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Review

Introduction

Chronic pain (CP) places an enormous burden on sufferers 
and health care systems, leading the European Commission 
to include pain as a topic in its mission-oriented research 
(https://ec.europa.eu/health/sites/health/files/policies/
docs/ev_20181112_co06_en.pdf; Thematic Network on 
the Societal Impact of Pain—Recommendations for Policy 
Actions—05 November 2018). CP is not only a complex 
health problem but also a real “bio-psycho-social experi-
ence,” which requires a more comprehensive approach 
than many other pathologies (Darnall and others 2017). 
Even if pain is considered more frequently as a specific 
symptom of another health issue, CP represents the main 
and exclusive condition for many patients (Raffaeli and 
Arnaudo 2017), as underlined in the new “International 
Classification of Diseases–11th Revision (ICD-11) (Treede 
and others 2019). Despite the large number of preclinical 
studies (Burma and others 2017), the intrinsic subjectivity 
of this pathology makes clinical diagnosis still quite ardu-
ous. In particular, pain intensity is the most difficult CP 
characteristic to quantify and is usually described through 

a patient self-certification based on numerical, visual, ver-
bal, or facial pain ranking scales. In this context, the gap 
between preclinical and clinical CP data are larger than for 
other diseases. Moreover, the lack of specific CP biomark-
ers complicates diagnostic and prognostic approaches, 
often resulting in a delay of the appropriate pharmacologi-
cal treatments (Borsook and others 2011). In CP therapy, 
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opioids are commonly used, but their beneficial effects are 
often overshadowed by their side effects (Cumenal and 
others 2021). This is also due to the absence of proper, uni-
versally shared and agreed-upon therapeutic guidelines 
about the right dosages of opioid medication. For the  
reasons mentioned above, more and more scientists are 
highlighting the need to strengthen research aimed at dis-
covering novel pain biomarkers. Quantifiable biomarkers 
of pain would facilitate the identification of new mecha-
nisms and signs to help with pain diagnoses, predict sub-
groups inside heterogeneous painful conditions, and 
provide pharmacodynamic modifications associated with a 
specific dosage and drug formulation (Zhao and others 
2015). In this context, recent studies have paid attention to 
promising peripheral pain biomarkers, which represent an 
efficient and highly feasible avenue for investigation, 
given that all is needed is a blood sample (Backryd 2015). 
For example, Niculescu and colleagues, through a blood 
microarray analysis (Niculescu and others 2019) have 
shown that several genes and, recently, specific microR-
NAs expressions (Tavares-Ferreira and others 2019), are 
tightly correlated with the intensity of pain.

The interest in peripheral detection of pain biomarkers 
finds its origin in the hypothesis that hyperalgesia is a 
result of the interplay between the immune and nervous 
systems, where the bridge between the two is represented 
by opioid receptors, expressed in both the central and the 
peripheral nervous system (Campana and others 2010; 
Kipnis 2016). In this context, a recent study proposed that 
Mu opioid receptors (MOR) expressed on B cells may be 
a potential biological marker (Mu-Lympho-Marker, 
MLM) to assist health care professionals in crafting a 
more objective chronic pain diagnosis, both in patients 
suffering from fibromyalgia (FM) and osteoarthritis (OA) 
(Raffaeli and others 2020). The major goal of this review 
is to explore and discuss the latest findings in chronic 
pain biomarkers in the immune and nervous systems, in 
order to disentangle the relationship between opioid 
receptors, uncontrolled pain conditions, and the immune 
system.

Chronic Pain

For the past four decades, pain has been defined as “An 
unpleasant sensory and emotional experience associated 
with actual or potential tissue damage, or described in 
terms of such damage” (Treede 2018). However, the term 
“describe” has been improperly used, considering that 
some patients are unable to verbally express their painful 
experience. Thus, in 2020, the International Association 
for the Study of Pain (IASP) approved the new definition 
of pain as “An unpleasant sensory and emotional experi-
ence associated with, or resembling that associated with, 
actual or potential tissue damage” (Raja and others 2020), 

where the subjectivity of a single person is highlighted by 
both sensory and affective components.

Under physiological conditions, a noxious stimulus 
activates first order neurons in order to reach specific 
laminae of the spinal cord. There, second order neurons 
send the information to different zones of the brain where 
it is processed. The intensity and the body localization of 
the stimulus are analyzed at the level of the somatosen-
sory cortex. The cingulate and insular cortices, contribute 
to the affective component of pain, by receiving projec-
tion neurons, via connections in the parabrachial nucleus 
and amygdala. Then, the rostral ventral medulla and mid-
brain periaqueductal gray drive the descending feedback 
system, regulating the output from the spinal cord 
(Basbaum and others 2009) (Fig. 1).

