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Abstract: Macrophages are phagocytic immune cells that protect the body from foreign invaders and
actively support the immune response by releasing anti- and proinflammatory cytokines. A seminal
finding revolutionized the way macrophages are seen. The expression of the neuronal alpha? nicotinic
acetylcholine receptor («7-nAChR) in macrophages led to the establishment of the cholinergic
anti-inflammatory response (CAR) in which the activation of this receptor inactivates macrophage
production of proinflammatory cytokines. This novel neuroimmune response soon began to
emerge as a potential target to counteract inflammation during illness and infection states. Human
immunodeficiency virus (HIV)-infected individuals suffer from chronic inflammation that persists
even under antiretroviral therapy. Despite the CAR’s importance, few studies involving macrophages
have been performed in the HIV field. Evidence demonstrates that monocyte-derived macrophages
(MDMs) recovered from HIV-infected individuals are upregulated for «7-nAChR. Moreover, in vitro
studies demonstrate that addition of an HIV viral constituent, gp120jyp, to uninfected MDMs also
upregulates the «7-nAChR. Importantly, contrary to what was expected, activation of upregulated
a7-nAChRs in macrophages does not reduce inflammation, suggesting a CAR disruption. Although
it is reasonable to consider this receptor as a pharmacological target, additional studies are necessary
since its activity seems to differ from that observed in neurons.

Keywords: inflammation; macrophage; alpha?7 acetylcholine receptor; cholinergic anti-inflammatory
response; HIV; inflammatory response; cholinergic receptors

1. Introduction

In the 19th century, insight into the role of macrophages in human immunology started
to emerge [1]. Initially, they were identified as phagocytic cells. Later, technological advances
coupled with the advent of molecular biology, proteomics, and genomic approaches allowed a better
understanding of the complexities of these unique “warriors” that collaborate with the immune
system to protect the host. Beyond being entirely phagocytic cells that remove dead cells and cellular
or exogenous debris, macrophages secrete pro- and anti-inflammatory mediators that enhance the
immune response and ultimately participate in the destruction and removal of exogenous invading
agents from the host’s system. However, when this does not happen, the host becomes ill.

Inflammation is a formidable response that protects the body from exogenous entities such
as pathogens. Inflammation involves the attraction of leukocytes and extravasation of plasmatic
proteins in the zones of infection, as well as the activation of these leukocytes and proteins to
eliminate the infectious agent. Short-term and controlled inflammation processes are a part of
an optimal immune response that allows the body to fight and eliminate potentially pernicious
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agents effectively. However, uncontrolled inflammation and chronic inflammation are life-threatening
and are characteristic of chronic infectious diseases such as human immunodeficiency virus (HIV)
infection. Indeed, people infected with HIV suffer from chronic inflammatory processes that promote
the appearance of non-acquired immunodeficiency syndrome (AIDS)-related complications [2,3].
Macrophages play a crucial role in HIV-induced inflammation and infection. Upon HIV infection,
macrophages release cytokine cascades that promote viral replication, which in turn promotes
accumulation of virotoxins (trans-activator of transcription (Tat), negative regulatory factor (Nef),
viral protein R (Vpr), and envelope glycoprotein GP120 (gp120)) in the blood that further potentiate
its viral latency and persistence. Over the past years, understanding of the biology of macrophages has
changed dramatically, mainly because of the discovery of their participation in an innate neuroimmune
response to control inflammation in mammals.

In the early 2000s, Kevin Tracey’s group [4] made a seminal discovery that changed the way the
scientific community looks at the macrophage. They demonstrated that the macrophage is a key player
in the cholinergic anti-inflammatory pathway (CAP). An immediate outcome of this important finding
was that these cells began to be recognized as a crucial player that mediates anti-inflammatory processes
as part of the neuroimmune connection called CAP. For this pathway, the central neural tract is the
vagus nerve that, upon stimulation, releases acetylcholine (ACh) to further interact with a cholinergic
receptor expressed by macrophages—the alpha? nicotinic acetylcholine receptor («7-nAChR) [4,5].
On the basis of this critical new role identified in macrophages, it was possible to interrogate a
number of inflammatory processes and diseases, thus facilitating the development of new therapeutic
strategies including development of new medical devices and novel therapeutic strategies to activate
the CAP [6-8] in mammals.

Reconciling the information available about studies aimed at understanding the status of
CAP in HIV is of utmost importance because the chronic inflammation suffered by these patients
continues to be an unresolved problem that urgently needs a solution to avoid the appearance
of non-AlDS-related complications (i.e., osteoporosis, cardiovascular disease, neurocognitive
deterioration, renal dysfunction, thromboembolic disease, insulin resistance and type II diabetes,
cancer, multiple end-organ disease, and frailty [3,9-12]) in these individuals. The purpose of this
review is to present the latest knowledge about the involvement of macrophages in HIV-induced
inflammation, together with emerging work examining the cholinergic anti-inflammatory response
(CAR) of macrophages in the context of HIV infection. Also, possible therapeutic pharmacological
approaches are presented to target the CAR in HIV-related settings. We conclude that more work needs
to be done focused on identifying and characterizing the «7-nAChR expressed by macrophages to
gain knowledge about its pharmacological properties. It is well known that this receptor interacts with
several proteins from the intracellular and transmembrane side, which must undoubtedly influence
its activity. The information generated from these studies can result in the identification of a new
therapeutic target to alleviate inflammatory problems for HIV-infected individuals.

