis.
2015;74(2):375-80.

Harre U, Georgess D, Bang H, Bozec A, Axmann R, Ossipova E, et al. Induction of osteoclastogenesis
and bone loss by human autoantibodies against citrullinated vimentin. J Clin Invest. 2012;122(5):1791-

87



229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.
247.

248.

249.

250.

251.

88

802.

Krishnamurthy A, Joshua V, Hensvold AH, Jin T, Sun M, Vivar N, et al. Identification of a novel
chemokine-dependent molecular mechanism underlying Rheumatoid arthritisassociated autoantibody-
mediated bone loss. Ann Rheum Dis. 2016;75(4):721-9.

Klareskog L, Amara K, Malmstrom V. Adaptive immunity in theumatoid arthritis: Anticitrulline and
other antibodies in the pathogenesis of theumatoid arthritis. Vol. 26, Current Opinion in Rheumatology.
2014. p. 72-9.

Joshua V, Chatzidionisyou K, Catrina Al. Role of the lung in individuals at risk of rheumatoid arthritis.
Best Pract Res Clin Rheumatol. 2017;31(1):31-41.

Titcombe PJ, Wigerblad G, Sippl N, Zhang N, Shmagel AK, Sahlstrom P, et al. Pathogenic Citrulline-
Multispecific B Cell Receptor Clades in Rheumatoid Arthritis. Arthritis Rheumatol. 2018;70(12):1933—
45.

Van Steenbergen HW, Da Silva JAP, Huizinga TWJ, Van Der Helm-Van Mil AHM. Preventing
progression from arthralgia to arthritis: Targeting the right patients. Vol. 14, Nature Reviews
Rheumatology. 2018. p. 32—41.

Abbas AK, Lichtman AH, Pillai S, Baker DL, Baker A. Cellular and molecular immunology. 7th ed.
Philadelphia: Elsevier/Saunders; 2012.

Trouw LA, Rispens T, Toes REM. Beyond citrullination: other post-translational protein modifications
in rheumatoid arthritis. Nat Rev Rheumatol [Internet]. 2017;13(6):331-9. Available from:
https://doi.org/10.1038/nrrtheum.2017.15

Reed E, Jiang X, Kharlamova N, Ytterberg AJ, Catrina Al, Israelsson L, et al. Antibodies to
carbamylated a-enolase epitopes in theumatoid arthritis also bind citrullinated epitopes and are largely
indistinct from anti-citrullinated protein antibodies. Arthritis Res Ther [Internet]. 2016;18(1):96.
Available from: https://doi.org/10.1186/s13075-016-1001-6

Lloyd KA, Steen J, Amara K, Titcombe PJ, Israelsson L, Lundstrém SL, et al. Variable domain N-linked
glycosylation and negative surface charge are key features of monoclonal ACPA: Implications for B-cell
selection. Eur J Immunol. 2018;48(6):1030-45.

Steen J, Forsstrom B, Sahlstrom P, Odowd V, Israelsson L, Krishnamurthy A, et al. Recognition of
Amino Acid Motifs, Rather Than Specific Proteins, by Human Plasma Cell-Derived Monoclonal
Antibodies to Posttranslationally Modified Proteins in Rheumatoid Arthritis. Arthritis Rheumatol. 2019
Feb;71(2):196-209.

Sahlstrom P, Hansson M, Steen J, Amara K, Titcombe PJ, Forsstrom B, et al. Different Hierarchies of
Anti-Modified Protein Autoantibody Reactivities in Rheumatoid Arthritis. Arthritis Rheumatol. 2020
Oct;72(10):1643-57.

Kissel T, Reijm S, Slot LM, Cavallari M, Wortel CM, Vergroesen RD, et al. Antibodies and B cells
recognising citrullinated proteins display a broad cross-reactivity towards other post-translational
modifications. Ann Rheum Dis [Internet]. 2020 Apr 1;79(4):472 LP — 480. Available from:
http://ard.bmj.com/content/79/4/472.abstract

Svensson L, Jirholt J, Holmdahl R, Jansson L. B cell-deficient mice do not develop type II collagen-
induced arthritis (CIA). Clin Exp Immunol. 1998;111(3):521-6.

Stuart JM, Dixon FJ. Serum transfer of collagen-induced arthritis in mice. J Exp Med. 1983;158(2):378-
92.

Smolen JS, Aletaha D, Barton A, Burmester GR, Emery P, Firestein GS, et al. Rheumatoid arthritis. Nat
Rev Dis Prim [Internet]. 2018;4(1):18001. Available from: https://doi.org/10.1038/nrdp.2018.1

Zeben D Van, Hazes IMW, Zwinderman AH, Cats A, Van Der Voort EAM, Breedveld FC. Clinical
significance of rheumatoid factors in early rheumatoid arthritis: Results of a follow up study. Ann
Rheum Dis. 1992;51(9):1029-35.

Bukhari M, Lunt M, Harrison BJ, Scott DGI, Symmons DPM, Silman AJ. Rheumatoid factor is the
major predictor of increasing severity of radiographic erosions in theumatoid arthritis: Results from the
norfolk arthritis register study, a large inception cohort. Arthritis Rheum. 2002;46(4):906—12.

Scott D. Prognostic factors in early rheumatoid arthritis. Rheumatol (Oxford). 2000;

Dorner T, Egerer K, Feist E, Burmester GR. Rheumatoid factor revisited. Current Opinion in
Rheumatology. 2004.

Lundberg K, Nijenhuis S, Vossenaar ER, Palmblad K, van Venrooij W1J, Klareskog L, et al.
Citrullinated proteins have increased immunogenicity and arthritogenicity and their presence in arthritic
joints correlates with disease severity. Arthritis Res Ther. 2005;7(3).

Klareskog L, Ronnelid J, Lundberg K, Padyukov L, Alfredsson L. Immunity to citrullinated proteins in
rheumatoid arthritis. Annu Rev Immunol. 2008;26:651-75.

Schellekens GA, De Jong BAW, Van Den Hoogen FHJ, Van De Putte LBA, Van Venrooij W1J.
Citrulline is an essential constituent of antigenic determinants recognized by rheumatoid arthritis-
specific autoantibodies. J Clin Invest. 1998;101(1):273-81.

Masson-Bessiére C, Sebbag M, Girbal-Neuhauser E, Nogueira L, Vincent C, Senshu T, et al. The Major
Synovial Targets of the Rheumatoid Arthritis-Specific Antifilaggrin Autoantibodies Are Deiminated



252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

Forms of the a- and B-Chains of Fibrin. J Immunol. 2001;166(6):4177-84.