When this physiological pathway undergoes a patho-
logical alteration and pain persists beyond the resolution 
of the underlying disorder, the healing of an injury, or 
sometimes without any cause, this is usually called 
“chronic pain.” Although CP is considered a persistent or 
recurrent pain lasting longer than 3 months (Treede and 
others 2015), it is not appropriate to call it a mere tempo-
ral extension of acute pain. In CP, the symptom represents 
the disease itself and this “bio-psycho-social experience” 
requires a multidisciplinary approach (Darnall and others 
2017; Raffaeli and Arnaudo 2017).

The main problem in CP remains its accurate diagno-
sis, particularly due to the lack of specific tools that detect 
subjective pain intensity. Today, evaluation of CP still 
consists of a patient self-certification using on various 
ranking scales (Thong and others 2018) (Fig. 2).

Chronic Pain Biomarkers

In the past decades, the need for CP biomarkers for a spe-
cific diagnosis, prognosis, and therapy, has grown expo-
nentially. The concept that pain is a subjective conscious 
perception, which requires brain activity, has placed brain 
processes at the center of pain biomarker research 
(Reckziegel and others 2019). Functional magnetic reso-
nance imaging (fMRI) (Kumbhare and others 2017), 
positron emission tomography (PET) (Albrecht and oth-
ers 2019), and proton magnetic resonance spectroscopy 
(H-MRS) (Levins and others 2019) are increasingly used 
to detect structural, functional, and neurochemical infor-
mation as potential biomarkers for CP. However, brain 
imaging is a complex field, and new findings and 
approaches are needed to bypass overlapping information 
due to chronic pain side effects and comorbid conditions 
(e.g., anxiety, depression, and fatigue) (Reckziegel and 
others 2019).

Recently, Gunn and others (2020) presented an alter-
native retrospective biomarker assay, revealing an atypi-
cal biochemistry in CP patients. They proposed a panel of 
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Figure 1. Schematic representation of ascending (red line) and descending (green line) pain pathways. After an injury, a noxious 
stimulus reaches the spinal cord and, from here, the stimulus sensation is conveyed to the brain. The localization and intensity of 
pain is elaborated in the somatosensory cortex. Cingulate and insula cortices, receiving projection neurons via the parabrachial 
nucleus and amygdala, contribute to the affective component of pain. At the level of the rostral ventromedial medulla and 
midbrain periaqueductal gray the descending feedback system departs, regulating the output from the spinal cord.

Figure 2. Schematic illustration of different pain ranking scales, based on patient self-certification. (A) Visual analogue scale 
(VAS) pain ranking scale: Patients mark a point on a line that describes the amount of pain, starting from “no pain” (left) up 
to the “worst possible pain” (right). (B) Numerical Rating Scale (NRS): Patients describe their pain using numbers, where “0” 
corresponds to “no pain” and “10” to the “worst pain” possible. (C) Verbal Rating Scale (VRS): Patients verbally describe pain, 
using adjectives for pain, starting from “no pain” up to “worst pain.” (D) Faces Pain Scale (FPS): Patients describe the level of 
their pain choosing a face, ranking from a happy face (no pain) up to a crying face (worst pain).
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functional biomarkers that underlines the role of oxida-
tive stress, cytokine-mediated inflammation, neurotrans-
mitters, and micronutrients in CP conditions (Gunn and 
others 2020). In particular, the study showed elevated 
levels of quinolinic acid, pyroglutamate, xanthurenic 
acid, acrolein metabolite 3-hydroxypropyl mercapturic 
acid, and methylmalonic acid. They also detected abnor-
mally low levels of 5-hydroxyindoleacetate (metabolite 
of serotonin) and vanilmandelate (metabolite of norepi-
nephrine). However, more data in this context are needed, 
considering that medications and other conditions not 
associated with chronic pain were not analyzed in this 
study, and may be potential additional causes in the 
occurrence of atypical biomarkers.

A key feature of a good biomarker is that it has to be 
easy and fast to detect (Califf 2018). This is why new 
studies are focusing on peripheral diagnostic approaches 
involving blood samples (Backryd 2015). For example, 
Niculescu and others (2019) have shown a blood micro-
array analysis can identify severe pain risk genes, which 
are more strongly expressed than putative protective/
resilience genes, with the goal of developing a pain mark-
ers gene expression database. Other studies have demon-
strated the correlation between specific microRNAs 

expressions (Tavares-Ferreira and others 2019) and CP, 
such as in low back pain (Hasvik and others 2019), osteo-
arthritis (Swingler and others 2019), and neuropathic 
pain (Tavares-Ferreira and others 2019). However, the 
lack of a miRNAs database for the healthy population and 
another one specific for CP patients makes miRNA vali-
dation as CP biomarkers quite difficult. Moreover, every 
disease ideally should have a specific miRNA of refer-
ence in order to bypass overlapping data (Lopez-Gonzalez 
and others 2017; Ramanathan and Ajit 2016). Recently, a 
new study has proposed a pain “molecular fingerprint” 
construction, using a vibrational spectroscopy technique, 
in order to identify metabolites associated with different 
CP conditions as serologic biomarkers (Hackshaw and 
others 2019). Together, these studies highlight the critical 
need and utility of blood samples in this field (Fig. 3).

