Chapter 12 )
Opioids and the Immune System b
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Abstract Opioids have multiple effects on the immune system (IS). Experimentally,
the effects of opioid administration range from a severe inhibition to strong
activation of immune responses, depending on the compound, schedule administra-
tion, experimental model, or clinical condition. On the other hand, endogenous opi-
oids play a central role in the complex circuitry that mediates the IS and nervous
system (NS) communication, tuning the intensity of reactions such as inflammation
and pain or the mechanisms for sensing tissue damage and triggering a stress
response. This chapter reviews studies showing increased susceptibility to infec-
tions and altered immune parameters produced by opioids and some mechanisms
involved in direct and indirect actions of opioids on innate and adaptive immunity,
the influence on genetic factors and aging on opioid effects, and pathologies where
opioids exert immunomodulatory actions, including current information about
COVID-19.

Keywords Opioids - Inflammation - Cytokines - Immunosuppression - Infection -
Pattern-recognition receptors

C. Gonzalez-Espinosa (P<) - F. L. Martinez-Cuevas

Departamento de Farmacobiologia, Centro de Investigacion y de Estudios Avanzados
(Cinvestav), Mexico City, Mexico

e-mail: cgonzal @cinvestav.mx

I. K. Madera-Salcedo
Departamento de Inmunologia y Reumatologia, Instituto Nacional de Ciencias Médicas y
Nutricién Salvador Zubiran, Mexico City, Mexico

L. M. Molina-Martinez
Laboratorio de Farmacologia y Conducta, Instituto de Neurociencias, CUCBA, Universidad
de Guadalajara, Guadalajara, Jalisco, Mexico

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 249
S. L. Cruz (ed.), Opioids, https://doi.org/10.1007/978-3-031-09936-6_12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-09936-6_12&domain=pdf
mailto:cgonzal@cinvestav.mx
https://doi.org/10.1007/978-3-031-09936-6_12#DOI

250 C. Gonzalez-Espinosa et al.
12.1 Introduction

To understand the effects of opioids on immune responses, it is necessary to con-
sider the complexity of the two highly organized systems involved: (1) the opioider-
gic system with all its ligands, receptors, signaling cascades, and final effects on
distinct cell types (Chaps. 8 and 9) and (2) the immune system (IS) with its primary
and secondary lymphoid organs, particular responding cells and active molecules
produced against damage.

The major design principles of the IS are:

e Layering: new processes are built on top of initial, more general processes.

e Scaffolding: early steps in the immune system provide the conditions needed for
the later steps.

e Parallel processing: several events occur at the same time, not always synchro-
nized, in distinct parts of the body.

* Dynamic engagement: cells act briefly and are then replaced by other cells.

e Variable network connectivity: mediators and cells acting in one immune process
can be incorporated into another ongoing response, thus altering the outcome [1].

Opioids can modify the intensity of processes involved in all the organizational
levels of the IS, both directly and indirectly, altering the direction and final conse-
quences of a given immune response.

Classical p-, 8-, and k-opioid receptors (ORs), as well as non-classical ORs
expressed in immune cells, mediate the direct actions of opioids on the IS. Indirect
actions are mainly related to opioid effects on the hypothalamus-pituitary-adrenal
(HPA) axis and the sympathetic nervous system (SNS), as explained in the follow-
ing sections. Also, conditions involving changes in the IS functioning, such as
aging, modify opioid effects. Altogether, evidence shows that opioids alter the indi-
vidual response to infection and tissue damage, as supported by numerous studies
documenting increased susceptibility of opioid users to infections and chronic
diseases.

12.2 Altered Immune Parameters Associated
with Opioid Administration

Initial observations of immunosuppressive opioid actions in humans showed that
people dependent on heroin or morphine and methadone-treated patients had a high
incidence of infectious diseases of viral, bacterial, and fungal etiology [2, 3]. It was
initially thought that such infections resulted from transmission of microorganisms
through fomites (passive vectors), including the drug paraphernalia used for injec-
tion, shared hypodermic needles, or contaminated syringes. It was believed that
non-diagnosed acquired immunodeficiency syndrome (AIDS) and lifestyle factors
such as malnutrition influenced opioid users’ immunosuppression. However, further
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controlled studies clearly showed an altered IS function in opioid users [4, 5], and
comparisons between healthy and non-dependent subjects who received opioids
further supported the notion that these drugs might have immunosuppressive or
immunomodulatory effects on their own [6].

Opioids appear to be immunosuppressive regardless of the reasons for use (pain
relief, anesthetic, psychoactive effects) (Table 12.1). Recent studies show that pre-
scribed opioids increase the incidence of Gram-positive infections and death [7].
Opioid use also contributes to human immunodeficiency virus (HIV) neuropatho-
genesis by acting on immune cells such as monocytes, macrophages (M®s), microg-
lia, and T cells [11, 19, 20]. In addition, patients with rheumatoid arthritis or burn
injuries (conditions that occur with local and systemic inflammation) have a higher
infection risk after opioid treatment [18, 29]. Activation of p-OR affects cell dif-
ferentiation, migration, and cytokine synthesis in the human epidermis, creating a
niche that favors microbial survival in patients with burns [33].

High doses of opioid analgesics in trauma patients are also associated with infec-
tious complications related to pneumonia, bacteremia, urinary tract infection, and
wound infection [23]. Other studies have shown a higher incidence of diseases asso-
ciated with repeated parenteral opioid administration, such as viral infections and
infective endocarditis (Table 12.1) [34].

Clinical use of opioids has been related to poor surgical outcomes and the appear-
ance of other diseases, such as infections and cancer [35]. In humans, immunosup-
pression after surgery has traditionally been associated with factors such as
hypothermia, poor lung ventilation, or pre-existing health conditions [36], but evi-
dence indicates that fentanyl, remifentanil, and morphine, can produce deleterious
effects because of their immunosuppressive actions [37-39].

Fukada et al., in 2016, showed that paradoxical effects of opioids on the IS can
be related to different administration schedules because the timing of administration
can determine whether morphine exacerbates or inhibits an infection. For example,
morphine treatment before a lipopolysaccharide (LPS) challenge (which mimics an
infection with Gram-negative bacteria) suppresses lethal endotoxic shock in mice,
but exacerbates it when administered after LPS [40].

Morphine and other p-OR agonists do not produce similar immunosuppressive
effects. Recent clinical trials suggest that there are two distinct groups of opioids:
those with significant immunosuppressive effects (i.e., codeine, dihydrocodeine,
methadone, morphine, or fentanyl) and those with less immunosuppressive effects
(i.e., buprenorphine, hydromorphone, oxycodone, or tramadol) [41]. Moreover, the
administration scheme and individuals’ condition and health status modify the final
effect of a specific opioid on selected immune responses.