2. Monocytes and Macrophages: Their Origin and Role in Immune Response

Monocytes are the largest blood cells that belong to the mononuclear phagocyte system.
This unique system comprises monocytes, macrophages, and dendritic cells, as well as their
committed bone marrow progenitors [13,14]. They contain granules (primary lysosomes) and have a
lobular-shaped nucleus. Also, monocytes phagocytose and have bactericidal activity. In circulation,
human monocytes have a diameter varying from about 10 to 18 um; the surface possesses microvilli
and an undulating membrane. The heterogeneity in size may be explained by differences in maturation
state and/or activation state. Monocytes originate in the bone marrow from pluripotent stem cells and
mobilize entering the circulation. In humans, the monocyte pool comprises three subsets (classical,
intermediate, and nonclassical) that circulate in dynamic equilibrium and can be differentiated based
on CD14 and CD16 expression [15,16]. Thus, CD14* CD16~ (classical) monocytes make up ~85% of
the circulating monocyte pool, whereas the other ~15% consists of CD14* CD16" (intermediate) and
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CD14'°% CD16* (nonclassical) monocytes [17-19]. Under normal conditions, monocytes make up 3% to
8% of the circulating cell population, and their numbers increase in response to infection. The life span
of a circulating monocyte is fairly brief, and most undergo apoptosis after about 24 h [20]. Recently,
using a human in vivo deuterium labeling approach, a study that focused on determining the kinetics
underlying the generation, differentiation, and disappearance of monocytes from these three subsets
was elegantly performed. The authors demonstrated that classical monocytes emerge first from marrow,
after a postmitotic interval of 1.6 days, and circulate for a day. Subsequent labeling of intermediate and
nonclassical monocytes is consistent with a model of sequential transition. Specifically, intermediate
and nonclassical monocytes have longer circulating lifespans (~4 and ~7 days, respectively) [17].
Furthermore, in the same study, using a human experimental endotoxemic model, the authors observed
a transient but profound monocytopenia, and restoration of circulating monocytes was achieved by
the early release of classical monocytes from bone marrow [17]. Some monocytes do, however,
migrate into tissues or to the sites of damage or infection where they subsequently differentiate
into macrophages, such as the Kupffer cells of the liver, microglia in the central nervous system
(CNS), dermal macrophages in the skin, and splenic marginal zone and metallophilic macrophages.
Importantly, it is now recognized that the majority of tissue macrophage populations are seeded
before birth [17,21-25] and are maintained via self-proliferation throughout adulthood with minimal
monocyte input. Of note, macrophages originate not only from the bone marrow but also from
the fetal yolk sac and fetal liver. Accordingly, microglia and tissue-resident macrophages such as
nonparenchymal CNS macrophages are derived from yolk sac, while bloodborne monocytes emerge
from fetal liver. These different origins dictate diverse functions.

The macrophage system was first introduced by the Russian scientist Elie Metchnikoff in the late
19th century, who described its phagocytic cell activity [1] and won the Nobel Prize in 1908 for this
and other discoveries [26]. The professional role of macrophages is to phagocytose foreign invaders
such as microbes and extraneous particulate matter. Macrophages are resident phagocytic cells in
lymphoid and nonlymphoid tissues and are involved in steady-state tissue homeostasis [27-29] via
the clearance of apoptotic cells, the production of growth factors [30], the recycling of nutrients
by digesting waste products from tissues [31], and the secretion of pro- and anti-inflammatory
mediators [32]. Macrophages can express a broad range of pathogen recognition receptors that
make them efficient at detecting danger, triggering an inflammatory response through production of
inflammatory and anti-inflammatory cytokines (interleukins, chemokines) that modulate/potentiate
the immune response through activation of other immune cells that ultimately generate a specific
immune response against a specific foreign invader. Also, they can be stimulated by cytokines secreted
by T helper cells, with interferon gamma (IFN-y) being one of the most potent macrophage activators.

The chemical, immunological, and cellular environment where the macrophages reside influences
their inflammatory profiles and dictates their phenotypes. Monocyte-derived macrophages can be
specialized in response to cell stimulations from the organ where they reside, microbial products
from pathogens (i.e., lipopolysaccharides (LPS)), and activated lymphocytes. These cues and factors
are responsible for modifying macrophage’s metabolism, allowing the polarization of them into two
distinctive phenotypes, M1 and M2, which exhibit different inflammatory profiles [33]. The M1
macrophages arise thanks to the stimulating activity of molecules such as LPS, interferon gamma,
granulocyte-macrophage colony-stimulating factor, and tumor necrosis factor alpha (TNF-x). Once
polarized (activated), M1 macrophages secrete proinflammatory cytokines (interleukin (IL)-1f3,
TNE and IL-6) and toxic effector molecules such as reactive oxygen species and nitric oxide.
Conversely, M2 macrophages emerge from IL-4 or IL-13 cytokine stimulation and secrete significant
levels of the anti-inflammatory cytokine IL-10 and low levels of IL-12. Notably, M2 macrophages
encompass a functionally diverse group of cells with different activation states [34]. Accordingly,
the M2a macrophages emerge in response to IL-4 and IL-13 (alternative inflammation) stimulation,
M2b macrophages emerge from Fc-gamma receptors/toll-like receptor (FcyR/TLR) activation
triggered by immune complexes and LPS, M2c macrophages result from IL-10, transforming growth
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factor beta (TGF-f3), and glucocorticoids which promote deactivation, and, finally, M2d activation is a
response to IL-6 and adenosines [35,36].