Opioid Receptors

As mentioned above, peripheral detection of pain bio-
markers is based on the idea that hyperalgesia is a conse-
quence of the interplay between immune and nervous 
systems, where the interface is represented by opioids 
receptors (Campana and others 2010; Kipnis 2016).

Figure 3. Schematic illustration of different approaches for pain biomarker research. Blood sampling can be used for the 
detection of biological markers on the surface of immune cells (e.g., opioid receptors), for miRNA detection through microarray 
analysis, and for vibrational spectroscopy approaches in order to isolate metabolites associated with different chronic pain 
(CP) conditions. Brain imaging can involve functional magnetic resonance imaging (fMRI), positron emission tomography (PET), 
and proton magnetic resonance spectroscopy (H-MRS) techniques in order to detect specific brain activity patterns as pain 
biomarkers. Biochemical approaches can lead to the detection of atypical biochemistry as biomarkers for patients with CP.
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Endogenous opioids derive from the precursors proo-
piomelanocortin, proenkephalin, and prodynorphin, 
which respectively encode for β-endorphin, enkephalins 
(Met-enkephalin and Leu-enkephalin), and dynorphins 
(Bodnar 2017). Opioid peptides share a common opioid-
motif containing the Tyr-Gly-Gly-Phe-Met/leu amino 
acid sequence and explicate their action by binding to 
specific receptors. β-Endorphin and enkephalins are anti-
nociceptive peptides, linking µ (mu [MOR]/Oprm1) and 
δ (delta [DOR]/Oprd1) opioid receptors (Hurley and 
Hammond 2001; Smith and others 1992). Dynorphins 
can mediate not only antinociceptive effects, via κ (kappa 
[KOR]/Oprk1) opioid receptors but also pro-nociceptive 
effects via N-methyl-d-aspartate (NMDA) receptors 
(Podvin and others 2016; Stein 2016). Opioid receptors 
are G-protein-coupled receptors, expressed in the central 
and peripheral nervous systems, and in neuroendocrine 
and immune tissues and cells (Stein 2016). Endogenous 
opioids and their receptors mediate analgesia, but also 
tolerance and dependence after long-term exposure to 
exogenous full opioid agonists, and withdrawal syndrome 
after an abrupt interruption of exogenous opioid exposure 
or after antagonist administration (Stein 2018). MOR 
mediates side effects such as nausea, sedation, respiratory 
depression, reward/euphoria, biliary spasms and consti-
pation, urinary retention, and reduced gastrointestinal 
motility. KOR can lead to aversive, sedative, and diuretic 

effects, as well as dysphoria. DOR is involved in respira-
tory depression, constipation, and reward and euphoria. 
In the 1990s, a new endogenous opioid system was iden-
tified. The ligand was defined as nociceptin/orphanin (N/
OFQ) and the receptor as nociceptin orphanin peptide 
receptor (NOP receptor), also called opioid receptor like1 
(ORL1) receptor. The sequence of N/OFQ is closely 
related to that of dynorphin A. Furthermore, N/OFQ is 
not active at the classical opioid receptors, such as mu, 
kappa, and delta receptors. Unlike other members of the 
opioid family, N/OFQ plays a crucial role in pain modu-
lation in a bidirectional manner, exhibiting either pro- or 
anti-nociceptive effects, depending on a series of com-
plex factors, including type of pain, administration strate-
gies and dosage of opioid agonists (Toll and others 2019). 
NOP is a G-coupled receptor (Agostini and Petrella 2014; 
Kiguchi and others 2016). This receptor is involved in 
spinal analgesia and mediates side effects such as toler-
ance to morphine after chronic treatment, hyperalgesia at 
low doses of N/OFQ, exacerbation of CP condition, 
depression, and Parkinson’s disease (Table 1).

Opioid Receptor Signaling Pathways

Opioid receptors play a role in synaptic pain transmis-
sion, which takes place between C-fiber primary affer-
ents and secondary projection neurons in the dorsal horn 

Table 1. Opioid Receptors: Agonists, Antagonists, Side Effects.