Vossenaar ER, Després N, Lapointe E, van der Heijden A, Lora M, Senshu T, et al. Rheumatoid arthritis
specific anti-Sa antibodies target citrullinated vimentin. Arthritis Res Ther. 2004;6(2).

Sebbag M, Moinard N, Auger I, Clavel C, Arnaud J, Nogueira L, et al. Epitopes of human fibrin
recognized by the rheumatoid arthritis-specific autoantibodies to citrullinated proteins. Eur J Immunol.
2006;36(8):2250-63.

Takizawa Y, Suzuki A, Sawada T, Ohsaka M, Inoue T, Yamada R, et al. Citrullinated fibrinogen
detected as a soluble citrullinated autoantigen in rheumatoid arthritis synovial fluids. Ann Rheum Dis.
2006;65(8):1013-20.

Steen J, Forsstrom B, Sahlstrom P, Odowd V, Israelsson L, Krishnamurthy A, et al. Human plasma cell
derived monoclonal antibodies to post-translationally modified proteins recognize amino acid motifs
rather than specific proteins. Arthritis Rheumatol (Hoboken, NJ). 2018 Aug;

Nielen MMJ, Van Schaardenburg D, Reesink HW, Twisk JWR, Van De Stadt RJ, Van Der Horst-
Bruinsma IE, et al. Simultaneous development of acute phase response and autoantibodies in preclinical
rheumatoid arthritis. Ann Rheum Dis. 2006;65(4):535-7.

Payet J, Goulvestre C, Bialé L, Avouac J, Wipff J, Job-Deslandre C, et al. Anticyclic citrullinated
peptide antibodies in rheumatoid and nonrheumatoid rheumatic disorders: Experience with 1162
patients. J Rheumatol. 2014;41(12):2395-402.

Goéb V, Jouen F, Gilbert D, Le Loét X, Tron F, Vittecoq O. Diagnostic and prognostic usefulness of
antibodies to citrullinated peptides. Jt Bone Spine [Internet]. 2009;76(4):343-9. Available from:
https://www.sciencedirect.com/science/article/pii/S1297319X09000815

Olivieri I, Sarzi-Puttini P, Bugatti S, Atzeni F, d’Angelo S, Caporali R. Early treatment in early
undifferentiated arthritis. Vol. 11, Autoimmunity Reviews. 2012. p. 589-92.

Sokolove J, Pisetsky D. Bone loss, pain and inflammation: Three faces of ACPA in RA pathogenesis.
Vol. 75, Annals of the Rheumatic Diseases. 2016. p. 637-9.

Derksen VFAM, Huizinga TWJ, van der Woude D. The role of autoantibodies in the pathophysiology of
rheumatoid arthritis. Vol. 39, Seminars in Immunopathology. 2017. p. 437-46.

Garnotel R, Sabbah N, Jaisson S, Gillery P. Enhanced activation of and increased production of matrix
metalloproteinase-9 by human blood monocytes upon adhering to carbamylated collagen. FEBS Lett.
2004;563(1-3):13-6.

Scinocca M, Bell DA, Racapé M, Joseph R, Shaw G, McCormick JK, et al. Antihomocitrullinated
fibrinogen antibodies are specific to rheumatoid arthritis and frequently bind citrullinated
proteins/peptides. ] Rheumatol. 2014;41(2):270-9.

Shi J, van de Stadt LA, Levarht EWN, Huizinga TWJ, Toes REM, Trouw LA, et al. Anti-carbamylated
protein antibodies are present in arthralgia patients and predict the development of rheumatoid arthritis.
Arthritis Rheum. 2013 Apr;65(4):911-5.

Cook AD, Rowley MJ, Mackay IR, Gough A, Emery P. Antibodies to type II collagen in early
rheumatoid arthritis: Correlation with disease progression. Arthritis Rheum. 1996;39(10):1720-7.
Mullazehi M, Mathsson L, Lampa J, Ronnelid J. High anti-collagen type-II antibody levels and
induction of proinflammatory cytokines by anti-collagen antibody-containing immune complexes in
vitro characterise a distinct rheumatoid arthritis phenotype associated with acute inflammation at the
time of d. Ann Rheum Dis. 2007;66(4):537—-41.

Kim WU, Yoo WH, Park W, Kang YM, Kim S I, Park JH, et al. IgG antibodies to type II collagen
reflect inflammatory activity in patients with rheumatoid arthritis. J Rheumatol. 2000;27(3):575-81.
Manivel VA, Mullazehi M, Padyukov L, Westerlind H, Klareskog L, Alfredsson L, et al. Anticollagen
type II antibodies are associated with an acute onset rheumatoid arthritis phenotype and prognosticate
lower degree of inflammation during 5 years follow-up. Ann Rheum Dis. 2017;76(9):1529-36.
WOOLEY PH, LUTHRA HS, SINGH SK, HUSE AR, STUART JM, DAVID CS. Passive Transfer of
Arthritis to Mice by Injection of Human Anti-Type II Collagen Antibody. Mayo Clin Proc. 1984;59(11—
12):737-43.

Ge C, Tong D, Liang B, Lonnblom E, Schneider N, Hagert C, et al. Anti-citrullinated protein antibodies
cause arthritis by cross-reactivity to joint cartilage. JCI Insight [Internet]. 2017 Jul 6;2(13):e93688.
Available from: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5499374/

Nandakumar KS elv., Holmdahl R. Antibody-induced arthritis: disease mechanisms and genes involved
at the effector phase of arthritis. Arthritis Res Ther. 2006;8(6):223.

Takai T. Fc receptors and their role in immune regulation and autoimmunity. Vol. 25, Journal of Clinical
Immunology. 2005. p. 1-18.

Nimmerjahn F, Ravetch J V. Fey receptors as regulators of immune responses. Vol. 8, Nature Reviews
Immunology. 2008. p. 34-47.

Dijstelbloem HM, Kallenberg CGM, Van De Winkel JGJ. Inflammation in autoimmunity: Receptors for
IgG revisited. Vol. 22, Trends in Immunology. 2001. p. 510-6.

Nimmerjahn F, Bruhns P, Horiuchi K, Ravetch J V. FcyRIV: A novel FcR with distinct IgG subclass
specificity. Immunity. 2005;23(1):41-51.

89



276.
277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

90

Ravetch J V., Bolland S. IgG Fc receptors. Annu Rev Immunol. 2001;19:275-90.