Once a pathogen gains access to the body, either by an injury (wound) or through some of the
entry portals of the body (mucous membranes, skin, respiratory and gastrointestinal tracts), among
the first cells with which these invaders interact are macrophages. Thus, the immune response
starts with pathogen recognition through the macrophage’s Toll-like receptors, mannose receptors,
or scavenger receptors that have broad ligand specificity for lipoproteins, proteins, oligonucleotides,
polysaccharides, lectins, and other molecules expressed by pathogens [31]. In fact, the mannose
receptor is a cell-bound C-type lectin that binds certain sugar molecules found in the HIV. In mammals,
a Toll-family protein, called Toll-like receptor 4 (TLR-4), signals the presence of LPS by associating with
CD14, the macrophage’s receptor for LPS [37]. In addition to these functions, macrophages express
the major histocompatibility complex class II (MHC II), which presents antigens to lymphocytes.
Accordingly, once a macrophage engulfs a pathogen, its antigens are processed, transported, and
presented to T helper cells [31] through the MHC II. Then, T cells release cytokines that, in turn,
activate B cells, resulting in antibody production. These antibodies recognize specific antigens from
the pathogen that triggered the immune response. Finally, the antigen—antibody complexes are avidly
recognized by macrophages to be phagocytosed and ultimately destroyed [31]. For a comprehensive
review detailing the phagocytic diversity and versatility of macrophages, see Lim et al., 2017 [38].
In summary, monocytes and macrophages, which are part of the body’s cellular surveillance system
that protects us from exogenous agents, enhance the immune response to eradicate such agents before
they are established in the host.

3. Macrophages, Inflammation, and HIV Infection

Once a foreign invader gains access to the body, the immune system mounts a unique response
to destroy it. This response depends on the nature of the pathogen involved: fungi, bacteria, yeast,
parasite, protozoa, or virus. As mentioned, our discussion will be focused on the HIV, a virus
responsible for the death of 1 million people in 2016 [39] and 1.8 million new infections per year
globally [40]. In fact, since the discovery of HIV, a total of 35 million individuals have died from the
acquired immunodeficiency syndrome (AIDS) caused by it [39].

After HIV has entered the body, a molecular recognition dynamic is initiated between the viral
gp120 and CD4-expressing cells. Macrophages express not only the CD4 receptor but also C-X-C
chemokine receptor type 4 (CXCR4) and C-C chemokine receptor type 5 (CCR5) coreceptors necessary
for efficient HIV entry and productive infection [41-46]. Early immune and virological events during
HIV infection are associated with disease progression [47,48]. Peak viremia is accompanied by immune
system activation and the lamina propria’s CD4* T cell destruction in the gastrointestinal tract, which
is the first vital system colonized by HIV during acute infection. It is now clear that the mucosal
immune system and the intestinal immune system are pivotal to the pathogenesis of AIDS because
most of the critical events of transmission, viral amplification, and CD4* T cell depletion occur in the
gastrointestinal tract [49,50]. In time, although viral load subsequently declines, immune activation
continues, HIV replication continues, and CD4" T cells are progressively destroyed and lost [51,52].
Immune activation during HIV infection involves activation and proliferation of multiple cells of
immune system, including T cells, B cells, natural killer cells, and macrophages [49,50]. Along
with the gastrointestinal changes and abrupt cellular activation, gut dysbiosis is characteristic of
chronic HIV infection [53]. Accordingly, translocation of microbial products (i.e., LPS) and, potentially,
microbes from the intestinal lumen into systemic circulation has been linked to immune activation,
inflammation, severity of HIV-/simian immunodeficiency virus (SIV)-associated chronic immune
activation, and HIV-1 disease progression [53-57]. Macrophages play an important role in amplifying
the immune response and inflammation during HIV infection in the presence of microbial products or
microbes from leaking gut. The latter is associated with persistent macrophage activation independent
of viral replication or T cell activation in pediatric patients [58]. On the other hand, quantification
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of serum biomarkers of microbial translocation (LPS) and macrophage activation markers (soluble
CD14 (sCD14)) predict subclinical atherosclerosis progression in HIV-infected adults [59], a common
comorbidity suffered by HIV-infected individuals.

Specifically, during acute infection, HIV-infected individuals experience an intense
proinflammatory cytokine cascade [60] that predicts disease progression [61,62]. This excessive
secretion of cytokines, upon infection, is a turning point that marks the initiation of an irreversible
systemic inflammatory environment. The release of cytokines during acute infection is characterized by
rapid and transient elevations in interferon alpha (IFN-o) and interleukin-15 (IL-15) levels followed by
a significant increase in inducible protein 10 (IP-10) levels; rapid and more-sustained increases in tumor
necrosis factor alpha (TNF-«) and monocyte chemotactic protein 1 (MCP-1) levels; more slowly initiated
elevations in levels of additional proinflammatory factors including IL-6, IL-8, IL-18, and IFN-y; and
a late-peaking increase in levels of the immunoregulatory cytokine IL-10 [60]. Eventually, as the
infection progresses, the cellular and chemical environment changes and becomes chronic. As a
consequence, HIV-infected individuals suffer from chronic and persistent inflammation [3,60,61,63-67]
that promotes the appearance of non-AIDS-related complications such as osteoporosis, cardiovascular
disease, neurocognitive deterioration, renal dysfunction, thromboembolic disease, insulin resistance
and type II diabetes, cancer, multiple end-organ disease, and frailty [9-11]. These comorbidities arise
as a consequence of a highly inflammatory cellular environment that is linked to the macrophages’
secreted cytokines and chemokines during the immune response. Moreover, these non-AIDS-related
complications occur despite antiretroviral therapy [68-71].