Receptor
Endogenous 

Peptides Opioid Agonists Effects Side Effects

µ mu [MOR]/
Oprm1

β-Endorphins
Endomorphin-1
Endomorphin-2

Morphine
Fentanyl
Meperdine
Methadone
Codeine
Oxymorphone
Hydromorphone
Levorphanol

Analgesia Tolerance and dependence after 
chronic exposure to opioid agonists

Respiratory depression
Nausea
Urinary retention
Biliary spasms and constipation
Sedation
Reward/euphoria

K kappa [KOR]/
Oprk1

Dynorphin-A
Dynorphin-B

Morphine
Levorphanol

Analgesia Tolerance and dependence after 
chronic exposure to opioid agonists

Diuretic effect
Sedative effect
Dysphoria

δ delta [DOR]/
Oprd1

Leu-enkephalin
Met-enkephalin

Meperidine
Codeine
Hydromorphone
Levorphanol

Analgesia
Spinal analgesia

Tolerance and dependence after 
chronic exposure to opioid agonists

Antidepressant effect
Reward/Euphoria
Respiratory depression
Constipation

NOP N/OFQ — Analgesia 
(spinally)

Exacerbation of chronic pain condition
Tolerance to morphine
Depression
Hyperalgesia (low dose of N/OFQ)
Parkinson’s disease
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of the spinal cord. After binding their specific receptors, 
opioids lead to the dissociation of the trimeric G-protein 
complex, which switches from a GDP-bound inactive to 
a GTP-bound active state, into Gα and Gβγ subunits. 
Gβγ subunits can directly bind calcium (Ca++) channels 
and inhibit intracellular Ca++ influx. Activated Gα sub-
units can inhibit adenylyl cyclase (AC) activity and the 
consequential production of cyclic AMP (cAMP) and, in 
a downstream mechanism, protein kinase A (PKA) and 
Ca++ ion influx. In fact, Ca++ ions have a pivotal role in 
the synaptic process, enhancing glutamate (Glu) release 
from presynaptic vesicles. Glu mediates fast excitatory 
transmission between primary and secondary sensory 
neurons, by binding ionotropic α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) and NMDA 
receptors, and slow transmission by acting on metabo-
tropic glutamate receptors (mGluRs). Slow synaptic 
effects are also mediated by other neuropeptides, such as 
substance P and calcitonin gene-related peptide (CGRP), 
through metabotropic G protein-coupled receptors and 
receptor tyrosine kinases. Moreover, opioid peptides  
act both pre- and postsynaptically to inhibit the pain 

pathway. Presynaptic inhibition reduces voltage-gated 
calcium (Ca++) channel activity, while postsynaptic inhi-
bition enhances chloride (Cl−) influx and potassium (K+) 
efflux (Golan 2008). These events prevent excitation and 
propagation of action potentials in second order projec-
tion neurons and suppresses pain development (Fig. 4).

Peripherally, at the site of injury, the opioid receptor-
mediated synaptic pain pathway involves peripheral noci-
ceptors, leukocytes, and anti-inflammatory cytokines 
(Pinho-Ribeiro and others 2017). Peripheral opioid recep-
tor-containing immune cells reach the inflamed tissue, and 
their activation leads to the secretion of opioid peptides, 
which bind their specific peripheral neuronal opioid 
receptors. At the early stage of the inflammation process, 
granulocytes are the major opioid-containing leukocytes 
involved, later monocytes, macrophages, and lympho-
cytes predominate (Brack and others 2004). Not all the 
totality of immune cells produce opioids, but it is well 
known that, during inflammation and leukocytes’ homing, 
the expression of opioid peptides increases (Hua 2016; 
Mousa and others 2007). Opioid release is triggered by 
several endogenous factors, including temperature, low 

Figure 4. Schematic illustration of an opioid receptor-mediated synaptic pain pathway. In the presynaptic membrane, opioid 
peptides bind opioid receptors and activate G-proteins, thereby inhibiting Calcium (Ca++) influx. G-βγ subunits then directly bind 
and inhibit Ca++ influx. Activated G proteins can have the same effect by inhibiting adenylyl cyclase (AC) and, as a consequence, 
cyclic AMP (cAMP) and protein kinase A (PKA) activity. Ca++ channel inhibition blocks glutamate (Glu) release from presynaptic 
vesicles and fast and slow excitatory transmission between primary and secondary neurons. Fast transmission is mediated by 
ionotropic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-d-aspartate (NMDA) receptors; slow 
transmission by metabotropic glutamate receptors (mGluR). Moreover, opioid receptors mediate postsynaptic inhibition of pain, 
by enhancing chloride (Cl−) influx and potassium (K+) efflux.
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pH, proteolytic activity, or local inflammatory factors 
(Julius and Basbaum 2001). When released, opioid pep-
tides penetrate the perineural sheath and activate specific 
receptors on peripheral terminals of sensory neurons, pro-
ducing analgesia and also anti-inflammatory effects such 
as the inhibition of substance P, NA (noradrenaline) and 
TNF (tumor necrosis factor)-α neuronal release 
(Mambretti and others 2016; Stein and Machelska 2011). 
This mechanism produces analgesia through the inhibi-
tion of activity of nociceptors (Rittner and others 2008; 
Stein and Kuchler 2012).