Andoh T, Kuraishi Y. Direct action of immunoglobulin G on primary sensory neurons through Fc
gamma receptor I. FASEB J. 2004;18(1):182—4.

Qu L, Zhang P, LaMotte RH, Ma C. Neuronal Fc-gamma receptor I mediated excitatory effects of IgG
immune complex on rat dorsal root ganglion neurons. Brain Behav Immun. 2011;25(7):1399-407.
Mobcsai A, Humphrey MB, Van Ziffle JAG, Hu Y, Burghardt A, Spusta SC, et al. The
immunomodulatory adapter proteins DAP12 and Fc receptor y-chain (FcRy) regulate development of
functional osteoclasts through the Syk tyrosine kinase. Proc Natl Acad Sci U S A. 2004;101(16):6158—
63.

Negishi-Koga T, Gober HJ, Sumiya E, Komatsu N, Okamoto K, Sawa S, et al. Immune complexes
regulate bone metabolism through FcRy signalling. Nat Commun. 2015;6.

Harre U, Lang SC, Pfeifle R, Rombouts Y, Frithbeiler S, Amara K, et al. Glycosylation of
immunoglobulin G determines osteoclast differentiation and bone loss. Nat Commun. 2015;6.

Seeling M, Hillenhoff U, David JP, Schett G, Tuckermann J, Lux A, et al. Inflammatory monocytes and
Fcy receptor IV on osteoclasts are critical for bone destruction during inflammatory arthritis in mice.
Proc Natl Acad Sci U S A. 2013;110(26):10729-34.

QulL, LiY, Pan X, Zhang P, LaMotte RH, Ma C. Transient receptor potential canonical 3 (TRPC3) is
required for IgG immune complex-induced excitation of the rat dorsal root ganglion neurons. J Neurosci.
2012;32(28):9554-62.

Jiang H, Shen X, Chen Z, Liu F, Wang T, Xie Y, et al. Nociceptive neuronal Fc-gamma receptor I is
involved in IgG immune complex induced pain in the rat. Brain Behav Immun [Internet]. 2017
May;62:351-61. Available from: http://www.ncbi.nlm.nih.gov/pubmed/28263785

Farinotti AB, Wigerblad G, Nascimento D, Bas DB, Urbina CM, Nandakumar KS, et al. Cartilage-
binding antibodies induce pain through immune complex—mediated activation of neurons. J Exp Med.
2019 Aug;216(8):1904-24.

Panagopoulos PK, Lambrou GI. Bone erosions in theumatoid arthritis: recent developments in
pathogenesis and therapeutic implications. ] Musculoskelet Neuronal Interact [Internet]. 2018 Sep
1;18(3):304—19. Available from: https://pubmed.ncbi.nlm.nih.gov/30179207

Schett G, Gravallese E. Bone erosion in rheumatoid arthritis: Mechanisms, diagnosis and treatment. Vol.
8, Nature Reviews Rheumatology. 2012. p. 656—64.

Giiler-Yiiksel M, Bijsterbosch J, Goekoop-Ruiterman YPM, De Vries-Bouwstra JK, Ronday HK,
Peeters AJ, et al. Bone mineral density in patients with recently diagnosed, active rheumatoid arthritis.
Ann Rheum Dis. 2007;66(11):1508—12.

de Rooy DPC, Kilvesten J, Huizinga TWJ, van der Helm-van Mil AHM. Loss of metacarpal bone
density predicts RA development in recent-onset arthritis. Rheumatol (United Kingdom).
2012;51(6):103741.

Van Schaardenburg D, Nielen MMJ, Lems WF, Twisk JWR, Reesink HW, Van De Stadt RJ, et al. Bone
metabolism is altered in preclinical rheumatoid arthritis. Vol. 70, Annals of the Rheumatic Diseases.
2011. p. 1173-4.

Kleyer A, Finzel S, Rech J, Manger B, Krieter M, Faustini F, et al. Bone loss before the clinical onset of
rheumatoid arthritis in subjects with anticitrullinated protein antibodies. Ann Rheum Dis.
2014;73(5):854-60.

Werner D, Simon D, Englbrecht M, Stemmler F, Simon C, Berlin A, et al. Early Changes of the Cortical
Micro-Channel System in the Bare Area of the Joints of Patients With Rheumatoid Arthritis. Arthritis
Rheumatol. 2017;69(8):1580-7.

Syversen SW, Goll GL, Van Der Heijde D, Landew¢ R, Lie BA, @degérd S, et al. Prediction of
radiographic progression in theumatoid arthritis and the role of antibodies against mutated citrullinated
vimentin: Results from a 10-year prospective study. Ann Rheum Dis. 2010;69(2):345-51.

Kocijan R, Finzel S, Englbrecht M, Engelke K, Rech J, Schett G. Differences in bone structure between
rheumatoid arthritis and psoriatic arthritis patients relative to autoantibody positivity. Ann Rheum Dis.
2014;73(11):2022-8.

Hecht C, Englbrecht M, Rech J, Schmidt S, Araujo E, Engelke K, et al. Additive effect of anti-
citrullinated protein antibodies and rheumatoid factor on bone erosions in patients with RA. Ann Rheum
Dis. 2015;74(12):2151-6.

Molenaar ETH, Voskuyl AE, Dinant HJ, Bezemer PD, Boers M, Dijkmans BAC. Progression of
Radiologic Damage in Patients with Rheumatoid Arthritis in Clinical Remission. Arthritis Rheum.
2004;50(1):36-42.

Waunderlich C, Oliviera I, Figueiredo CP, Rech J, Schett G. Effects of DMARD:s on citrullinated peptide
autoantibody levels in RA patients—A longitudinal analysis. Semin Arthritis Rheum. 2017;46(6):709—
14.

Sun M, Rethi B, Krishnamurthy A, Joshua V, Circiumaru A, Hensvold AH, et al. Anticitrullinated
protein antibodies facilitate migration of synovial tissue-derived fibroblasts. Ann Rheum Dis. 2019
Dec;78(12):1621-31.



299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

Clavel C, Nogueira L, Laurent L, Iobagiu C, Vincent C, Sebbag M, et al. Induction of macrophage
secretion of tumor necrosis factor a through Fcy receptor Ila engagement by rheumatoid arthritis-
specific autoantibodies to citrullinated proteins complexed with fibrinogen. Arthritis Rheum.
2008;58(3):678-88.