The mechanisms proposed for opioid-induced immunosuppression are diverse.
Some involve direct activation of ORs on immune cells; others require stress
response activation. A few mechanisms are related to alterations in gut microbiota
(dysbiosis), which compromise the intestinal barrier and allow changes in gut per-
meability, leading to systemic deleterious inflammation. The following section
presents some general aspects of the IS function to understand the consequences of
opioid actions on immune responses.
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Table 12.1 Common diseases associated with the use of opiates and effects of opioid treatment on
patients with distinct pathologies

Evidence of alterations on immune system in opioid users

Users Opioid(s) Common diseases References
Occasional Alfentanil, butorphanol, Gram-negative bacterial and [7]
users surgery, | codeine, dezocine, fungal infections. Sepsis
effects of dihydrocodeine, fentanyl,
opioid hydrocodone, hydromorphone,
anesthetics oxycodone, levorphanol,
meperidine, methadone,
morphine, nalbuphine,
oxymorphone, pentazocine,
propoxyphene, remifentanil,
sufentanil and buprenorphine
Post-cesarean | Morphine Increases the risk for herpes [8]
delivery type I reactivation
Dependent Heroin, morphine Infectious endocarditis [9, 10]
users Heroin, morphine and fentanyl | Increases viral replication and [11-13]
immunopathogenesis of HIV,
HCV, HBV (in vitro)
Heroin, morphine, fentanyl Abscess, septic arthritis, [14,15]
phlebitis, cellulitis,
osteomyelitis
Users under Buprenorphine/naloxone High incidence of dental caries | [16]
assisted maintenance
therapy Methadone, buprenorphine, Increases asymptomatic vaginal | [17]
slow-release oral morphine infections and candidiasis in
pregnant women
Pneumonia, cellulitis, [18]

bacteremia without pneumonia,
pyelonephritis and septic

Effects of opioid treatment on immunologic status of patients with distinct pathologies

Pathology Opioid treatment Side effects/complications References
HIV Morphine High HIV replication (in vitro) | [19]
Increased development of [20, 21]
neuropathologies (in vitro)
High incidence of developing [22]
pneumonia
Trauma Morphine, fentanyl, High incidence to present: [23]
hydrocodone, hydromorphone, | pneumonia, bacteremia, urinary
and tramadol tract infection, and wound
infection
Burns Morphine, hydromorphone, and | Infectious complications: [24]

oxycodone

cellulitis, pneumonia, fungal
sepsis, necrotizing fasciitis,
sepsis-like syndrome,
septicemia, sinusitis, wound
infection, yeast infection,
urinary tract infection, and graft
infection™®

(continued)
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Table 12.1 (continued)
Primary and | Morphine, oxycodone, and High incidence to acquire [25, 26]
advanced fentanyl bacterial infections
cancer
Cirrhosis Hydromorphone, fentanyl, Altered gut microbiota and [27]
methadone, morphine sulfate, increased inflammation
oxycodone, and tramadol
Pancreatitis Prescribed opioids Small intestinal bacteria [28]
overgrowth
Rheumatoid Codeine, morphine, and Infectious complications: [29]
arthritis methadone pneumonia, meningitis,
encephalitis, septicemia,
cellulitis, soft tissue infections,
endocarditis, pyelonephritis,
infective arthritis, and
osteomyelitis*
Chronic pain | Morphine, fentanyl, and High risk of infections: [18]
methadone pneumonia, cellulitis,
bacteremia without pneumonia,
pyelonephritis, and septic
arthritis/osteomyelitis
Pneumonia Prescribed opioids: codeine, Increased risk of invasive [30]
morphine sulfate, fentanyl, pneumococcal disease
tramadol, and methadone,
among others
Alzheimer Morphine, hydromorphone, Increased risk of pneumonia [31]
oxycodone, and fentanyl
Other diseases | Methadone, morphine, fentanyl, | High rate of developing [32]
present in and codeine pneumonia
older adults

*Patients can develop one or more complications; however, in this study were eligible those
patients with only the first infection manifested

12.3 Overview of the Immune System

The immune system is organized based on the type and time course of reactions
elicited by infection or tissue damage.

The innate IS (also called the innate immunity responses) constitutes the first line
of defense against germs or damage in the body. In general, it is nonspecific, acts
rapidly, and has limited efficiency. It comprises physical barriers for the entrance of
external substances and specialized secretions (such as tears, mucus, and saliva) and
involves the activation of tissue-resident mast cells (MCs), macrophages (M®s),
and natural killer (NK) cells, among others.

The adaptive immune system orchestrates adaptive immunity responses, activat-
ing T and B lymphocytes which proliferate and produce cytokines or differentiate
and produce antibodies, respectively. Adaptive immunity responses via T cells initi-
ate after antigen presentation by dendritic cells to T-cell receptor (TCR), whereas B
cell antibody production starts after antigen recognition via the B-cell receptor
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(BCR). Alteration of the early and efficient innate immune response against patho-
genic insults promotes an impaired adaptive response that results in uncontrolled
inflammation and host tissue damage (Fig. 12.1).

Effective connection between innate and adaptive immune responses is mainly
orchestrated by cytokines. Cytokines are low molecular weight, signaling proteins
that are released in response to diverse stimuli. They have specific effects on the
activation, proliferation, and differentiation of immune cells. Chemokines (chemo-
tactic cytokines) are also proteins produced by immune cells, but their main action
is to induce the chemotaxis needed for the recruitment of cells to sites of infection
and/or tissue damage. By doing this, cytokine and chemokine production modifies
the interaction between the cellular elements of a given immune response.

Pro-inflammatory cytokines alert the IS against invading pathogens. Some pro-
inflammatory cytokines are interleukin (IL)-1p, tumor necrosis factor (TNF)-a,
IL-2, IL-6, and chemokines such as IL-8, CCL2, and CCL5 (also known as
RANTES). Anti-inflammatory cytokines limit the actions of pro-inflammatory
ones. Major anti-inflammatory cytokines include IL-10, IL-4, transforming growth
factor (TGF)-, and soluble cytokines receptors [42].

Opioids can alter the activity of distinct immune cells and modify the course of
an immune reaction by direct interaction with immune cells or by activation of neu-
roendocrine mechanisms that modulate global immune responses. The following
sections present current knowledge on that matter.

12.4 Direct Effects of Opioids on the IS

12.4.1 Direct Actions of Opioids on Innate Immune Cells:
Focus on Inflammation

Immune cells express all described ORs. As mentioned in Chap. 9, ORs are G
protein-coupled receptors (GPCR). To date, five ORs have been identified; three
classical, p-, k-, and 8-OR; and two non-classical receptors, the nociceptin/orphanin
FQ (ORL-1 or NOP) receptor and the novel atypical Mas-related G protein-coupled
receptor X2 (MRGPRX?2), expressed in MCs, basophils, eosinophils, and other
immune cells [43-45].

Opioid receptors activate similar signal transduction cascades in neurons and
immune cells, but with some relevant particularities, since the latter ones are not
considered excitable cells. As mentioned in Chap. 9, activation of classical ORs and
NOP promotes G, dissociation into Gay,, and Gy subunits. Gaj, inhibits adenylyl
cyclase and PKA activity, modulating ion channels activated by capsaicin (TRVP1)
and voltage-gated sodium channels. Meanwhile, the Gfy complex blocks Ca?*
channels (Ca,*"), increases K* channels conductance (GIRK and K xrp), and activates
PKC and mitogen-activated protein kinases (MAPKSs) [46]. ORs are desensitized by
phosphorylation and then internalized by clathrin-dependent pathways, a
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mechanism initially controlled by GPCR kinases (GRKs) and followed by f-arrestin
binding [47].

The second messengers evoked through opioid stimulation of MRGPRX2 are
not completely identified. Activation of these receptors induces Ca** influx and
MAPKSs activation, which suggests that MRGPRX?2 receptors could couple to a Gay,
protein [48]. It remains unclear whether opioids have the same effects on Ca?* and
K* channels in immune cells and neurons.

The inflammatory response is the most important innate immune process
(Fig. 12.2). It is classically triggered by the activation of pattern recognition recep-
tors (PRRs), e.g., Toll-like receptors (TLRs) expressed by immune tissue-resident
cells, such as M®ds, MCs, and others.