Recently, in a mouse model, an expansion of the clas-
sical model of analgesia mediated by opioid receptors 
was presented, focusing on immune cells containing opi-
oid receptors (Celik and others 2016; Machelska and 
Celik 2020). In contrast to the previously described model 
(Fig. 3), in this new model leukocytes opioid receptor 
mediate analgesia through the release of pain-inhibiting 
opioid peptides. Gi proteins are still involved in the pro-
cess, in association with the phospholipase C (PLC), 
which leads to production of the second messenger inosi-
tol 1,4,5-trisphosphate (IP3). IP3 binds and activates the 
IP3 receptor (IP3R) in the endoplasmic reticulum (ER), 
leading to the release of intracellular Ca++ ions. This 

pathway permits extracellular delivery of intracellular 
Ca++-dependent opioid peptides, which bind specific opi-
oid receptors on peripheral nerves membranes, thereby 
inhibiting pain (Fig. 5).

Neuroimmune Synapse

In a rat study, researchers showed that the half-life of 
endogenous peptides at the site of inflammation is strictly 
conditioned by peripheral blood proteases: 5 minutes for 
enkephalins and 40 minutes for β-endorphins. Thus, for 
the best analgesic effects, exogenous opioids peptides 
should be ideally released in close proximity to sensory 
neurons (Hua and others 2006).

Along these lines, several studies provide evidence for 
the close association between peripheral nerve and opi-
oid-containing immune cells (Hua 2016). Leukocytes 
have been found physically close to the innervation of 
many organs, such as the skin (Darsow and Ring 2001), 
eye (Schafer and others 1994), liver (Kaiser and others 
2003), respiratory tract (Kingham and others 2002), and 
gastrointestinal tract (Tournier and Hellmann 2003). In 
fact, a bidirectional interaction between immune cells 
and primary afferent nerves has been described and is 

Figure 5. Schematic illustration of opioid receptors on leukocytes’ surface-mediated synaptic pain pathway. Opioid peptides 
bind opioid receptors, activating Gi proteins. G-βγ subunits activate phospholipase C (PLC), leading to the second inositol 
1,4,5-trisphosphate (IP3) messenger production and subsequent IP3 receptor (IP3R) activation in the endoplasmic reticulum (ER). 
Ca++ ions are released from the ER, leading to the extracellular delivery of intracellular Ca++-dependent opioid peptides. Thus, 
opioid receptors on peripheral nerve cell membranes are activated and pain pathways are inhibited.
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supported by three major observations. First, several 
studies indicate a direct membrane-membrane contact 
(Crivellato and others 2002; Tian and others 2000) when 
nerve fibers end on the surface of lymphoid organs. This 
anatomical connection chemically mediates the bidirec-
tional release of transmitters and postsynaptic receptors 
activation (Stein 2013). Second, both immune cells and 
neurons share common ligands and receptors (Shaw and 
Allen 2001). Third, this ligand-receptor communication 
influences and activates cellular pathways in both 
immune and nervous systems (Rittner and others 2008). 
Traditionally, the term “synapse” indicates a stable adhe-
sive junction between two cells, in which information is 
relayed by direct secretion. Here, for the neuro-immune 
synapse we are describing a hybrid structure: a specific 
zone between immune cells and neurons (Shepherd and 
others 2005) in which both of the systems share common 
mediators (Shaw and Allen 2001).

The Impact of Exogenous Opioids 
on the Immune System in CP 
Conditions

When the physiological pain pathway is altered, pain 
becomes the “enemy” to defeat. In this fight, the role of 
opioid receptors is still ambiguous, particularly their 
localization on surfaces of immune cells. A better under-
standing about peripheral opioid receptors function could 
be critical for informing more effective CP pharmaco-
logical treatment approaches (Machelska and Celik 
2020). Clinical studies suggest that opioid administration 
is associated with high risk of immune suppression and 
the development of inflammatory mechanisms, enhanc-
ing CP status itself (Kosciuczuk and others 2020). 
Moreover, it is well known that opioid consumption has a 
dual effect in CP patients, by inducing at the same time 
tolerance, dependence, and a risk for opioid use disorders 
(Cameron-Burr and others 2021; Thong and others 2018). 
Thus, understanding the role of peripheral opioid recep-
tors in CP conditions could also be helpful in minimizing 
central nervous system opioid side effects, such as addic-
tion, sedation, respiratory depression, and nausea. In this 
context, we have to approach the problem considering 
that every single immune cell type could have a role in 
this process.