Sokolove J, Zhao X, Chandra PE, Robinson WH. Immune complexes containing citrullinated fibrinogen
costimulate macrophages via toll-like receptor 4 and Fcy receptor. Arthritis Rheum. 2011;

Breedveld AC, van Gool MMJ, van Delft MAM, van der Laken CJ, de Vries TJ, Jansen IDC, et al. IgA
Immune Complexes Induce Osteoclast-Mediated Bone Resorption [Internet]. Vol. 12, Frontiers in
Immunology . 2021. p. 2459. Available from:
https://www.frontiersin.org/article/10.3389/fimmu.2021.651049

Wolfe F, Clauw DJ, Fitzcharles M-A, Goldenberg DL, Hauser W, Katz RL, et al. 2016 Revisions to the
2010/2011 fibromyalgia diagnostic criteria. Semin Arthritis Rheum [Internet]. 2016;46(3):319-29.
Available from: https://www.sciencedirect.com/science/article/pii/S0049017216302086

Wolfe F, Ross K, Anderson J, Russell 1J, Hebert L. The prevalence and characteristics of fibromyalgia
in the general population. Arthritis Rheum. 1995 Jan;38(1):19-28.

Queiroz LP. Worldwide Epidemiology of Fibromyalgia. Curr Pain Headache Rep [Internet].
2013;17(8):356. Available from: https://doi.org/10.1007/s11916-013-0356-5

Annemans L, Le Lay K, Taieb C. Societal and patient burden of fibromyalgia syndrome.
Pharmacoeconomics. 2009;27(7):547-59.

De Sanctis V, Abbasciano V, Soliman AT, Soliman N, Di Maio S, Fiscina B, et al. The juvenile
fibromyalgia syndrome (JFMS): a poorly defined disorder. Acta Biomed [Internet]. 2019 Jan
23;90(1):134-48. Available from: https://pubmed.ncbi.nlm.nih.gov/30889168

Buskila D, Atzeni F, Sarzi-Puttini P. Etiology of fibromyalgia: The possible role of infection and
vaccination. Autoimmun Rev [Internet]. 2008;8(1):41-3. Available from:
https://www.sciencedirect.com/science/article/pii/S1568997208001377

Aaron LA, Buchwald D. A review of the evidence for overlap among unexplained clinical conditions.
Ann Intern Med. 2001 May;134(9 Pt 2):868-81.

Forseth KO, Forre O, Gran JT. A 5.5 year prospective study of self-reported musculoskeletal pain and of
fibromyalgia in a female population: significance and natural history. Clin Rheumatol. 1999;18(2):114—
21.

Fitzcharles M-A, Perrot S, Hauser W. Comorbid fibromyalgia: A qualitative review of prevalence and
importance. Eur J Pain. 2018 Oct;22(9):1565-76.

Duffield SJ, Miller N, Zhao S, Goodson NJ. Concomitant fibromyalgia complicating chronic
inflammatory arthritis: a systematic review and meta-analysis. Rheumatology (Oxford). 2018
Aug;57(8):1453-60.

Park D-J, Lee S-S. New insights into the genetics of fibromyalgia. Korean J Intern Med [Internet].
2017/10/23. 2017 Nov;32(6):984-95. Available from: https://pubmed.ncbi.nlm.nih.gov/29056037
Buskila D, Neumann L. Fibromyalgia syndrome (FM) and nonarticular tenderness in relatives of
patients with FM. J Rheumatol. 1997 May;24(5):941-4.

Arnold LM, Hudson JI, Hess E V, Ware AE, Fritz DA, Auchenbach MB, et al. Family study of
fibromyalgia. Arthritis Rheum. 2004 Mar;50(3):944-52.

Arnold LM, Fan J, Russell 1J, Yunus MB, Khan MA, Kushner I, et al. The fibromyalgia family study: a
genome-wide linkage scan study. Arthritis Rheum [Internet]. 2013 Apr;65(4):1122-8. Available from:
https://pubmed.ncbi.nlm.nih.gov/23280346

Cohen H, Buskila D, Neumann L, Ebstein RP. Confirmation of an association between fibromyalgia and
serotonin transporter promoter region (5- HTTLPR) polymorphism, and relationship to anxiety-related
personality traits. Vol. 46, Arthritis and rheumatism. United States; 2002. p. 845-7.

Giirsoy S, Erdal E, Herken H, Madenci E, Alasehirli B, Erdal N. Significance of catechol-O-
methyltransferase gene polymorphism in fibromyalgia syndrome. Rheumatol Int [Internet].
2003;23(3):104-7. Available from: https://doi.org/10.1007/s00296-002-0260-5

Lee YH, Choi SJ, Ji JD, Song GG. Candidate gene studies of fibromyalgia: a systematic review and
meta-analysis. Rheumatol Int [Internet]. 2012;32(2):417-26. Available from:
https://doi.org/10.1007/s00296-010-1678-9

Kosek E, Ekholm J, Hansson P. Sensory dysfunction in fibromyalgia patients with implications for
pathogenic mechanisms. Pain. 1996 Dec;68(2—-3):375-83.

Staud R, Vierck CJ, Cannon RL, Mauderli AP, Price DD. Abnormal sensitization and temporal
summation of second pain (wind-up) in patients with fibromyalgia syndrome. Pain. 2001 Mar;91(1—
2):165-75.

Sorensen J, Graven-Nielsen T, Henriksson KG, Bengtsson M, Arendt-Nielsen L. Hyperexcitability in
fibromyalgia. J Rheumatol. 1998 Jan;25(1):152-5.

Kosek E, Hansson P. Modulatory influence on somatosensory perception from vibration and heterotopic
noxious conditioning stimulation (HNCS) in fibromyalgia patients and healthy subjects. Pain.
1997;70(1):41-51.

91



323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

92

Julien N, Goffaux P, Arsenault P, Marchand S. Widespread pain in fibromyalgia is related to a deficit of
endogenous pain inhibition. Pain. 2005;114(1-2):295-302.

Jensen KB, Kosek E, Petzke F, Carville S, Fransson P, Marcus H, et al. Evidence of dysfunctional pain
inhibition in Fibromyalgia reflected in rACC during provoked pain. Pain. 2009 Jul;144(1-2):95-100.
Guedj E, Cammilleri S, Niboyet J, Dupont P, Vidal E, Dropinski J-P, et al. Clinical correlate of brain
SPECT perfusion abnormalities in fibromyalgia. J Nucl Med. 2008 Nov;49(11):1798-803.