Pathogen-associated molecular patterns (PAMPs), like bacterial lipopolysaccha-
ride (LPS), and damage-associated molecular patterns (DAMPs), like heat-shock
proteins or intracellular proteins, activate PRRs, causing the release of pro-
inflammatory mediators, such as biogenic amines (histamine, serotonin), cytokines
(TNF-a, IL-6, IL-1p), chemokines (CCL2, CCL5), and active lipids that depend on
cyclooxygenase 2 (COX2) activity (leukotrienes, prostaglandins, and trombox-
anes). Also, PRR activation leads to the synthesis of proteins like the inducible nitric
oxide synthase (iNOS), which increases the concentration of nitric oxide and pro-
motes oxidative stress. These mediators and enzymes translate damage sensing into
a coordinated response of endothelial, neuronal, and immune cells directed to
remove or contain the pathogen or tissue damage and to resolve inflammation and
restore the tissue homeostasis [49, 50].

The resolution phase of inflammation involves the limitation of leukocyte infil-
tration, the induction of cell apoptosis and their phagocytic removal, clearance of
pro-inflammatory dead cells and cytokines, and finally, the beginning of the healing
processes, culminating in the reconstruction of vascular, lymphatic, and nerve net-
works, which regenerate a functional tissue (Fig. 12.2) [50].

Inflammation can be acute or chronic, depending on the time that it lasts and the
mechanisms involved in its initiation and resolution. Acute inflammation develops
in minutes to hours and lasts for days, whereas chronic inflammation remains active
for as long as infection or tissue damage persists. Chronic inflammation is associ-
ated with the development of multiple degenerative diseases.

Opioids alter various steps of the inflammatory response through multiple mech-
anisms triggered by their binding to classical or non-classical ORs expressed on
immune cells. Later, in the course of physiological inflammation, granulocytes,
monocytes, M®s, and lymphocytes synthesize endogenous opioid peptides, which
infiltrate the site of injury in high quantities [51-55]. Adhesion molecules and che-
mokines control the accumulation of these opioid peptide-containing cells into the
extravascular inflamed tissue [56, 57].

Stressors and local-inflammatory factors trigger the release of endogenous opi-
oid peptides that activate ORs on peripheral terminals of sensory neurons, evoking
analgesia and anti-inflammatory effects [53]. Continuous production and release of
opioid peptides from immune cells into injured tissue are active processes in the
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resolution phase of inflammation. Due to those actions, opioids can suppress this
first defense mechanism, promoting infection or damage progression (Fig. 12.2).
Studies on the molecular mechanism of opioids’ inhibitory actions on inflamma-
tion triggered by PRRs can help identify molecules that could be targets to prevent
opioid-induced immunosuppression. For example, the TLR4 signaling system
involves activation of intracellular kinases, ubiquitin ligases, and the NF-kB tran-
scription factor (Box 12.1) implicated in pro-inflammatory cytokine synthesis.

Box 12.1 TLR4 Signaling Pathways

MAPKs @ _'

Ccw )

AP-1 @ IRF3
NV NTVNGNGIIVNG
Activation of immune
response genes

PAMPs (e.g., LPS) and DAMPs (e.g., HMGB proteins) activate the TLR4
receptor complex, composed by the TLR4/MD-2 dimer [58]. Signaling path-
ways include those coordinated by MyD88 or TRIF adapter proteins. In the
MyD88-dependent pathway, after activation of several kinases, AP-1 and
NF-kB transcription factors are translocated to the nucleus to initiate de novo
mRNA synthesis for distinct pro-inflammatory cytokines. In the TRIF-
dependent pathway, TRIF adapter binds to the ubiquitin ligase TRAF3,

(continued)
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Box 12.1 (continued)

promoting the activation of the interferon regulatory factor 3 (IRF3) and stim-
ulating the transcription of type I interferon genes (IFNs) [42, 59]

PAMPs pathogen-associated molecular patterns, LPS lipopolysaccharide,
DAMPs damage-associated molecular patterns, HMGB high mobility group
box 1 proteins, MyD88 myeloid differentiation primary response gene 88),
IRAK interleukin-1 receptor-associated kinases, TRAF6 TNF receptor-
associated factor 6, TAKl TGF-f-activated kinase 1, MAPKSs mitogen-
activated protein kinases, IKK the IkB kinase complex, AP-1 activating
protein 1, NF-kB nuclear factor k-light chain enhancer of activated B cells.
Created with BioRender.com

Opioids can inhibit several steps in the TLR4 signaling cascades (Fig. 12.3). For
example, in tissue-resident MCs, p-OR activation by morphine and fentanyl and
0-OR activation by morphine prevent the early secretion of TNF-o induced by
TLR4 stimulation through a process that involves the formation of a B-arrestin 2 and
TRAF6 complex [60-62]. TNF-a is an inflammatory cytokine responsible for the
activation of endothelial cells and leukocytes and induction of acute-phase response,
among others roles. Also, p-OR and §-OR activation in M®s inhibits TNF-a and
IL-1p, IL-6, and IL-12 production after TLR4 triggering via NF-kB inhibition. In
addition, opioids reduce the levels of nitric oxide (NO), iNOS, and COX-2 pro-
moted by LPS [63—-66], bioactive molecules that, as mentioned, play an important
role in vascular function and host defense. Furthermore, activation of ORs in M®s
also impacts the phagocytic activity of those cells [67—69]. For example, morphine
enhances M®s’ phagocytic capacity induced by TLR4 activation [70, 71]. However,
bacteria clearance is unsuccessful, because morphine suppresses phagosome matu-
ration, which is critical for destroying pathogens [71]. Figure 12.3 summarizes the
intracellular mechanisms involved in the impaired response of innate cells against
injury stimulus due to OR activation.

Additionally, morphine, fentanyl, and remifentanil decrease neutrophil and
monocyte transmigration across endothelial cells via p-ORs, increasing susceptibil-
ity to infections [69, 72—74]. Moreover, opioid agonists acting at p-ORs in endothe-
lial cells attenuate cell activation during inflammation [72] and suppress the
expression of intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion
molecule (VCAM)-1 required for cell migration, through a mechanism dependent
on NF-xB [74-77].

After a noxious stimulus, p-ORs also modulate innate immune cells activation in
the central nervous system (CNS), including glial cells, microglia, and astrocytes.
In most cases, opioid effects are pro-inflammatory, which are opposite to the effects
observed on peripheral immune cells. For example, in microglia, morphine enhances
the production of TNF-a, IL-1f, IL-6, and NO induced by LPS, by increasing
TRAF6 [78], MAPKSs [78, 79], and IKK [80] activation (see Box 12.1) promoted by
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Fig. 12.3 Molecular opioid-controlled check points on TLR4 receptor signaling cascade. Opioids
modulate innate immune response to pathogens through the interaction with ORs, such as p-, 8-,
and x, and non-ORs, including MRGPRX?2 and TLR4. Activation of ORs by their ligands (e.g.,
morphine and fentanyl) activates Gai/o protein-dependent pathways, but also modifies the activity
of several molecules involved in the signaling pathways triggered by TLR4, affecting the effector
function of immune cells involved in innate and adaptive immunity. TLR4 signal cascade includes
the activation of TRAF6, MAPKSs, IKK, and the translocation of NF-kB (see Box 12.1 for more
details). Main molecular changes induced by the interaction of ORs and TLR4 signaling cascades
are the following: (1) B-arrestin 2 forms a complex with TRAF®6, inhibiting the secretion of TNF-a;
(2) NF-kB activation is blocked, affecting the production of pro-inflammatory mediators; (3)
NLPR3 inflammasome formation and oligomerization is enhanced, inducing the maturation and
secretion of IL-1f; (4) although opioids improve phagocytic activity, they limit deubiquitination of
p62 protein, leading to a deficient pathogen clearance. Mentioned effects are prevented by (—)
opioid antagonist, e.g., naloxone and naltrexone. Opioid ligands also bind non-ORs, activating
signaling cascades downstream of those receptors. MRGPRX2 can be activated by morphine and
codeine, supporting the influx of Ca** and the activation of p38 MAPK and IKK and favoring the
production of inflammatory mediators. TLR4 is activated by morphine and its metabolite through
the interaction with MD-2, promoting a pro-inflammatory signaling pathway that requires the
activation of MAPK and NF-kB and leads to the production of pro-inflammatory mediators and the
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TLR4. These effects are mediated by classical ORs because they can be blocked by
naloxone [79]. Also, in combination with the HIV protein Tat or the bacteria
Streptococcus pneumoniae, morphine improves the expression of cytokines and
chemokines, such as TNF-a, IL-6, CCL2, and RANTES favoring the trafficking of
T cells and monocytes into the CNS [81, 82].