Immune Cells and Opioid Treatment

Since 1979, several immunomodulatory effects of opi-
oids on T lymphocytes have been described (Sacerdote 
and others 2003). T lymphocytes, cells of the adaptive 
immunity, infiltrate the injured central nervous system 
only after neutrophils and macrophages have already 
arrived: indeed, macrophages infiltration is essential for 
lymphocytes recruitment as this event is prevented by 

macrophages ablation in mice (Ghasemlou and others 
2015; Kobayashi and others 2015). T cells interact with 
neurons in a bidirectional manner. For example, vasoac-
tive intestinal peptide (VIP) induces pro-inflammatory 
cytokines secretion from CD4+ T-lymphocytes in aller-
gic inflammation. Among these cytokines, secreted inter-
leukin (IL)-5 from lymphocytes in turn enhances neuronal 
secretion of VIP (Talbot and others 2015). T lymphocytes 
can stimulate the production of brain-derived neurotropic 
factor (BDNF) through the action of IL-4 on neurons (Ziv 
and others 2006). T cells can exert different effects 
depending on their polarization: Th1 cells, that secrete 
proinflammatory chemokines (Il-1b, TNF-α, IL.17) 
enhance pain hypersensitivity while Th2 lymphocytes 
reduced mechanical allodynia and thermal hyperalgesia 
in neuropathic models (Moalem and others 2004; Palmer 
and Weaver 2010). The role of T cells in the induction of 
pain in inflammatory pain models is poorly understood. 
For example, T cell–deficient mice do not show a reduc-
tion of pain hypersensitivity (Ghasemlou and others 
2015; Petrovic and others 2019; Sorge and others 2015) 
and present a prolonged duration of mechanical allodynia 
(Laumet and others 2018). In addition, regulatory T cells 
(T-Reg cells), characterized by the expression of the tran-
scription factor FoxP3 and specialized in dampening 
inflammation and resolving immune response, can reduce 
neuropathic pain (Liu and others 2014). Of our interest, T 
lymphocytes express all the three kinds of opioid recep-
tors on their surface (Liang and others 2016). Human 
studies have demonstrated that short-term morphine 
administration induces T-lymphocyte cytokine expres-
sion, such as IL-2 and IL-6, by enhancing the differentia-
tion of B-lymphocytes (Campana and others 2010). Work 
by Campana and others showed that 1-year intrathecal 
morphine treatment, in chronic non-malignant pain con-
ditions patients, leads to an increase of MOR mRNA 
level in circulating T-lymphocytes, and this effect is 
stronger after administration of morphine plus bupiva-
caine than a pure morphine solution. Assuming a correla-
tion exists between transcription and translation, 
considerably higher amounts of MOR receptors should 
be expected in the lymphocytes of patients receiving 
chronic intrathecal morphine (Campana and others 2010). 
Moreover, morphine abuse inhibits T-helper 17 (Th17) 
function and, at the same time, enhances the activity of 
T-Reg cells. This mechanism could be linked to immune 
suppression, as reported by Abo-Elnazar and others 
(2014).

Morphine can also increase KOR mRNA expression on 
T cells, indicating that opioid drugs can exert their effects 
through multiple opioid receptor subtypes (Suzuki and oth-
ers 2001). Moreover, activation of DOR receptors expressed 
on surfaces of T-lymphocytes by the endogenous ligand 
met-enkephalin enhances the expansion of CD4+ cells and 
CD4 molecule expression (Shan and others 2011).
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Today, it is well known that all the elements of the 
immune system play a specific role in pain. For example, 
B-lymphocytes, which are antibody-producing cells that 
represent the source of the humoral immune response, 
also express μ, δ, and κ opioid receptors (Malafoglia and 
others 2017). MOR agonists increase IgM and IgG pro-
duction; DOR agonists produce the opposite effect (Liang 
and others 2016). Interestingly, B cells are influenced by 
opioids but the ability to produce antibodies also requires 
the cooperation of other immune cells, for example, 
monocytes and macrophages. Monocytes are peripheral 
blood circulating leukocytes, that rapidly infiltrate the site 
of infection, an injury, or a damaged tissue. These cells 
can differentiate toward a pro- or an anti-inflammatory 
phenotype, depending on the extracellular milieu (Yang 
and others 2014). Monocytes differentiate into macro-
phages, typically recognized in Immunohistochemistry 
sections by the staining with CD68. Chemokines and 
cytokines contribute to the recruitment of monocytes/
macrophages into the peripheral nervous system (Ren and 
Dubner 2010). In particular, the monocyte chemoattrac-
tant protein-1 (MCP-1), also known as CCL2, induces 
peripheral sensitization acting on CCR2 expressing noci-
ceptors (Zhang and others 2013). Lack of CCR2 in murine 
models results in reduced macrophages infiltration in 
nerve injury sites (Siebert and others 2000). Fractalkine, 
also known as CX3CL1, have been shown to increase in 
dorsal root ganglia after injury, and blocking CX3CL1 
reduces allodynia in paclitaxel-induced neuropathy 
(Huang and others 2014). TNF-α), a prototypic proin-
flammatory cytokines, seems to be also involved in mac-
rophages recruitment as it is impaired in TNF-α-deficient 
mice (Shubayev and Myers 2000). Accordingly, IL-1β 
accumulates in nerve injury sites and support macro-
phages recruitment (Perrin and others 2005). The role of 
macrophages in the induction of pain is demonstrated also 
in murine models, where macrophages are depleted by the 
injection of clodronate liposomes: in these mice, thermal 
and mechanical hyperalgesia are reduced (Liu and others 
2000). However, macrophages can sustain tissue repair 
and regenerative process in several tissue, including ner-
vous tissue (Liu and others 2019), thanks to their capacity 
to differentiate into M2-anti-inflammatory macrophages. 
These are immunosuppressive cells, that secrete anti-
inflammatory cytokines and growth factors to promote tis-
sue repair and resolution of pain (Mokarram and others 
2012). Polarization of macrophages into IL-10 producing 
M2 cells enhances the resolution of inflammation, thus 
dampening hyperalgesia (Willemen and others 2014), and 
in vitro generated M2 macrophage have been shown to 
secrete opioid peptides, including metenkephalin, dynor-
phin A, and β-endorphin (Pannell and others 2016).