Jensen KB, Loitoile R, Kosek E, Petzke F, Carville S, Fransson P, et al. Patients with fibromyalgia
display less functional connectivity in the brain’s pain inhibitory network. Mol Pain. 2012 Apr;8:32.
Kuchinad A, Schweinhardt P, Seminowicz DA, Wood PB, Chizh BA, Bushnell MC. Accelerated brain
gray matter loss in fibromyalgia patients: premature aging of the brain? J Neurosci. 2007;27(15):4004—7.
Burgmer M, Gaubitz M, Konrad C, Wrenger M, Hilgart S, Heuft G, et al. Decreased gray matter
volumes in the cingulo-frontal cortex and the amygdala in patients with fibromyalgia. Psychosom Med.
2009 Jun;71(5):566-73.

Harris RE, Clauw DJ, Scott DJ, McLean SA, Gracely RH, Zubieta J-K. Decreased central p-opioid
receptor availability in fibromyalgia. J Neurosci. 2007;27(37):10000—6.

Harris RE, Sundgren PC, Craig AD, Kirshenbaum E, Sen A, Napadow V, et al. Elevated insular
glutamate in fibromyalgia is associated with experimental pain. Arthritis Rheum Off ] Am Coll
Rheumatol. 2009;60(10):3146-52.

Foerster BR, Petrou M, Edden RAE, Sundgren PC, Schmidt-Wilcke T, Lowe SE, et al. Reduced insular
y-aminobutyric acid in fibromyalgia. Arthritis Rheum. 2012;64(2):579-83.

Russell 1J, Orr MD, Littman B, Vipraio GA, Alboukrek D, Michalek JE, et al. Elevated cerebrospinal
fluid levels of substance P in patients with the fibromyalgia syndrome. Arthritis Rheum. 1994
Nov;37(11):1593-601.

Giovengo SL, Russell 1J, Larson AA. Increased concentrations of nerve growth factor in cerebrospinal
fluid of patients with fibromyalgia. J Rheumatol. 1999 Jul;26(7):1564-9.

Sarchielli P, Mancini ML, Floridi A, Coppola F, Rossi C, Nardi K, et al. Increased levels of
neurotrophins are not specific for chronic migraine: evidence from primary fibromyalgia syndrome. J
pain. 2007 Sep;8(9):737-45.

Albrecht DS, Forsberg A, Sandstrom A, Bergan C, Kadetoff D, Protsenko E, et al. Brain glial activation
in fibromyalgia - A multi-site positron emission tomography investigation. Brain Behav Immun. 2019
Jan;75:72-83.

Lavisse S, Guillermier M, Hérard A-S, Petit F, Delahaye M, Van Camp N, et al. Reactive Astrocytes
Overexpress TSPO and Are Detected by TSPO Positron Emission Tomography Imaging. J Neurosci
[Internet]. 2012 Aug 8;32(32):10809 LP — 10818. Available from:
http://www.jneurosci.org/content/32/32/10809.abstract

Kadetoff D, Lampa J, Westman M, Andersson M, Kosek E. Evidence of central inflammation in
fibromyalgia-increased cerebrospinal fluid interleukin-8 levels. J Neuroimmunol. 2012 Jan;242(1—
2):33-8.

Kosek E, Altawil R, Kadetoff D, Finn A, Westman M, Le Maitre E, et al. Evidence of different
mediators of central inflammation in dysfunctional and inflammatory pain--interleukin-8 in fibromyalgia
and interleukin-1 beta in rheumatoid arthritis. J Neuroimmunol. 2015 Mar;280:49-55.

Béckryd E, Tanum L, Lind A-L, Larsson A, Gordh T. Evidence of both systemic inflammation and
neuroinflammation in fibromyalgia patients, as assessed by a multiplex protein panel applied to the
cerebrospinal fluid and to plasma. J Pain Res. 2017;10:515-25.

Liu X, Liu H, Xu S, Tang Z, Xia W, Cheng Z, et al. Spinal translocator protein alleviates chronic
neuropathic pain behavior and modulates spinal astrocyte-neuronal function in rats with L5 spinal nerve
ligation model. Pain [Internet]. 2016;157(1). Available from:
https://journals.lww.com/pain/Fulltext/2016/01000/Spinal_translocator protein alleviates chronic.11.as
pX

Uceyler N, Zeller D, Kahn A-K, Kewenig S, Kittel-Schneider S, Schmid A, et al. Small fibre pathology
in patients with fibromyalgia syndrome. Brain [Internet]. 2013 Jun 1;136(6):1857-67. Available from:
https://doi.org/10.1093/brain/awt053

Doppler K, Rittner HL, Deckart M, Sommer C. Reduced dermal nerve fiber diameter in skin biopsies of
patients with fibromyalgia. Pain. 2015 Nov;156(11):2319-25.

Vecchio E, Lombardi R, Paolini M, Libro G, Delussi M, Ricci K, et al. Peripheral and central nervous
system correlates in fibromyalgia. Eur J Pain. 2020 Sep;24(8):1537-47.

Evdokimov D, Frank J, Klitsch A, Unterecker S, Warrings B, Serra J, et al. Reduction of skin
innervation is associated with a severe fibromyalgia phenotype. Ann Neurol. 2019 Oct;86(4):504—16.
Serra J, Collado A, Sola R, Antonelli F, Torres X, Salgueiro M, et al. Hyperexcitable C nociceptors in
fibromyalgia. Ann Neurol. 2014 Feb;75(2):196-208.

Kim S-H, Kim DH, Oh D-H, Clauw DJ. Characteristic electron microscopic findings in the skin of
patients with fibromyalgia--preliminary study. Clin Rheumatol. 2008 Mar;27(3):407-11.

Bachasson D, Guinot M, Wuyam B, Favre-Juvin A, Millet GY, Levy P, et al. Neuromuscular fatigue



348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

and exercise capacity in fibromyalgia syndrome. Arthritis Care Res (Hoboken). 2013 Mar;65(3):432—40.
Lindh M, Johansson G, Hedberg M, Henning GB, Grimby G. Muscle fiber characteristics, capillaries
and enzymes in patients with fibromyalgia and controls. Scand J Rheumatol. 1995;24(1):34-7.

Gerdle B, Ghafouri B, Lund E, Bengtsson A, Lundberg P, Ettinger-Veenstra H van, et al. Evidence of
Mitochondrial Dysfunction in Fibromyalgia: Deviating Muscle Energy Metabolism Detected Using
Microdialysis and Magnetic Resonance. J Clin Med. 2020 Oct;9(11).