Morphine and fentanyl activate the NOD-like receptor protein 3 (NLRP3)
inflammasome in microglia, favoring caspase 1 activation and IL-1p production
[83, 84]. Furthermore, activation of p-ORs induces DAMP HSP70 (heat shock pro-
tein 70) [85] and HMGBI1 (high mobility group box 1) production [86], which, in
turn, activates TLR4, causing TNF-a and IL-1f production through NF-kB and the
formation of NLRP3 inflammasome [86]. Taken together, these data indicate that
p-ORs mediate a sensitization stage of microglia that enhances its activation by
harmful stimuli, favoring the development of neuroinflammation that could result in
neuronal damage and even cell death.

Paradoxical effects of opioids seem to be related to their binding to non-classical
ORs and non-ORs. For example, morphine activates both MRGPRX2 and TLR4.
Similarly, codeine, a low affinity p-OR agonist, activates MRGPRX2 expressed in
MCs, favoring their degranulation and the production of histamine, TNF-a, CCL2,
RANTES, and IL-8, by a Ca’*-dependent mechanism and activation of MAPKs and
1kB kinase (IKK) [87-89].

Morphine, like LPS, binds to MD-2 protein, promotes TLR4 oligomerization,
and activates TLR4’s signaling pathway (see Box 12.1) [90, 91]. Moreover, mor-
phine increases TLR4, TAK1, and NLRP3 expression, and these effects do not
occur in cells lacking TLR4 [92].

Opioids interact differently with classical ORs and TLR4. Some main differ-
ences are:

* Both OR agonists and OR antagonists bind to and activate TLR4.

* Morphine-3-glucuronide (M3G), morphine’s inactive metabolite (as analgesic),
triggers TLR4 signaling and induces IL-1f production.

¢ Both dextro- (+) and levo (—) isomers of naloxone and naltrexone block TLR4
[93], but only (—)-naloxone and (—)-naltrexone block ORs.

Both naloxone’s and naltrexone’s isomers inhibit the production of NO, ROS,
TNF-a, and phagocytosis induced by TLR4 signaling in microglia and macrophage
cell cultures [90, 94]. Naloxone and naltrexone do not inhibit MAPKs and NF-xB
activation but do suppress IFN regulatory factor 3 (IRF3) activation promoted by
TLR4 stimulation [94]. These studies open new avenues for studying the cellular
and molecular changes that opioid ligands can induce in cells of the IS.

<
<

Fig. 12.3 (continued) formation of the NLRP3 inflammasome. Opioid antagonists, both (+ and -)
isomers equally, binds to MD-2 as opioid agonists do and inhibit the signaling pathway that depend
on TRIF/IRF3, suppressing the production of IFNs and other pro-inflammatory mediators. Ligands
are indicated by colors, e.g., green = opioid agonists; opioid-stimulated receptor are illustrated by
figures, e.g., circles = ORs; and effect are shown by different line head, e.g., — = activation.
Therefore, opioid agonists activate ORs promoting activation. Created with BioRender.com
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12.4.2 Direct Actions of Opioids on Lymphocytes

Cells of the lymphocyte lineage express ORs [95]. Morphine and endogenous opi-
oid peptides, including  endorphin, modulate B and T lymphocytes’ function.
Several researchers have proposed that opioids act like cytokines, orchestrating
complex responses where distinct cell types participate. For example, the mixed
agonist-antagonist buprenorphine (Chap. 8) suppresses splenic NK cell activity,
lymphocyte proliferation, and IFN-y production in rats [96]. Opioids also suppress
the movement and the number of circulating white blood cells [97, 98] and play a
role in suppressing a variety of immunological endpoints such as cell proliferation
and cytokine synthesis [99].

Studies have evolved from anecdotic reports of immunosuppressive actions of
opioids to well-designed and controlled studies in humans. For example, a random-
ized pilot study in gynecological laparotomy patients evaluated the effect of mor-
phine and oxycodone on immune responses [100]. Patients were randomized to
receive morphine, oxycodone, or nonopioid analgesia during and after surgery.
Using different molecular techniques, the researchers analyzed gene expression,
NK cell activation, and serum cytokine concentration at different times after opioid
treatment. The results showed that morphine, but not oxycodone or epidural analge-
sia, produced immunosuppression 2 hours post incision [100].

Similarly, morphine showed a higher immunosuppressive effect than oxycodone
in patients who suffered a radical resection of rectal cancer [101]. Recent studies
have shown that morphine antagonizes the chemotaxis induced by TNF-a and IL-1
in human leucocytes, decreases IL-2 and IFN-y levels, and increases IL-4 and IL-5
plasma concentration, suggesting that morphine can block an effective immune
response against pathogens or tissue damage. In addition, long-term use of opiates
produces atrophy of lymphoid organs, decreases lymphoid content, alters antigen-
specific antibody production, causes loss of T helper (Th) cells, and decreases T cell
reactivity [102, 103].

12.5 Indirect Mechanisms of Action of Opioids on the IS

12.5.1 Opioid Actions Through HPA Axis Activation

The hypothalamus-pituitary-adrenal axis (HPA) is the neuroendocrine system
involved in mediating the stress response. It starts with the release of corticotropin-
releasing hormone (CRH), which is produced in neurons in the hypothalamic para-
ventricular nucleus (PVN) and travels through the portal vasculature to stimulate
the release of adrenocorticotropic hormone (ACTH) from corticotropes of the ante-
rior lobe of the pituitary gland. ACTH acts in the adrenal cortex, promoting gluco-
corticoid biosynthesis and release, mediating stress responses, and regulating the
axis through negative feedback [104]. Acute stress benefits survival of the individ-
ual, but chronic stress induces HPA axis dysregulation, leading to the development
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of various pathologies, including general immunosuppression. The neuroendocrine
response of HPA axis activation mainly inhibits pro-inflammatory cytokine produc-
tion induced by the innate immune response [105]. The main mechanism involved
is mediated by glucocorticoids which, by activating their receptors in the cytoplasm
of immune cells, act directly in inhibiting the activation of NF-kB or indirectly
increasing the transcription and translation of the NF-xB inhibitory protein (IkB)
(Fig. 12.4).