As mentioned, HIV-infected individuals develop several non-AIDS life-threatening complications
derived from the infection itself that are considered comorbidity factors, although recently this has been
referred to as a multimorbidity because of the simultaneity of multiple diseases occurring during HIV
infection [72]. These comorbidity factors are associated with the response of macrophages to infection.
This being so, HIV-infected individuals suffer from bone loss (osteoporosis) that is characterized
by elevated levels of sCD14, a marker of macrophage activation. Interestingly, this phenomenon is
more marked in males (higher sCD4 levels) than in females, and it is characterized by an inverse
correlation between bone mineral content and bone mineral density measures [73]. In the case
of HIV-induced cardiovascular diseases, particularly atherosclerosis, it has been suggested that
HIV infection of T cells and macrophages results in the induction of oxidative and endoplasmic
reticulum stress followed by the formation of the inflammasome and eventual autophagy dysregulation
that facilitates atherogenesis [74]. Moreover, a recent study, focused on determining whether
macrophage inflammation biomarkers are related to carotid atherosclerosis, suggested that two
macrophage inflammation markers—sCD14 and sCD163—play essential roles in atherogenesis among
HIV-infected males and females [75]. Of note, in females, other inflammatory markers derived
from macrophages also support the inflammatory scenario induced by HIV infection. Accordingly,
in addition to sCD14 and sCD163, the macrophage inflammatory marker galectin-3-binding protein is
significantly associated with carotid artery disease in examined females [76]. As mentioned before,
neurocognitive deterioration is also experienced by HIV-infected individuals and is associated with
monocytes/macrophages. In support of the role of inflammation, it has been shown that sCD14
(a macrophage inflammatory marker) correlates with the CD4 nadir, and both are strong predictors of
the severity of neurocognitive impairment [77-80]. Also, macrophages act as a persistent reservoir of
HIV, even under combination antiretroviral therapy (ART) and highly active antiretroviral therapy
(HAART), and thus remain a source of systemic and brain inflammation [81-83]. Another vital system
affected by HIV infection is the renal system. The two most common renal-associated diseases are
HIV-associated nephropathy and HIV-immune-complex kidney disease. There is evidence of the
involvement of macrophages in this system during HIV infection. A study using tubular epithelial
cells isolated from biopsies or urine of children with HIV-associated nephropathy showed that HIV-1
virions from infected macrophages could be detected in membrane-bound, intracellular vesicles
within the tubular cells when the two cell types were cultured together [84]. Moreover, unexpectedly,
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the host renal system seems to intensify inflammation since secretion of TNF-o and IL-6 from renal
tubular cells was shown to enhance viral replication in HIV-infected macrophages [85]. The endocrine
system is also affected during HIV infection, and macrophages play a pivotal role in potentiating
local and systemic inflammation. Aligned with this is the finding that high levels of the macrophage
inflammatory marker sCD163 are associated with insulin resistance in HIV-infected individuals [86].
Finally, HIV-infected people have a 60-times-higher risk of developing non-Hodgkin’s lymphoma
(a cancer of the lymphatic system) than do noninfected people, despite HAART administration [87];
this is promoted by tumor-associated macrophages which are active viral reservoirs for HIV [88].
These findings taken together suggest that HIV infection of macrophages is a critical step toward
the development of chronic inflammation and the eventual advance of comorbidity /multimorbidity
factors in HIV-infected individuals.

4. Macrophages and the Cholinergic Anti-Inflammatory Response: A Focus on «7-nAChR

Historically, macrophages were appreciated as phagocytic cells that protect the body from invasion
by external agents, as well as cells that actively participate in the immune response via release
of stimulatory cytokines and chemokines. However, this view was revolutionized by a series of
reports demonstrating that macrophages express a neuronal nicotinic acetylcholine receptor known as
a7-nAChR [4]. Agonist activation of the «7-nAChR expressed by macrophages is essential to reduce
systemic inflammation through vagus nerve stimulation [5] that is part of a unique neuroimmune tract
known as the cholinergic anti-inflammatory pathway (CAP) [4,5]. Compelling evidence demonstrates
that the CAP regulates the innate immune system and can be activated artificially by applying electrical
stimuli or pharmacologically via drug administration. Physiologically speaking, the CAP could be
activated once the vagus nerve recognizes consumed activators such as those obtained nutritionally in
the diet (lipids, peptides, and proteins). Importantly, inflammatory mediators (cytokines) secreted by
immune cells during an immune response or exogenous bacterial constituents such as LPS can also
activate the CAP. It is also known that microorganisms could activate the afferent vagus nerve directly
at the level of the nodose ganglion during an infection because it expresses TLR4 [89]. To be more
specific, a typical CAP activation occurs through afferent vagus nerve recognition of LPS, peripheral
proinflammatory cytokines (i.e., IL-6, TNF-«, and IL-1f3), immunoglobulins, or ATP through receptors
expressed by the vagus nerve endings [90-95]. The signal travels from periphery to the brain where
it is processed via a muscarinic/acetylcholine receptor-dependent mechanism [96-98] (Figure 1A).
The integrated anti-inflammatory signal is conveyed through vagus nerve efferent fibers originating
in the dorsal motor nucleus, connects to the splenic nerve in the celiac-superior mesenteric plexus
(celiac ganglion), and conveys the anti-inflammatory signal to the spleen (Figure 1A). Here, the splenic
nerve terminals release norepinephrine (NE), activating (32 adrenergic receptors in specialized T
lymphocytes that express choline acetyltransferase (ChAT* T cells) and synthesize acetylcholine
(ACh) [99]. The NE-activated ChAT* T cells travel to macrophages in the spleen and release ACh.
Activation of the «7-nAChR in macrophages by ACh released by the ChAT* T cells inhibits the
production and release of proinflammatory cytokines (Figure 1A), whereas anti-inflammatory cytokine
IL-10 levels remain unchanged [5].