Shang Y, Gurley K, Symons B, Long D, Srikuea R, Crofford LJ, et al. Noninvasive optical
characterization of muscle blood flow, oxygenation, and metabolism in women with fibromyalgia.
Arthritis Res Ther [Internet]. 2012 Nov 1;14(6):R236-R236. Available from:
https://pubmed.ncbi.nlm.nih.gov/23116302

Gerdle B, Ermberg M, Mannerkorpi K, Larsson B, Kosek E, Christidis N, et al. Increased Interstitial
Concentrations of Glutamate and Pyruvate in Vastus Lateralis of Women with Fibromyalgia Syndrome
Are Normalized after an Exercise Intervention — A Case-Control Study. PLoS One [Internet]. 2016 Oct
3;11(10):e0162010. Available from: https://doi.org/10.1371/journal.pone.0162010

Gerdle B, Forsgren MF, Bengtsson A, Leinhard OD, Séren B, Karlsson A, et al. Decreased muscle
concentrations of ATP and PCR in the quadriceps muscle of fibromyalgia patients--a 31P-MRS study.
Eur J Pain. 2013 Sep;17(8):1205-15.

Sanchez-Dominguez B, Bullén P, Roman-Malo L, Marin-Aguilar F, Alcocer-Goémez E, Carrion AM, et
al. Oxidative stress, mitochondrial dysfunction and, inflammation common events in skin of patients
with Fibromyalgia. Mitochondrion. 2015 Mar;21:69-75.

Bazzichi L, Giannaccini G, Betti L, Fabbrini L, Schmid L, Palego L, et al. ATP, calcium and magnesium
levels in platelets of patients with primary fibromyalgia. Clin Biochem. 2008 Sep;41(13):1084-90.
Ugeyler N, Hauser W, Sommer C. Systematic review with meta-analysis: cytokines in fibromyalgia
syndrome. BMC Musculoskelet Disord. 2011 Oct;12:245.

Andrés-Rodriguez L, Borras X, Feliu-Soler A, Pérez-Aranda A, Angarita-Osorio N, Moreno-Peral P, et
al. Peripheral immune aberrations in fibromyalgia: A systematic review, meta-analysis and meta-
regression. Brain Behav Immun. 2020 Jul;87:881-9.

Pernambuco AP, Schetino LP, Alvim CC, Murad CM, Viana RS, Carvalho LS, et al. Increased levels of
IL-17A in patients with fibromyalgia. Clin Exp Rheumatol. 2013;31(6 Suppl 79):S60-3.

Dinerman H, Goldenberg DL, Felson DT. A prospective evaluation of 118 patients with the
fibromyalgia syndrome: prevalence of Raynaud’s phenomenon, sicca symptoms, ANA, low
complement, and Ig deposition at the dermal-epidermal junction. J Rheumatol. 1986 Apr;13(2):368-73.
Yunus MB, Hussey FX, Aldag JC. Antinuclear antibodies and connective tissue disease features in
fibromyalgia syndrome: a controlled study. J Rheumatol. 1993 Sep;20(9):1557—-60.

Konstantinov K, von Mikecz A, Buchwald D, Jones J, Gerace L, Tan EM. Autoantibodies to nuclear
envelope antigens in chronic fatigue syndrome. J Clin Invest [Internet]. 1996 Oct 15;98(8):1888-96.
Available from: https://pubmed.ncbi.nlm.nih.gov/8878441

von Mikecz A, Konstantinov K, Buchwald DS, Gerace L, Tan EM. High frequency of autoantibodies to
insoluble cellular antigens in patients with chronic fatigue syndrome. Arthritis Rheum. 1997
Feb;40(2):295-305.

Nishikai M, Tomomatsu S, Hankins RW, Takagi S, Miyachi K, Kosaka S, et al. Autoantibodies to a
68/48 kDa protein in chronic fatigue syndrome and primary fibromyalgia: a possible marker for
hypersomnia and cognitive disorders. Rheumatology (Oxford). 2001 Jul;40(7):806—10.

Klein R, Bansch M, Berg PA. Clinical relevance of antibodies against serotonin and gangliosides in
patients with primary fibromyalgia syndrome. Vol. 17, Psychoneuroendocrinology. Kidlington, Oxford ;
New York : Elsevier Science; 1992. p. 593-8.

Klein R, Berg PA. High incidence of antibodies to 5-hydroxytryptamine, gangliosides and phospholipids
in patients with chronic fatigue and fibromyalgia syndrome and their relatives: evidence for a clinical
entity of both disorders. Eur J Med Res. 1995 Oct;1(1):21-6.

Goebel A, Krock E, Gentry C, Isracl MR, Jurczak A, Urbina CM, et al. Passive transfer of fibromyalgia
symptoms from patients to mice. J Clin Invest. 2021 Jul;131(13).

Bennett RM. Pain management in fibromyalgia. Vol. 6, Pain management. England; 2016. p. 313-6.
Macfarlane GJ, Kronisch C, Dean LE, Atzeni F, Hauser W, FluB3 E, et al. EULAR revised
recommendations for the management of fibromyalgia. Ann Rheum Dis [Internet]. 2017 Feb
1;76(2):318 LP — 328. Available from: http://ard.bmj.com/content/76/2/318.abstract

Goldenberg DL, Clauw DJ, Palmer RE, Clair AG. Opioid Use in Fibromyalgia: A Cautionary Tale.
Mayo Clin Proc [Internet]. 2016;91(5):640-8. Available from:
https://www.sciencedirect.com/science/article/pii/S0025619616001026

da Rocha AP, Mizzaci CC, Nunes Pinto ACP, da Silva Vieira AG, Civile V, Trevisani VFM. Tramadol
for management of fibromyalgia pain and symptoms: Systematic review. Int J Clin Pract. 2020
Mar;74(3):e13455.

Derry S, Wiffen PJ, Hauser W, Miicke M, Tdlle TR, Bell RF, et al. Oral nonsteroidal anti-inflammatory
drugs for fibromyalgia in adults. Cochrane database Syst Rev [Internet]. 2017 Mar 27;3(3):CD012332—

93



371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

94

CDO012332. Available from: https://pubmed.ncbi.nlm.nih.gov/28349517

Clauw DJ, Hassett AL. The role of centralised pain in osteoarthritis. Clin Exp Rheumatol.
2017;35(Suppl 107):79-84.

Perrot S, Russell 1J. More ubiquitous effects from non-pharmacologic than from pharmacologic
treatments for fibromyalgia syndrome: a meta-analysis examining six core symptoms. Eur J Pain. 2014
Sep;18(8):1067-80.

Bernardy K, Klose P, Welsch P, Hauser W. Efficacy, acceptability and safety of cognitive behavioural
therapies in fibromyalgia syndrome - A systematic review and meta-analysis of randomized controlled
trials. Eur J Pain. 2018 Feb;22(2):242—-60.