The acute immunosuppressive effects of p-OR agonists (e.g., morphine, fen-
tanyl) mediated by the HPA axis have been studied using animal models or in vitro
cell systems [99, 106, 107]. These studies indicate that opioid effects depend on the
type of opioid administered, treatment time, and experimental conditions.

In clinical trials, patients treated for at least 6 months with oxycodone, morphine,
fentanyl, or buprenorphine had a suboptimal initial cortisol response after stimulat-
ing the HPA axis with exogenous ACTH [108]. However, heroin-dependent indi-
viduals had elevated ACTH and cortisol levels that returned to basal levels after a
single dose of opioids [109]. Few clinical trials have addressed the relationship of
the immunosuppressive effects of opioids with cortisol levels in prescription opioid
users [110]. Opioid anesthetic and analgesic drugs acutely stimulate the HPA axis
during the perioperative period, producing immunosuppression, but not all OR ago-
nists have the same effects. For example, tramadol induces very little immunosup-
pression compared to remifentanil, fentanyl, or morphine in both animal models
and clinical trials [111].

Notably, the immunosuppressive effects of chronic opioids can be dissociated
from their analgesic effects even when acting through the same p-ORs [60]. Thus,
it is likely that opioids that produce more significant immunosuppression show a
distinctive pattern of HPA axis activation than those with mild effects and that the
final outcome depends both on the pharmacological properties of each opioid and
the treatment time.

The contribution of the HPA axis to the immunosuppressive effects of prescrip-
tion opioids remains unclear because studies addressing this mechanism are scarce,
and there are confounding factors, such as the stress prior to surgery and other clini-
cal conditions that produce stress mediators in patients. For this reason, it is impor-
tant to continue the study of opioid effects on the immune system in animal models
and clinical trials, especially in conditions where continuous monitoring and pain
control is needed.

12.5.2 Actions of Opioids on the IS Via the Sympathetic
Nervous System (SNS) and Vagus Nerve

Opioids can also modulate immune responses via the sympathetic nervous system
(SNS) (Fig. 12.4). Systemic morphine administration increases acetylcholine (ACh)
release in the rat spinal dorsal horn, suggesting that opioids activate the SNS [112].
Most of the evidence that suggests SNS participation in immunosuppressive opioid
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effects comes from in vitro and animal studies [113, 114]. ACh binds to nicotinic
receptors in postganglionic neurons, promoting the release of norepinephrine and
adrenaline from the adrenal medulla. Norepinephrine binds to o- and B-adrenergic
receptors located in immune cells. f-Adrenergic agonists suppress lymphocyte and
M®s functions by elevating intracellular cAMP and, consequently, inhibiting pro-
inflammatory cytokine synthesis [105, 113].

Another mechanism involved in opioids’ immunosuppressive actions is para-
sympathetic nervous system (PNS) activation, which, through the stimulation of the
vagus nerve, initiates a response known as the cholinergic anti-inflammatory reflex.
Diverse in vitro studies show that inhibition of TNF-a secretion occurs through
nicotinic cholinergic receptors located in murine and human M®s [115-117]. ACh
inhibits immune cell function by binding to ionotropic o nicotinic receptors that
promote Ca’* influx, activate several signaling pathways, and cause the synthesis of
anti-inflammatory mediators [118]. In MCs, nicotinic receptors block the LPS-
induced production of TNF by inhibiting the phosphorylation of the MAPK ERK1/2,
which phosphorylates and activates the metalloproteinase responsible for TNF-a
processing in the plasma membrane [119]. Other inhibitory mechanisms of ACh
involve a direct interaction of ACh receptors with G protein activation of Janus
kinase 2 (JAK2)-dependent signaling, which elicits downstream cascades depen-
dent or independent of Ca** influx, leading to NFkB inhibition [118] (Fig. 12.4).

12.6 Conditions that Modulate Opioid Actions
on the Immune System: Genetic Polymorphisms
and Aging

12.6.1 Genetic Polymorphisms

Some genetic variants alter HPA axis reactivity, resulting in variations in opioid
actions on immune cells. These gene variants exist for GABA, receptors, p-ORs,
serotonin transporters, the monoamine oxidase enzyme, MAO-A, adrenergic recep-
tors, brain-derived neurotrophic factor (BDNF), and others [120]. In particular, the
p-OR variant containing a single-nucleotide polymorphism (SNP; see Chap. 9) in
the extracellular domain (A118G) leads to the change of an amino acid from aspara-
gine to an aspartate during protein translation (Asn40Asp). In vitro studies have
found that this variant increases threefold the affinity of p-OR for endorphins [121].
Thus, carrier individuals of this polymorphism experience less analgesic opioid
effects in both postoperative pain and cancer-associated pain and have altered HPA
axis activation.

Studies carried out in healthy people with different genotypes (AA, AG, and GG)
in the same position of the gene have shown that the produced variants are not asso-
ciated with changes on baseline cortisol levels but respond to a naloxone challenge
with a higher concentration of cortisol [122, 123]. It is possible that individuals
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carrying this polymorphism, mainly found in European American individuals [123],
present a higher inhibitory tone on CRH neurons expressing p-opioid receptors, and
their response to different psychological and physical stressors could be lower when
compared to that of individuals with other genetic sequences [124, 125].

Because corticosterone exerts a significant inhibition on the immune system and
p-OR Asp40 polymorphism results in higher inhibition of the HPA axis, it is likely
that opioid users with such genetic variation would have low cortisol levels. Hence,
it would be interesting to study key immune parameters in patients with this poly-
morphism and analyze if opioids produce immunosuppression.

12.6.2 Influence of Aging

Cellular stress related to age and senescence induce an immune condition called
“inflammaging.” This condition refers to a low-grade inflammatory process accom-
panied by aging, mainly characterized by an increase in pro-inflammatory cytokine
levels [126]. During this immune process, cells such as myeloid-derived suppressor
cells and other immunosuppressive cell populations become active to counteract the
inflammatory response and promote immune system remodeling, in a phenomenon
called “immunosenescence” [127].

At this point, we do not know whether immunosenescence is a mechanism that
counteracts chronic inflammation or the consequence of the low-grade inflamma-
tory process associated with aging. Several causes and risk factors that lead to
immunosenescence include inadequate micronutrient consumption, the decrease in
the length of cell telomeres, reactivity to self-antigens, reactive oxygen species
accumulation, lifelong stress, and the increase in HPA function along aging
[128, 129].

Studies about the effects of aging on the opioid system and opioid actions on
immune responses are scarce. What is known is that aging affects the response of
the IS, decreasing defenses against pathogens [130-132], lowering vaccination effi-
cacy [133], and impairing anticancer immunity [134]. There is evidence that both
endogenous opioid peptides and ORs levels in the brain of rodents decrease with
aging [135]. In the elderly, an increased pro-inflammatory general state seems to be
related to exacerbated actions of f-endorphin on immune cells, which is evidenced
by augmented NK activity, neutrophil adherence, and histamine adherence after
opioid administration [135, 136] (Fig. 12.5).

A comparative study of the effects of various prescription opioids in young ver-
sus old rats found that systemic fentanyl injection interfered with cellular immunity,
by decreasing the lytic activity of NK cells before and after surgery in old rats. In
addition, fentanyl administration after surgery did not change the number of lung
metastases of chemically induced mammary adenocarcinoma in young animals, but
reduced their occurrence in old animals [137]. These results indicate a dual effect of
fentanyl on older individuals since, on the one hand, it impairs the function of the
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cellular immune response, but on the other hand, it protects from cancer metastasis
development.