Macrophage cells express opioid receptors them-
selves. MOR activation by morphine has been shown to 

regulate macrophages functions, including nitric oxide 
production and phagocytosis (Brack and others 2004). 
Macrophage MOR is up-regulated by cytokines, namely 
IL-1β, IL-4, IL-6, TNF-α, and interferon-γ (IFN-γ). 
Moreover, an in vitro murine study showed that IFN-γ 
also stimulates the expression of macrophage’s KOR 
(Gabrilovac and others 2012).

Neutrophils and mast cells are two other major types 
of immune cells involved in pain modulation. Neutrophils 
are innate immune cells that rapidly gather around the 
damaged or injured tissue (Kanashiro and others 2020). 
Recruitment of neutrophils, induced by T leukotriene B4 
(LTB4) and complement component 5a (C5a) is associ-
ated with pain sensitization (Ting and others 2008). 
Neutrophils can act on neurons by inducing the secretion 
of chemotactic factors that in turn recruit more neutro-
phils, thus amplifying the nociceptive response (Grace 
and others 2014). In humans, neutrophils accumulation in 
the joints of arthritis patients is associated with the induc-
tion of hyperalgesia. On the other hand, neutrophils can 
also secrete analgesic mediators such as opioid peptides 
(β-endorphin, met-enkephalin, and dynorphin-A), that in 
turn can inhibit nociceptive transmission by activating 
opioid receptors on peripheral sensory neurons (Rittner 
and others 2009). Neutrophils express opioid receptors 
on their surface and a murine study demonstrated that 
morphine can completely attenuate neutrophil migration 
to the site of inflammation and opioids consumption can 
impede the bactericidal action of these cells (Kanashiro 
and others 2020; Roy and others 2011).

Mast cells are leukocytes with a cytoplasm rich in 
granules that are resident in tissue, in particular in con-
nective ones. They participate to the immune response to 
injury by secreting their granules’ content, releasing cyto-
kines, chemokines and other mediators such as histamine 
(Forsythe and Bienenstock 2012). Mast cell have been 
shown to increase in human inflammatory diseases 
(Nigrovic and Lee 2005), and in murine models, which 
lack mast cells, a reduction of pain can be observed 
(Milenkovic and others 2007). Blocking histamine sig-
naling by using histamine receptor antagonists reduces 
mechanical and thermal hyperalgesia (Gupta and Harvima 
2018; Liu and others 2021). Mast cells express opioid 
receptors in their surface but the mechanism that describe 
the communication between these cells and peripheral 
nerves in pain pathways is still unknown. A common opi-
oid side effect is the activation of mast cells (Nguyen and 
others 2014). Interestingly, a human study demonstrated 
that morphine and other opioids with lower MOR affinity 
induce mast cells activation; differently MOR potent ago-
nists (i.e., naloxone, buprenorphine) did not activate mast 
cells. These results indicate that MOR is not directly 
involved in mast cells activation (Blunk and others 2004). 
In 2017 a silico design study (Lansu and others 2017) 
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proposed a unique atypical opioid-like receptor impor- 
tant for modulating mast cell degranulation, named 
MRGPRX2. Later, a preclinical primate study demon-
strated that MRGPRX2 is necessary for innate immune 
cells recruitment at the injury site, mediating neurogenic 
inflammation and pain (Green and others 2019).