Although «7-nAChR has been the most studied cholinergic receptor in macrophages, it is
important to note that other nicotinic cholinergic receptors have been identified in mammalian
primary cultures and monocyte/macrophage cell lines. For instance, the presence of «1, a4, &5,
b, o7, 9, «10, B1, B2, B3, and 4 subunits, at the mRNA level, has been demonstrated in the human
monocytic cell line U937 [100]. Another group, using alveolar macrophages from mice, performed
immunohistochemical studies that demonstrated the presence of &3, a4, &5, 7, x9, x10, 32, 33, and
34, while RT-PCR proved the existence of «3, a4, &5, x6, «9, x10, 32, 33, and 34 mRNAs [101]. Also,
on macrophages obtained from a mouse blood cell line (RAW 264.7), mouse microglia primary cultures,
and a mouse microglia cell line (N9), the presence of «7-nAChR was demonstrated through flow
cytometry [102] and by RT-PCR and immunoblot [103]. Additionally, positive results were obtained
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for the presence of a3, &5, a9, x10, 1, and 32 in rat alveolar macrophages as determined by RT-PCR,
immunohistochemistry, and immunoblot [104].

Interestingly, one study  suggests that the  professional function of
macrophages—phagocytosis—requires «4p2-nAChR, but not o7-nAChR, as determined in
mouse intestinal macrophages [105]. Another study found that tissue-resident macrophages in the
mouse stomach express the 32 subunit but not x7-nAChR at the protein level, though those in the
intestine express both receptor subunits [106]. Fortunately, all of these receptors exhibit different
pharmacological properties that enable them to be studied separately, thus shedding light on their
possible roles on macrophages. So far, the totality of roles and functions of each cholinergic receptor, as
well as the possible effects they may have on the function of macrophages, remains poorly understood.
For instance, it is still unknown whether the activation of «7-nAChRs expressed by macrophages
established in different organs of the body has the same anti-inflammatory effect as those already
identified in spleen’s macrophages that are associated with the CAP [4] (Figure 1A). Finally, from
the clinical perspective, the role of a7-nAChRs expressed by macrophages during infection and
inflammatory processes takes on special relevance regarding efforts to develop new therapeutic
strategies to counteract disease states. HIV infection and its induced inflammation perfectly sum up
the importance of macrophages, mainly because they are not only a target for HIV but also express
«7-nAChRs.
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Figure 1. The cholinergic anti-inflammatory response (CAR) in normal and HIV-infected subjects.
(A) During inflammation, the afferent vagus nerve recognizes microbial products (LPS) or cytokines
(IL-6) that travel to the dorsal motor nucleus where they are interpreted and trigger an efferent response
through the efferent branch of the vagus nerve. Accordingly, the efferent vagus nerve emerges from
dorsal motor nucleus and innervates the celiac ganglion to release acetylcholine (ACh) that binds
to a7-nAChRs in splenic neurons. Then, norepinephrine is release into the spleen via splenic nerve
to activate p2-adrenergic receptors ChAT* T lymphocytes which, in turn, secrete ACh that activates
macrophage’s a7-nAChR, inhibiting the release of proinflammatory cytokines (i.e., TNF-«, IL-6, and
IL-1B3); (B) In HIV-infected subjects, the spleen and the CAR seem to be compromised and persistent
inflammation is maintained. In fact, there is evidence demonstrating that addition of ACh does not
decrease the production of proinflammatory cytokines in monocyte-derived macrophages despite
elevated levels of «7-nAChR, suggesting a CAR disruption [107]. On the other hand, the «7-nAChR
in macrophages could be exploited as a pharmacological option to treat inflammation by means of
agonists, partial agonists, or positive allosteric modulators (PAMs).
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5. Macrophages, Inflammation, and the Cholinergic Anti-Inflammatory Response during
HIV Infection