Endogenous opioid peptides appear to enhance cellular immunity in humans
(Fig. 12.5). However, endorphin levels in humans and p-ORs density and affinity
increase, not decrease, with age [138, 139]. Moreover, the NK activity and lympho-
cyte numbers induced by p-endorphins are higher in healthy elderly volunteers
(65-89 years) than in young subjects [140].

Oral administration of a sustained-release morphine formulation decreases anti-
body production but not peripheral mononuclear proliferation in patients (mean age
of 50 years old) with chronic pain as compared to healthy controls [141]. However,
prolonged treatment (lasting more than 6 months) with morphine, oxycodone,
methadone, or buprenorphine does not affect NK cells [142]. In older patients
(median age of 77 years old), the susceptibility to respiratory tract infections and
complications such as pneumonia occurs mainly during the first 2 weeks of opioid
treatment [32]. These results indicate that further studies are needed to address opi-
oid effects on the IS in older individuals, attending variables that frequently occur
during this stage of life, such as the presence of comorbidities and polymedication.

12.7 Selected Examples of Pathology-Related Actions
of Opioids on the IS

12.7.1 Opioids in the Relationship Between IS
and Tumor Growth

Opioids have been used for a long time to manage the perioperative pain associated
with tumor ablation or control cancer-induced pain (see Chaps. 10 and 11).
Nowadays, the opioid approach to cancer therapy focuses not only on controlling
pain but also on fighting tumor growth and metastases. Discrepancies exist among
the results of studies analyzing opioid effects on malignant tumor growth
(Table 12.2). While some studies indicate that opioids increase tumor mass, others
suggest that opioids help block cancer development (Fig. 12.6). Results seem to
depend on the type of tumor studied, opioid dose, and administration schedule, as
well as the OR subtype activated.

As to positive effects on cancer, evidence indicates that opioids restrict tumor
growth by the following mechanisms: (1) inhibition of cytokine synthesis and
release; (2) blockage of tumor angiogenesis; and (3) promotion of cancer cell death.

The tumor microenvironment comprises different cells with non-malignant phe-
notypes, such as tumor-associated M®s, endothelial cells, and fibroblasts. These
cells release vascular endothelial growth factor (VEGF)-A, which increases vascu-
lar permeability and promotes endothelial cell survival and proliferation, cell migra-
tion, and blood vessel formation. Blood supply is essential for tumors to grow.
Morphine decreases the release of VEGF by tumor-associated M®s when they are
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Table 12.2 Effects of opioids in tumor development
Opioid concentration | Type of tumor or Type of
and treatment tumor cells study Effect Reference
Morphine sulfate, MCEF-7 cell breast In vivo, | Acceleration of tumor [143]
0.714 mg/kg per day | tumor xenograft mice growth
for the first 15 days model
and then 1.43 mg/kg
mouse/day to 48 days
Fentanyl 0.1-0.3 mg/ | MADB106 In vivo, | Increases the number of [144]
kg mammary rat tumor metastases.
adenocarcinoma Suppresses NK cells
tumor cell
Morphine continuous | Lewis lung In vitro | Reduction tumor [145]
release pellet carcinoma cells and | and cell-induced angiogenesis
implantation human ovarian in vivo, |and tumor growth. It is
cancer cells mice mediated through the
(MA148) suppression of the
hypoxia- induced
mitochondrial p38 MAPK
pathway
Morphine 1 nM Lewis lung In vitro | Increased proliferation [146]
carcinoma cells and
in vivo,
mice
Methadone 941 pg/ | Leukemia cells In vitro | Inhibits the growth and [147]
mL induces apoptosis of
leukemia cells through
caspases 3, 8, and 9 and
mitochondria damage
Morphine 10 mg/kg | Breast tumor In vitro | Inhibits the number of [148]
LP. every 12 h for and metastatic foci of breast
3 days in mice and in vivo, | cancer. Decreases release
0.1-10 pM in cells mice of MMP-9 in M®s
for 48 h
Methadone in vitro Human glioblastoma | In vitro | Apoptosis through [149]
10, 3, and 1 pg/mL in | cells, glioblastoma and caspace-3, 9, and -10,
combination with stem cells, chemo- in vivo, | strong downregulation of
doxorubicin. In vivo | and radioresistant mice XIAP and Bcl-xL as well a
dosage increased glioblastoma cells strong upregulation of the
weekly from 60 to pro-apoptotic protein
120 to 240 mg/kg/d Bcl-xs. In mice reduces
bid tumor size to 49%
Morphine, slow- Lung tumor In vivo, |Inhibit the expression of [150]
release pellet mice proteins related to cell
adhesion. Decreased tumor
growth progression

(continued)
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Opioid concentration | Type of tumor or Type of
and treatment tumor cells study Effect Reference
Morphine dose Breast cancer In vivo, | Release GM-CSF, [151]
escalation every rat RANTES, IL-6, SP
2 weeks: 0.75, 1.0,
1.25 mg/kg day and
finally to 1.5 mg/
kg day for 8 weeks.
Morphine 1.5 mg/kg | Breast carcinoma In vivo, | Recruitment, release of [151]
to day for 2 weeks mice cytokines and
degranulation of MCs.
Increases tumor burden
DAMGO, morphine, | Human non-small In vitro | MOR regulates growth [152]
fentanyl cell lung cancer factor receptor signaling
(NSCLC) cells and epithelial
mesenchymal transition
(EMT) in human NSCLC
cells
Morphine, 20 pM Murine mammary In vitro | Decrease: VEGF-a, [153,
breast carcinoma TIMP-1, TIMP-2, G-CSF, | 154]
cells (4 T1) GM-CSF, IFN-y, TNF,
CCL-2, IL-1p, IL-4, IL-6,
IL-13, CXCL4, and
THPO. Prevents blood
vessels formation
Methadone CCRF-CEM (T In vitro | Apoptosis through [155]
hydrochloride lymphoblastoid cell induction of Bcl-2, caspase
87.8 pm/L to line) and HL-60 8 and DNA damage
121.6 pm/mL for 24 | (human
and 48 hours promyelocytic
leukemia cells)
Methadone Leukemia cell In vitro | Dowregulate the [155]
121.6 pmol/L and CCRF-CEM and expression of Bcl-2, Bid,
97.18 pmol/L for 24 h | HL-60 p21, and survivin.
and 48 h Upregulate the expression
of caspase 8. DNA
fragmentation and damage
Morphine-3- Human lung cancer | In vitro |Increased PD-L1 in cancer | [156]
glucuronide 10 pM cells and cells and on CD8+ cells
and 20 pM for 24, 48, in vivo, |increase TIM-3 and reduce
and 72 h and 10 mg/ mice IFN-y

kg for 14 days

co-cultured with 4 T1 murine mammary breast carcinoma cells, but not when cul-
tured alone. This effect is not dependent on p-OR activation, because (—)naloxone
pretreatment does not prevent it [157]. Interestingly, morphine treatment inhibits
activation of M®s in co-culture with breast carcinoma, an effect that does depend
on p-OR activation [158]. These results indicate that distinct receptors can mediate
opioid effects on tumors (Table 12.2), but the molecular mechanisms involved are

still unknown.