Caro XJ, Winter EF, Dumas AJ. A subset of fibromyalgia patients have findings suggestive of chronic
inflammatory demyelinating polyneuropathy and appear to respond to IVIg. Rheumatology (Oxford).
2008 Feb;47(2):208—11.

Amara khaled, Israelsson L, Stalesen R, Sahlstrom P, Steen J, Malmstrom V, et al. A Refined Protocol
for Identifying Citrulline-specific Monoclonal Antibodies from Single Human B Cells from Rheumatoid
Arthritis Patient Material. Bio-Protocol. 2019;9(17).

Drake MT, Clarke BL, Khosla S. Bisphosphonates: Mechanism of action and role in clinical practice.
Vol. 83, Mayo Clinic Proceedings. 2008. p. 1032-45.

Guo Y, LiY, Xue L, Severino RP, Gao S, Niu J, et al. Salvia miltiorrhiza: an ancient Chinese herbal
medicine as a source for anti-osteoporotic drugs. J Ethnopharmacol. 2014 Sep;155(3):1401-16.
Panwar P, Xue L, See K, Srivastava K, Law S, Delaisse JM, et al. An Ectosteric Inhibitor of Cathepsin
K Inhibits Bone Resorption in Ovariectomized Mice. ] Bone Miner Res. 2017;32(12):2415-30.
Diochot S, Baron A, Rash LD, Deval E, Escoubas P, Scarzello S, et al. A new sea anemone peptide,
APETX2, inhibits ASIC3, a major acid-sensitive channel in sensory neurons. EMBO J. 2004
Apr;23(7):1516-25.

Qin A, Cheng TS, Lin Z, Cao L, Chim SM, Pavlos NJ, et al. Prevention of Wear Particle-Induced
Osteolysis by a Novel V-ATPase Inhibitor Saliphenylhalamide through Inhibition of Osteoclast Bone
Resorption. PLoS One [Internet]. 2012 Apr 11;7(4):e34132. Available from:
https://doi.org/10.1371/journal.pone.0034132

Bertini R, Allegretti M, Bizzarri C, Moriconi A, Locati M, Zampella G, et al. Noncompetitive allosteric
inhibitors of the inflammatory chemokine receptors CXCR1 and CXCR2: prevention of reperfusion
injury. Proc Natl Acad Sci U S A. 2004 Aug;101(32):11791-6.

Nandakumar KS, Svensson L, Holmdahl R. Collagen type II-specific monoclonal antibody-induced
arthritis in mice: description of the disease and the influence of age, sex, and genes. Am J Pathol. 2003
Nov;163(5):1827-37.

Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL. Quantitative assessment of tactile allodynia in
the rat paw. J Neurosci Methods. 1994;53(1):55-63.

Yoon C, Wook YY, Sik NH, Ho KS, Mo CJ. Behavioral signs of ongoing pain and cold allodynia in a
rat model of neuropathic pain. Pain. 1994 Dec;59(3):369-76.

Borggaard XG, Pirapaharan DC, Delaissé J-M, Sge K. Osteoclasts’ Ability to Generate Trenches Rather
Than Pits Depends on High Levels of Active Cathepsin K and Efficient Clearance of Resorption
Products. Int J Mol Sci. 2020 Aug;21(16).

See K, Delaissé J-M. Time-lapse reveals that osteoclasts can move across the bone surface while
resorbing. J Cell Sci. 2017 Jun;130(12):2026-35.

Boissy P, Andersen TL, Lund T, Kupisiewicz K, Plesner T, Delaissé JM. Pulse treatment with the
proteasome inhibitor bortezomib inhibits osteoclast resorptive activity in clinically relevant conditions.
Leuk Res. 2008 Nov;32(11):1661-8.

Catrina Al, Svensson CI, Malmstrom V, Schett G, Klareskog L. Mechanisms leading from systemic
autoimmunity to joint-specific disease in theumatoid arthritis. Nat Rev Rheumatol. 2017;13(2):79-86.
Di Matteo A, Di Matteo A, Mankia K, Duquenne L, Duquenne L, Cipolletta E, et al. Ultrasound
erosions in the feet best predict progression to inflammatory arthritis in anti-CCP positive at-risk
individuals without clinical synovitis. Ann Rheum Dis. 2020;79(7):901-7.

Lloyd KA, Wigerblad G, Sahlstrém P, Garimella MG, Chemin K, Steen J, et al. Differential ACPA
binding to nuclear antigens reveals a PAD-independent pathway and a distinct subset of acetylation
cross-reactive autoantibodies in rheumatoid arthritis. Front Immunol. 2019;10(JAN):3033.

Jacquot F, Khoury S, Labrum B, Delanoe K, Pidoux L, Barbier J, et al. Lysophosphatidyl-choline 16:0
mediates persistent joint pain through Acid-Sensing Ion Channel 3: preclinical and clinical evidences.
bioRxiv. 2021 Jan;2021.03.29.437487.

Hanaka M, Iba K, Dohke T, Kanaya K, Okazaki S, Yamashita T. Antagonists to TRPV1, ASICs and
P2X have a potential role to prevent the triggering of regional bone metabolic disorder and pain-like
behavior in tail-suspended mice. Bone [Internet]. 2018;110:284-94. Available from:
http://www.sciencedirect.com/science/article/pii/S8756328218300656

Strassle BW, Mark L, Leventhal L, Piesla MJ, Jian Li X, Kennedy JD, et al. Inhibition of osteoclasts
prevents cartilage loss and pain in a rat model of degenerative joint disease. Osteoarthr Cartil.



394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

410.

411.

412.

413.

414.

415.

416.

2010;18(10):1319-28.

Bryant KJ, Bidgood MJ, Lei PW, Taberner M, Salom C, Kumar V, et al. A bifunctional role for group
IIA secreted phospholipase A2 in human rheumatoid fibroblast-like synoviocyte arachidonic acid
metabolism. J Biol Chem. 2011 Jan;286(4):2492-502.

Leistad L, Feuerherm AJ, Ostensen M, Faxvaag A, Johansen B. Presence of secretory group Ila and V
phospholipase A2 and cystosolic group IVa phospholipase A2 in chondrocytes from patients with
rheumatoid arthritis. Clin Chem Lab Med. 2004;42(6):602—10.

Mebarek S, Abousalham A, Magne D, Do LD, Bandorowicz-Pikula J, Pikula S, et al. Phospholipases of
mineralization competent cells and matrix vesicles: Roles in physiological and pathological
mineralizations. Int J Mol Sci. 2013 Mar;14(3):5036—129.