HIV infection is characterized not only by depletion of cells from the immune system but also
by a chronic and persistent inflammation that promotes immunosenescence in these patients [67].
In HIV-infected individuals, inflammation occurs despite antiretroviral therapy, undetectable viral
levels, and absence of symptoms. Inflammation starts soon after infection, and it is characterized by a
dramatic cytokine cascade with plasma levels of some of the most rapidly induced cytokines peaking
7 days after the first detection of plasma viremia [60]. Eventually, it becomes a chronic inflammatory
process that triggers a number of life-threatening non-AIDS-related comorbidities. A myriad of
inflammatory markers has been identified in infected individuals that vary depending on the infection
stage. These markers include cytokines, chemokines, and coagulation markers. Accordingly, during
acute infection, marked levels of IP-10, IL-17, IL-12p40, IL-1c, eotaxin, granulocyte-macrophage
colony-stimulating factor (GM-CSF), IL-12p70, IFN-y, IL15, TGF-$1, and IL-18 have been identified;
during chronic infection, elevated levels of neopterin, 32-microglobulin, D-dimer, C-reactive protein
(CRP), TNF-«, TNE-RII, IL-6, LPS, sCD14, IL-10, and TGF-{31 are present [108]. T cell activation is
also used as a biomarker predicting progression toward AIDS. Thus, CD8" T cells expressing CD38
and human leukocyte antigen-antigen D related (HLA-DR) and the proportion of Ki-67 expressed
by T cells have been used as bioindicators of HIV infection progression. Therefore, it is evident
that the exaggerated release of inflammation mediators adds a further level of complexity to the
already ongoing immune response and represents an even more significant challenge for the body of
HIV-infected individuals. Among the cells that participate in this process are macrophages. These are
important not only because HIV targets them, but also because they contribute to inflammation
by releasing inflammatory mediators and participate in the CAR, an innate anti-inflammatory
response mediated by a neuroimmune connection. Also, dendritic cells become infected by HIV
and contribute to the overall inflammation. Specifically, during HIV infection, plasmacytoid dendritic
cells release type-I interferons and proinflammatory cytokines to recruit more dendritic cells and
CD4* T cells to the site of HIV invasion (submucosa) [109]. Also, in addition to accumulating in
the gut mucosa, plasmacytoid dendritic cells are associated with lymphoid tissue and contribute
to immune activation by releasing proinflammatory cytokines [110]. Overall, the simultaneous
presence of these proinflammatory mediators promotes a complex immunological response in which
the net response is a state of constant, persistent, and chronic inflammation that facilitates viral
establishment and replication and, together with immune cell destruction, promotes the appearance of
immunodeficiencies and immunosenescence.

Unfortunately, available antiretroviral therapies neither eradicate HIV in its entirety nor eliminate
chronic inflammation in infected individuals. Consequently, no functional cure exists at present. Hence,
in the search for other ways to halt inflammation and prevent the non-AIDS conditions that result
from it, the scientific community began to pay particular attention to a neuroimmune response that
is part of the body’s innate immune response—the cholinergic anti-inflammatory response (CAR).
Surprisingly, only recently has the relationship between «7-nAChR and the CAR begun to be studied
in HIV-related scenarios, despite the fact that these patients suffer from chronic inflammatory problems
(i.e., coagulopathies, vascular dysfunction, cardiovascular disease) that do not cease even under
virological suppression [3,10,111].

The first clues linking HIV to nAChRs emerged from binding studies that showed the existence of
homologous sequences between HIV-1 gp120, x-cobratoxin, and k-bungarotoxin (selective nAChR
antagonists) [112]. These observations were later strengthened by a study using the HIVgp, isolates and
several Swedish HIV-1 strains, which were precultivated from blood cells or cerebrospinal fluid (CSF)
or were directly obtained from CSF cells of patients. Notably, this study found sequence similarities
between a short segment of gpl20 of clinical HIV-1 strains and the snake venom neurotoxins [113].
Thus, the identified homology between the sequence 164-174 of HIV-1 gpl20 and the sequence 30—40
of snake venoms opened the possibility that HIV-1 indeed interacts (“binds”) with nAChR-expressing
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cells including muscle cells and neurons [114,115] and those immune cells targeted by HIV such as
lymphocytes, monocytes, and macrophages, which also express the «7-nAChR essential for the CAP
operation. Importantly, it is now well known that in monocytes and macrophages the activation of
a7-nAChR inhibits the production of proinflammatory cytokines [4,116] as part of the CAR, something
unidentified at the time these initial works were published.

While some studies have investigated nAChRs and HIV in the CNS [117-126], only two
studies have explored the role of «7-nAChR at the peripheral level in a setting reminiscent of
HIV infection [107,127]. Studies focused on the CNS have demonstrated that HIV and its viral
constituents (i.e., Tat and gp120) promote an increase in calcium levels, leading to severe neurological
alterations and even neuronal cell death [117-120,128]. On the other hand, studies focused on
microglia (the resident macrophages of the CNS) have shown that nicotine and galantamine
attenuate inflammation in vitro in an experimental setting that recapitulates HIV-associated dementia
(HAD) [129]. Moreover, nicotine (an o7-nAChR agonist) increases the expression of HIV in microglia
and alveolar macrophages [130,131], and, finally, «7-nAChR agonists attenuate gp120-induced
mechanical allodynia and inflammation in a murine model [132].