271

12 Opioids and the Immune System

WO TOPUAYOIg YIIm PajeaI) "(S[Tejap J0J 1Xo) 99s) ULI0)S QUKD
A} JO 93e00[q B YIIM PIJBIOOSSE [BAIAINS JO A[Iqeqold JoySIy yaim pajeroosse uaaq sey sprordo yim juaunean ‘syuaned payeqmiur uf ‘jaund jysny "er10)oeq oy}
Jo o3essed ay) Surmoyre sunsaur oY) Jo Ajiqeawrad seonput proidQ ‘uonRWWERYUL JIWAISAS s9jowold pue JOLLIEq [eunsaiul Ay} Jo Aijiqeauriod s1o)e yorym
‘opruoanon|3-g-ourydiowr 0y surydiow azrjoqejour vjorqororu g Sursodwod eusjoeq ‘Joued [enua)) "Yimoid rown) sjowoid jey) sourjoILd sruadordue-oid pue
K1ojewrwreyur-oid Jo uononpul Ay} 0} pAJe[al dJe JdUEd uo SPIoido Jo $109JJ0 dANeSIN “S[[00 Jooued Jo sisoidode ajowold $109j0 pauonuau [y "YimoIS Jown) 03
PAIB[AI ST YDIYM ‘D -J[H Jo1oe} uonduosuen jqryur sproido ‘puey I19Y10 ) UQ ‘dUeLIqUIAW [[9 ) ul sa1od w0y 0 (QINASD)  UILIapses sajeande | asedse)
‘uoneanoe asedsed pue (Z-[og oY1) se[nosjow pajera-sisoydode Jo uoneIods 9onpuod 0} “YN( PUe LLIPUOYI0JW JO oSewep SojeIouas SO JO UONBANOY
*SSBW JOWN) PUE SISOUQFOIZUR YSIUTWIP By} YIMOI3 Jown) 0) paje[al saurjolkd Jiqrqur sproidQ :7aund 1fo77 *sai3ojoyred oyroads uo sprordo jo suonoy 9-¢y “Si

T g j
spucinondgaundion  sumdion  supoMy GdAN ZdWW 493 4930 TAODSHYS  uonduseuesy iy i odo  eppucipony 2510
e © o o h@ ¥ MW u [ w

21600 BIWRIS  jeSusuey  wisosoi  udosel mydonnay  auidouop

Y40 ¥

wawn| Ing ausa| -
"o

-~ o w ki 4 o Bie 2 o
- . ; - A
o - : apuoimang % . . .

USRIy
XD H403/HOM

- ‘ﬂ.a.__n_a..aE
= = u»_.BwaEa:Sam E YE
H493 pue

oydacal

L peoedo jo

ﬁ ugyssaidia
ec_.,s%.s

asEaLIu|

° ° ° v 7
. E P w_.__au._._ R = g /

v
L] e
w ° AN E_ﬁn!.ac ° °

Y spoido ‘
hmucwu uo spioido jo 51082 aaneban

[
el

Vpiowo

® g Pt atont
®
J130ued jsuiebe spioido Jo S108448 anlISOd

=mE.wm=Eo.ae yum
swaped paeqniu|

6 L-PIANOD £]01qOJIOIW 0} 90UBIS|0L laoue)d



https://BioRender.com

272 C. Gonzalez-Espinosa et al.

The hypoxia-inducible transcription factor 1o (HIF-1a) controls the expression
of genes involved in angiogenesis, glucose transport, and tumor metabolism after its
nuclear translocation. VEGF is one of the genes induced by HIF-la. Morphine,
through a p-OR-dependent mechanism, inhibits HIF-1a activity, lowering VEGF
production in Lewis lung carcinoma cells, and decreases angiogenesis and tumor
growth in mice [159]. Also, morphine reduces tumor infiltration of neutrophils and
M®s due to diminished angiogenesis, which contribute to the decrease in lung
tumor size [150]. Besides inhibiting VEGF, morphine decreases the production of
other pro-inflammatory mediators that contribute to tumor growth. For example,
matrix metalloproteinase proteins (MMP) are a family of proteins involved in the
breakdown of extracellular matrix in normal physiological processes. However,
they also participate in tumor growth and metastasis. Morphine inhibits the number
of metastatic foci of breast cancer and decreases the level of circulating proteases in
mice. Furthermore, opioids influence the expression of adhesion molecules in can-
cer cells. For example, colon cancer cells pretreated with morphine have a lower
expression of type IV collagen, which is necessary for tumor growth [160].

In humans, the endogenous opioid peptide [Met’]-enkephalin is a negative
growth regulator identified as such with the additional name of opioid growth factor
[OGF]. This peptide interacts with the growth factor receptor (GFR), inhibiting
DNA synthesis and interfering with the cell cycle. A study in adult patients with
unresectable pancreatic adenocarcinoma, who did not benefit from chemotherapy,
showed that treatment with OGF (250 pg/kg) administered each week for 8 weeks
led to a significant reduction in tumor size in 62% of patients [161]. Based on these
results, it appears that the study of opioid effects on cancer progression is a promis-
ing field to find new therapeutic strategies against tumors.

Opioids also favor the apoptotic processes (programmed cell death) of malignant
cells. Morphine induces pro-apoptotic effect through the activation of caspases,
release of cytochrome C, reactive oxygen species, and DNA damage [155, 160].
Methadone, when used in combination with the chemotherapeutic compound doxo-
rubicin, induces cell death in chemo- and radioresistant glioblastoma human cells
[149] Methadone also increases the expression and activity of apoptotic mediators,
such as caspase 3, caspase 8, caspase 9, and HSP70 protein in different leukemic
cells, ultimately leading to leukemia cell death [162]. Moreover, in leukemia cell
lines, methadone decreases the percentage of cell viability to less than 50% in 24 h
[155]. These studies have led to propose that methadone could be a good therapeutic
agent against leukemia.

On the other hand, several lines of evidence suggest that the OR antagonist nal-
trexone inhibits blood vessel formation. The mechanism behind this effect seems to
be related to the inactivation of signaling pathways leading to angiogenesis [143].

Paradoxically, under certain circumstances, opioids can contribute to increase
the tumor mass. Main mechanisms proposed behind these effects are (1) increased
angiogenesis and (2) inhibition of active and protective immune cells. For example,
DAMGO, a highly specific synthetic p-OR-specific agonist, induces proliferation
and cell migration in human H358 non-small cell lung cancer. Morphine and fen-
tanyl drive epithelial-mesenchymal transition, a phenomenon associated with
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increased tumor metastatic capacity [152]. Repeated morphine treatment leads to
significant increase in tumor burden, breast carcinoma, and the formation of new
lymphatic vessels (lymphangiogenesis) in mice [151]. Also, morphine induces cell
recruitment, release of cytokines, and degranulation of MCs inside breast tumors
[151]. A proposed mechanism for the increase of malignant tumor size is that mor-
phine inhibits NK cells, which are one of the first lines of defense against trans-
formed cells [163]. To date, evidence indicates that some opioids (like methadone)
could be useful for the treatment of certain types of cancers, but methadone effects
seem not to be positive in all the types of tumors [144].

Because patients with morphine treatment have elevated levels of morphine’s
metabolite M3G, some studies have analyzed the effect of this metabolite in cancer.
M3G binds to and activates TLR4, which is highly expressed in tumors and is asso-
ciated with tumor malignancy. In human lung cancer cells, M3G, in a dose-
dependent manner and through TLR4 binding, increases the expression of
programmed death-ligand 1 (PD-L1), a molecule that transmits an inhibitory signal
to the cytotoxic T lymphocytes (CTL) and promotes the inhibition of the protective
actions of IS against the tumor. Even opioid metabolites, such as M3G, seem to
exert inhibitory actions on immune cells and modulate their interaction with trans-
formed cancer cells, which indicates that opioids alter the participation of the IS on
the recognition of transformed cells and the initiation, progress, and success of
immune response against tumors, which makes it difficult to predict the final out-
come of opioid administration on cancer development.