In the past few decades, our group has been focused on 
MOR expression on natural killer (NK) lymphocytes  
and lymphokine-activated killer (LAK) cells. These are 
specific cytotoxic cells of the innate immune system. 
We demonstrated that, in cancer patients, after chronic in 
vivo analgesic therapy with morphine, the endogenous 
cytotoxic activity of NK cells was reduced, while LAK 
cell cytotoxicity increased. Then, we showed that LAK 
cell activity mainly increased after an oral morphine 
administration, rather than an intrathecal one (Provinciali 
and others 1991). Later, we showed that the effect of mor-
phine on LAK cells activation, but not on NK cell reduc-
tion, is related to the modulation of prolactin levels 
determined by the opioid drug (Provinciali and others 
1996). Moreover, we observed an increase of MOR 
mRNA levels in lymphocytes and a reduction of the per-
centage of NK cells also in non-cancer-pain patients 
(CNCP), treated for long time with intrathecal morphine 
(Campana and others 2010). Interestingly, a recent sys-
tematic review (Diasso and others 2020) highlighted the 
effects of long-term opioids treatment in CNCP, demon-
strating that the majority of the articles analyzed had con-
siderable limitations (e.g., cross-sectional design, lack of 
randomization and/or clinical description, small sample 
size). According to the authors, very few studies increased 
our understanding in this field (Campana and others 
2010; Tabellini and others 2014), despite that their find-
ings could be not comparable because of diverse opioid 
formulations and administrations. In addition, although 
the level of evidence is weak, long-term opioid treatment 
alters the immune system in CNCP referring not only to 
NK cells alteration but also to IL-1ß production as a con-
sequence of toll-like receptors (TLRs) stimulation (Dutta 
and others 2012; Meng and others 2013). In this contest, 
it has been demonstrated that opioids are TLR4 agonists 
(Zhang and others 2020b) and an increased IL-1β pro-
duction has been observed after PBMC stimulation with 
TLR2 and TLR4 agonists (Kwok and others 2012). These 
data could be explained and enhanced considering a 
recent finding (Chang and others 2021), which describes 
the cross-talk of TLRs and MOR in a preclinical rodent 
model of chronic constriction injury (CCI). Here the 
authors suggested that mechanical hyperalgesia might be 
the result of the cross-talk between TLRs and MOR in a 
PKCα-dependent manner, opening the way for novel 
neuropathic pain therapeutic strategies (Table 2).

Interestingly, a recent clinical study (Lassen and oth-
ers 2021) reported findings about the role of NK cells in 

pain disorders associated with central pain sensitization, 
(i.e., herpes zoster neuralgia, polyneuropathy). The 
authors showed that a low NK-cell frequency in the cere-
brospinal fluid (CSF) was associated with central sensiti-
zation, unlike a high NK-cell frequency, which seemed to 
prevent it. Thus, a future project could be focused on ana-
lyzing opioid receptors expression and pharmacological 
modulation on NK cells in the CSF. The comparison 
between central and peripheral analysis could be pivotal 
to set up the right opioid and/or immunologic treatment.

Opioid-Related Biomarkers in CP

Recently, inspired by the increasing attention on the role 
of peripheral opioid receptors in pain pathways, our 
group decided to analyze the percentage of immune cells 
expressing opioid receptors in CP patients suffering from 
fibromyalgia or osteoarthritis. Interestingly, we found 
that the percentage of B cells expressing MOR was lower 
in CP patients than in a pain-free control group. This dif-
ference was greater in CP patients with severe pain. Thus, 
for the first time, MOR could be considered as a potential 
peripheral CP biomarker (Mu-Lympho-Marker, MLM) 
(Fig. 5), considering that B cells express it in patients 
with FM and OA (Raffaeli and others 2020). The role of 
MOR as a marker of pain has been also postulated in an 
ongoing clinical trial (Malafoglia and others 2017), but 
the meaning of its immunological characteristic is still  
a topic of discussion. The low percentage of B cells 
expressing MOR in CP patients could be due to a reduc-
tion of an opioid receptor “reserve,” necessary for the 
pain inhibition pathway mediated by immune cells. In 
this study, we did not enroll patients taking opioids. Thus, 
we can exclude a reduction of the opioid receptor reserve 
as a consequence of desensitization and/or internalization 
of MOR (Zhang and others 2020a). Still, several ques-
tions are open. There could be additional mechanisms of 
action, and a new study to first assess CP patients could 
be greatly helpful to set up the right therapeutic strategy. 
In particular, once we understand the mechanistic role of 
the MOR reserve reduction, it could be possible to 
develop peripheral pharmacological treatments based on 
the ideal opioid dosage administration for each single CP 
patient, bypassing central side effects.

Moreover, future analysis should address how gender 
and sex differences affect the opioids and immune system 
interaction in patients suffering from CP. In fact, preclini-
cal and clinical studied reported that women, in general, 
present a higher immune response than men (Schwarz 
and Bilbo 2012). Importantly, morphine has a stronger 
analgesic effect in males than in females (Doyle and 
Murphy 2017). Sex differences in CP are probably under-
estimated, although it is well known that women are more 
likely to use anti-inflammatory drugs, which enhance 
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opiate action (Li and others 2021), than men. Thus, even 
if more data is needed to confirm the MOR reserve 
hypothesis, preliminary findings could be helpful to also 
discriminate gender-dependent CP biomarkers, underlin-
ing the importance of peripheral opioid receptors in anal-
gesia and paving the way for new peripheral, tailored 
pharmacological approaches and rehabilitation strategies 
for CP patients. In conclusion, the review of the current 
literature seems to suggest that the identification of spe-
cific pain biomarkers remains perhaps the most important 
challenge in the field of CP medicine (Fig. 3).
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