As mentioned, two peripheral studies have explored the dynamic of nAChRs and HIV: in
both cases, the a7-nAChR was the cholinergic receptor involved. The first study was focused on
determining the mechanism by which HIV promotes lung diseases in HIV-infected individuals.
Results identified two distinct pathways («7-nAChR-GABAAR and epidermal growth factor receptor
[EGER]) for airway mucus formation and demonstrated for the first time that HIV-gp120 induces and
regulates mucus formation in the airway epithelial cells through the CXCR4-a7-nAChR-GABAAR
pathway [127]. Interestingly, the authors also found that although the gp120 immunoreactivity
was widely scattered in simian immunodeficiency virus (SIV)-infected animals under antiretroviral
treatment, the gp120 immunoreactivity was localized mainly in macrophage-like cells within the
lungs. No further experiments were performed to determine the importance and role of these
“macrophage-like cells” under the experimental design explored in this work. In the second
study, the consequences of a CXCR4-tropic gp120y5 on a7-nAChR expression were determined
using human blood monocyte-derived macrophages (MDMs). Results showed that the presence of
pathophysiological amounts of gp120jyp induces the upregulation of «7-nAChR in a CXCR4-dependent
manner [107]. Moreover, determination of «7-nAChR levels in MDMs recovered from HIV-infected
individuals revealed that, in addition to monocytes and T cells, MDMs exhibit elevated levels of
a7-nAChR protein, presumably triggered by soluble gp120y5. Importantly, this study tested, in vitro,
the CAR in MDMs recovered from noninfected individuals, upregulated for a7-nAChR by gp120ps
and challenged with LPS. Accordingly, proinflammatory (TNF-«, IL-17, IL-6, MCP-1, regulated on
activation, normal T cell expressed and secreted (RANTES), IL-8, growth-related oncogene « (GRO-w),
and I-309) and anti-inflammatory (IL-10) mediators were measured to determine whether the CAR
operates appropriately in MDMs upregulated for «7-nAChR. Theoretically, it is to be expected that
the higher the levels of «7-nAChR expressed by MDMs, the more accentuated the anti-inflammatory
response should be (once activated by ACh). Surprisingly, the addition of ACh did not decrease
the production of proinflammatory cytokines (except MCP-1) in MDMs despite elevated levels of
a7-nAChR, suggesting a CAR disruption (Figure 1B). Whether the elevated level of a7-nAChR is
responsible for disrupting an innate immune mechanism to control inflammation—the CAR—remains
to be determined. Interestingly, these results suggest that HIV inactivates this unique innate cellular
mechanism in macrophages to ensure elevated levels of interleukins and chemokines, which facilitate
HIV pathogenesis and disease progression [133]. Importantly, application of bupropion, an «7-nAChR
antagonist, partially rescued the CAR by decreasing some chemokines (RANTES and GRO-«) but
not interleukins [107]. Therefore, although important, there are only a limited number of studies
aimed at understanding the effects of HIV infection on brain macrophages (microglia), and only a
single study has studied its effects on human MDMs. Nevertheless, both peripheral studies identified
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the 7-nAChR as a key player, which is extremely important because, as described, its activation
substantially mitigates inflammation through the CAR.

Also pertinent is the status of the macrophages that directly participate in the CAP: the spleen
resident macrophages. In fact, the spleen is not exempt from the systemic damages caused by
HIV, and the resident macrophages are irremediably infected (Figure 1B). Studies performed in
a macaque SIV model demonstrated that their spleen contains elevated levels of IFN-« together with a
higher presence of infected CD4* T lymphocytes and macrophages than their brain and lungs [134],
coupled with abundant SIV antigens in their spleen [135]. Similarly, a study performed using an
accelerated SIV-infected macaque model reports that, in the spleen, the loss of CD68 and CD163*
CD68" macrophages together with an increase in CD163-expressing cells was irreversible, beginning
during acute infection and persisting until terminal disease. Interestingly, CD68, CD163, and Mac387
macrophages were highly infected, which primarily occurred in the spleen’s red pulp independent of
T lymphocytes. Also, few macrophages underwent apoptosis, indicating that they are a long-lasting
target for HIV /SIV [136]. On the other hand, in humans, spleen dendritic cells and CD4* T lymphocytes
become infected [137] and trigger inflammatory processes that could explain the follicular hyperplasia
and severe cellular depletion of T lymphocyte areas with concomitant plasmacytosis and occurrence of
small giant cells [138]. This, in turn, could result in the common splenomegaly detected on the spleen
of these individuals [139] and impaired activation of the spleen’s macrophages [140]. Finally, HIV also
seems to affect splenic nerve integrity since a cocktail of murine retroviruses, like HIV, destroys splenic
sympathetic nerve fibers [141]. Altogether, the damage caused by HIV together with the cellular
alterations made to immune cells, mainly macrophages, represents an additional burden that may
affect normal functioning of the CAP. Still, it remains uncertain whether the CAP functions normally
in productive HIV-infected macrophages.

6. Targeting Macrophages to Reduce HIV-Induced Inflammation through «7-nAChRs

Macrophages are important producers of cytokines (interleukins and chemokines) that contribute
significantly to the inflammatory phenotype experienced by patients infected with HIV. Therefore, it is
prudent to assume that pharmacological strategies targeting the cellular and molecular machinery
that governs the macrophage’s secretion of cytokines would be a viable therapeutic alternative.
The deactivation (attenuation of inflammatory cytokine production) is an area of great pharmacological
interest because it offers the opportunity to modulate the macrophage’s proinflammatory phenotype
under infection states. The purpose is to manage the macrophage pharmacologically until reaching an
appropriate level of cytokine secretion sufficient to eradicate the pathogen without affecting organs.
Of note, the presence of a7-nAChRs in macrophages adds another layer of possible pharmacological
intervention through the use of agonists, partial agonists, or positive allosteric modulators (PAMs)
(Table 1).