12.7.2 Opioids, the IS, and Tolerance to Microbiota

Gut microbiota include all microorganisms within the gastrointestinal (GI) tract,
including fungi, viruses, bacteria, archaea, and eukaryotes [164]. The microbiota
constitutes a complex system that interacts with the host through the secretion of
different metabolites, vitamins, and other mediators able to modify metabolic path-
ways in different organs, such as the brain and the IS [165]. Physiological homeo-
stasis exists when there is an equilibrium between commensal microbiota growth
and a low (tolerant) immune response [166]. Intense research in the last years indi-
cates that gut microbiota modulates the development of immune reactions, neural
functioning, and the onset of distinct pathologies [167], although the involved
mechanisms are not well understood. Alterations in microbiota composition or
metabolism, called dysbiosis, are associated with many pathologies, such as auto-
immune diseases, neurological disorders, obesity, diabetes, allergies, and other dis-
eases [164].

Opioids modulate GI function. For example, morphine inhibits the intestinal epi-
thelium’s protective mucus and bicarbonate secretion [168]. Morphine also attenu-
ates epithelial immune function, inhibiting cytokine secretion in an in vitro model
of inflammation [169]. In general, opioid administration causes constipation, leaky
intestinal barrier function, nausea, and vomiting [170]. In addition, morphine
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increases bacterial overgrowth and the PAMP N-formyl-methionyl-leucyl-
phenylalanine (FMLP) production, which induces mucosal permeability on the
intestine of rats [170]. MCs appear to be the cellular target of FMLP and morphine
effects on the rat ileum, since changes in permeability caused by FMLP and their
blockage with morphine do not occur in ilea from mice treated with doxantrazole (a
stabilizer of MCs) or in ilea from MC-deficient mice [170].

In general, evidence in humans and mouse models indicates that opioid adminis-
tration leads to increased intestinal barrier permeability, bacterial translocation,
increased risk of enteric infection, and life-threatening conditions, such as gut-
derived sepsis [171, 172]. The mechanisms through which opioids cause GI dys-
function are not clear. However, some studies have demonstrated that morphine
disrupts intestinal barrier function and damages the organization of the tight junc-
tion proteins. These events activate TLR, whose signaling cascade leads to the phos-
phorylation of the myosin light-chain kinase [173] and alters the cell cytoskeleton.
Research on the effects of opioids on GI tract has led to propose the use of naltrex-
one as a therapeutic strategy for active Crohn’s disease [174].

Opioids induce gut microbial dysbiosis and lead to sustained systemic inflamma-
tion by disrupting the pathway of bile acid metabolism [175]. Opioid metabolism
affects microbiota and, in consequence, modifies distinct immune responses. For
example, morphine metabolites M6G and M3G are hydrolyzed by beta-glucuronidase
in intestinal mucosal cells and gut bacteria, [176, 177]. Anaerobic bacteria such as
Bacteroides and Bifidobacteria are major sources of beta-glucuronidase [177]. In
consequence, a gut microbioma enriched with these bacteria could promote an
increase degradation of morphine metabolites and limit opioid actions on IS.

Also, morphine can cause lethal gut-derived sepsis in mice [172, 178], presum-
ably by disrupting the gut-barrier function, increasing bacteria translocation and
bacterial virulence expression [179].

Finally, in humans, it has been observed that opioid-dependent alteration of GI
tract modifies the time course of bacterial and viral infections, such as HIV [173].
An analysis of a cohort of 2933 patients with functional GI disorders found that
opioid use was associated with increased vomiting, constipation, and the severity of
GI disease [180].

12.8 Opioids and Immune Responses Against COVID-19

The recent global health burden due to SARS-CoV-2 virus infection has led to a
worldwide effort toward understanding COVID-19 and the search for therapeutic
strategies targeting key aspects of this potentially lethal syndrome. From the begin-
ning of the pandemics, it has been clear that hyper-inflammation relates to symptom
severity and mortality. Severely affected COVID-19 patients have GI, respiratory,
neuronal, renal, and cardiac symptoms. In addition, several critical immunological
parameters are affected, such as the number of leukocytes (especially NK cells) and
markers of inflammation [181, 182]. Furthermore, these patients suffer from a
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significant systemic inflammation that leads to increased blood levels of cytokines
and chemokines, something referred to as a “cytokine storm.” Elevated cytokines
comprise IL1-B, ILIRA, IL7, IL8, IL9, IL-10, basic FGF2, GCSF, GM-CSF, IFNy,
IP10, CCL-2, MIP1a, MIP1B, PDGF-B, TNF-«, and VEGF [183]. Specific thera-
peutic approaches include immunoglobulins, recombinant human IL-6 receptor
monoclonal antibody (tocilizumab), chloroquine, hydroxychloroquine, JAK inhibi-
tors (Ruxolitinib®, Jakotinib®), convalescent plasma, and glucocorticoids, among
others [184]. However, when severe inflammation exists, the nonspecific, anti-
inflammatory properties of opioids have been used to control damage induced by
the over-activation of IS [185].

Different calculations have reported that around 40% of patients with severe
COVID-19 require mechanical ventilation, 15% develop acute respiratory distress
syndrome (ARDS), and 6% develop septic shock [186]. Sedation is necessary to
manage acute agitation, pain treatment, and facilitation of mechanical ventilation.
Normally, morphine and fentanyl help patients reach light sedation levels needed
for intensive care unit manipulations. In those conditions, the immunosuppressive
actions of opioids can help to diminish the cytokine storm [185]. The proposed
mechanism for opioid actions includes HPA axis activating because morphine sig-
nificantly increases plasma corticosterone levels, contributing to damp hyper-
inflammation. From this point of view, immunosuppressive actions of opioids make
them a valuable tool as a multitarget therapeutic strategy for acute hyper-
inflammatory conditions, such as COVID-19.

Like other treatments, the use of opioids in the management of COVID-19 is not
free of controversy. For example, opioid-induced inhibition of an initially protective
anti-inflammatory response in the lungs can be a risk for COVID-19 complications,
and prolonged opioid use has been related to pneumonia development [35]. Due to
these effects, caution is recommended for the use of opiates in distinct phases of the
COVID-19 disease [187].

12.9 Perspectives

Due to the diverse effects of opioids in IS function, broad terms such as
“immunosuppression‘‘or “immunoactivation” referring to the actions of any partic-
ular opioid should be used with care, considering the context of the specific immune
reaction studied before reaching conclusions on long-term responses. To date, evi-
dence indicates that the opioid system connects and affects immune responses mod-
ifying the intensity of critical processes involved in several of the design principles
of the IS and, in consequence, opioids alter the direction of a given immune response.
This idea is supported by basic studies on the presence of opioid ligands and recep-
tors in distinct groups of organisms, which strongly suggest that opioids constitute
a unique evolution-conserved mechanism of cross-regulation between the immune
and the nervous systems in metazoans [188]. Thus, alterations on any branch of this
communication network, which also participate in the activity of the HPA axis,
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modify the final immune response against pathogens, tumor recognition, initiation,
and resolution of inflammation and affect immunosurveillance or antibody produc-
tion, besides pain control.

Knowledge of the main effects of opioids on the IS has started to be used to con-
trol not only pain but also several pathologic conditions. The potential role of the
opioid system on the resolution of inflammatory responses is a promising area for
the therapeutics of distinct acute and chronic diseases.
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