Negishi-Koga T, Shinohara M, Komatsu N, Bito H, Kodama T, Friedel RH, et al. Suppression of bone
formation by osteoclastic expression of semaphorin 4D. Nat Med. 2011 Oct;17(11):1473-80.
McKelvey L, Shorten GD, O’Keeffe GW. Nerve growth factor-mediated regulation of pain signalling
and proposed new intervention strategies in clinical pain management. Vol. 124, Journal of
Neurochemistry. 2013. p. 276-809.

Mantyh PW, Koltzenburg M, Mendell LM, Tive L, Shelton DL. Antagonism of nerve growth factor-
TrkA signaling and the relief of pain. Vol. 115, Anesthesiology. 2011. p. 189-204.

Leon A, Buriani A, Dal Toso R, Fabris M, Romanello S, Aloe L, et al. Mast cells synthesize, store, and
release nerve growth factor. Proc Natl Acad Sci U S A [Internet]. 1994 Apr 26;91(9):3739-43. Available
from: https://pubmed.ncbi.nlm.nih.gov/8170980

Manni L, Lundeberg T, Fiorito S, Bonini S, Vigneti E, Aloe L. Nerve growth factor release by human
synovial fibroblasts prior to and following exposure to tumor necrosis factor-alpha, interleukin-1 beta
and cholecystokinin-8: the possible role of NGF in the inflammatory response. Clin Exp Rheumatol.
2003;21(5):617-24.

Mogi M, Kondo A, Kinpara K, Togari A. Anti-apoptotic action of nerve growth factor in mouse
osteoblastic cell line. Life Sci. 2000;67(10):1197-206.

Takano S, Uchida K, Inoue G, Miyagi M, Aikawa J, Iwase D, et al. Nerve growth factor regulation and
production by macrophages in osteoarthritic synovium. Clin Exp Immunol. 2017 Nov;190(2):235-43.
Tomlinson RE, Li Z, Li Z, Minichiello L, Riddle RC, Venkatesan A, et al. NGF-TrkA signaling in
sensory nerves is required for skeletal adaptation to mechanical loads in mice. Proc Natl Acad SciU S A
[Internet]. 2017/04/17. 2017 May 2;114(18):E3632—-41. Available from:
https://pubmed.ncbi.nlm.nih.gov/28416686

Zhai G, Pelletier JP, Liu M, Aitken D, Randell E, Rahman P, et al. Activation of The
Phosphatidylcholine to Lysophosphatidylcholine Pathway Is Associated with Osteoarthritis Knee
Cartilage Volume Loss Over Time. Sci Rep. 2019 Jul;9(1):9648.

Yen L-T, Hsieh C-L, Hsu H-C, Lin Y-W. Targeting ASIC3 for Relieving Mice Fibromyalgia Pain:
Roles of Electroacupuncture, Opioid, and Adenosine. Sci Rep [Internet]. 2017;7(1):46663. Available
from: https://doi.org/10.1038/srep46663

Hsu W-H, Lee C-H, Chao Y-M, Kuo C-H, Ku W-C, Chen C-C, et al. ASIC3-dependent metabolomics
profiling of serum and urine in a mouse model of fibromyalgia. Sci Rep [Internet]. 2019;9(1):12123.
Available from: https://doi.org/10.1038/s41598-019-48315-w

Hung CH, Lee CH, Tsai MH, Chen CH, Lin HF, Hsu CY, et al. Activation of acid-sensing ion channel 3
by lysophosphatidylcholine 16:0 mediates psychological stress-induced fibromyalgia-like pain. Ann
Rheum Dis. 2020 Dec;79(12):1644-56.

Caboni P, Liori B, Kumar A, Santoru ML, Asthana S, Pieroni E, et al. Metabolomics analysis and
modeling suggest a lysophosphocholines-PAF receptor interaction in fibromyalgia. PLoS One.
2014;9(9):e107626.

Menzies V, Starkweather A, Yao Y, Thacker LR, Garrett TJ, Swift-Scanlan T, et al. Metabolomic
differentials in women with and without fibromyalgia. Clin Transl Sci. 2020;13(1):67-77.

Hemingway F, Taylor R, Knowles HJ, Athanasou NA. RANKL-independent human osteoclast
formation with APRIL, BAFF, NGF, IGF I and IGF II. Bone. 2011 Apr;48(4):938—44.

Aloe L, Manni L, Sebastiani G, Tuveri MA. Nerve growth factor in the synovia of patients with
rheumatoid arthritis: correlation with TNF-alpha and IL-1 beta and possible functional significance.
Vol. 17, Clinical and experimental rheumatology. Italy; 1999. p. 632-3.

Barthel C, Yeremenko N, Jacobs R, Schmidt RE, Bernateck M, Zeidler H, et al. Nerve growth factor and
receptor expression in rheumatoid arthritis and spondyloarthritis. Arthritis Res Ther. 2009;11(3):R82.
Falcini F, Matucci Cerinic M, Lombardi A, Generini S, Pignone A, Tirassa P, et al. Increased circulating
nerve growth factor is directly correlated with disease activity in juvenile chronic arthritis. Ann Rheum
Dis. 1996 Oct;55(10):745-8.

Chang DS, Hsu E, Hottinger DG, Cohen SP. Anti-nerve growth factor in pain management: current
evidence. J Pain Res [Internet]. 2016 Jun 8;9:373—83. Available from:
https://pubmed.ncbi.nlm.nih.gov/27354823

Sanga P, Katz N, Polverejan E, Wang S, Kelly KM, Haeussler J, et al. Efficacy, safety, and tolerability

95



417.

418.

96

of fulranumab, an anti-nerve growth factor antibody, in the treatment of patients with moderate to severe
osteoarthritis pain. Pain. 2013 Oct;154(10):1910-9.

Tiseo PJ, Kivitz AJ, Ervin JE, Ren H, Mellis SJ. Fasinumab (REGN475), an antibody against nerve
growth factor for the treatment of pain: results from a double-blind, placebo-controlled exploratory
study in osteoarthritis of the knee. Pain. 2014 Jul;155(7):1245-52.

Liu F, Shen X, Su S, Cui H, Fang Y, Wang T, et al. Fcy Receptor I-Coupled Signaling in Peripheral
Nociceptors Mediates Joint Pain in a Rat Model of Rheumatoid Arthritis. Arthritis Rheumatol
(Hoboken, NJ). 2020 Oct;72(10):1668-78.