Since its discovery in the CNS, the «7-nAChR has been widely studied and characterized
pharmacologically, but not so in macrophages. In fact, there is still controversy whether in
macrophages the «7-nAChR behaves as an ion-conducting channel as it does in neurons [142,143].
However, electrophysiological evidence has shown that the «7-nAChR from primary macrophages
has ion-channel translocator activity [144], but, apparently, this receptor is hindered by
transmembrane/intracellular regulatory proteins that avoid detection of whole-cell patch clamp
currents [144]. Thus, the pharmacological properties of this receptor appear to be distinct from
those present in the CNS, which is not surprising because, recently, it was shown that «7-nAChR
interacts with a number of intracellular proteins and G-protein coupled receptors [145-149] that could
modulate or influence its ion channel activity. Moreover, to add an extra level of molecular complexity,
macrophages express a partial duplication of «7-nAChR called the dup«? [150,151] that negatively
regulates its activity [151]. Interestingly, studies performed using primary blood-derived human
macrophages demonstrate that dupo7 mRNA levels are higher than those of a7-nAChR [151], which
is the opposite of what occurs at the protein level. In addition, both IL-1f3 and LPS are able to reduce
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dupa7 mRNA levels [151], suggesting that a proinflammatory cytokine and an inflammation inductor
could inhibit the expression of dupo7 at the protein level, thereby removing its repressive pressure over
«7-nAChR and ultimately facilitating the increase of functional «7-nAChRs available to be activated
to alleviate inflammation. In view of these findings, more studies are needed to identify the pool of
interacting molecules that influence o7-nAChR activity in macrophages in order to understand and
exploit this receptor as a pharmacological target. Also, additional studies focused on the role/effect
of dupa7 on inflammation are critical to better understand and design new therapeutic molecules
to effectively activate the «7-nAChR in macrophages to control inflammation. Furthermore, several
questions regarding dupo? remain. Is it possible to activate the dup a7 pharmacologically? How does
the dupa? influence pharmacological activation of «7-nAChR in macrophages? Is the dup a7 essential
for CAP operation?

Because of the importance of macrophages as an epicenter of potential pharmacological
interventions aimed at the resolution of inflammation, several pharmacological attempts have been
made to activate the CAR using in vivo and in vitro approaches (Table 1). Table 1 lists agonists,
partial agonists, and PAMs that have been employed in inflammatory settings with macrophage
involvement and have shown promising results that warrant their testing in future clinical trials.
In fact, some of them are currently under testing [152]. Moreover, several compounds with affinity for
the a7-nAChR expressed by macrophages have been tested for different diseases, but they have not
yet been considered for testing in macrophages to attenuate inflammation through the activation of
CAR. These candidates are agonists (ABT-126, SEN34625/WYE-103914, SEN12333/WAY-317538)
partial agonists (RG3487, TC-5619, EVP-6124 (Encenicline), AQWO051, BMS-933043), and PAMs
(JNJ-39393406, AVL-3288 (UCI-4083) of the a7-nAChR. Therefore, as long as pharmaceutical industries
and independent researchers continue to generate new drugs targeting the «7-nAChR, the use of
macrophages as a therapeutic target becomes ever more likely.

Table 1. Drugs that have proved effective in reducing macrophages’ cytokine production through
alpha? nicotinic acetylcholine receptor («7-nAChR).

Drug Type of Drug In]fslglj:;a(::m Experimental Model/Cell Type/Cell Line Reference(s)
CNI-1493 Agonist LIL-6 e Rat model of vasospasm. [153]
116 e Mice models of pancreatitis.
| TNF-« e Alveolar macrophages (in vivo and in vitro).
| TNF-aand IL-18 ® Primary human monocytes and lipopolysaccharide (LPS)-stimulated
GTS-21 . LIL-1B whole blood obtained from patients with severe sepsis. ~
(DMXB-A) Agonist | high mobility . Human whole blood activated by LPS. [132,154-159]
group box-1 e Hyperoxic macrophages from a ventilator-associated pneumonia
J IL-1B, IL-6, and mouse model.
TNF-« e LPS-stimulated RAW 264.7 mouse macrophage-like cells.
| TNF-at e Cholinergic anti-inflammatory response (CAR) activation in
. | TNF-x peritoneal macrophages from postoperative ileus mice models.
AR-R17779 Agonist L IL-1B, IL-6, and e Brain macrophages (microglia) in neonatal brains from mice. [160-162]
MCP-1 e Aorta inflammation in mice.
Tropisetron ~ Partial Agonist | TNF-x and IL-18  ® LPS-stimulated primary human monocytes. [163-166]
- - e Rats with hind paw inflammation.
PNU-120596 PAM + TNF-ccand IL-6 [167,168]

| TNF-ocand IL-6 e Rats modeling ischemia-reperfusion.

} = decrease

7. Conclusions

Although the discovery of macrophages dates back to the 19th century, these cells continue to
surprise the scientific community with their multiplicity of roles in the immune response. Undoubtedly,
a critical element of macrophages is their ability to secrete inflammatory cytokines that support
and amplify the immune response required to destroy and remove foreign invaders. Importantly,
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during challenging situations such as HIV infection, macrophages secrete disproportionally high
levels of inflammatory cytokines, which then provoke chronic inflammation in these patients.
Paradoxically, macrophages also express «7-nAChR, which, upon activation, deactivates the release of
proinflammatory cytokines from these cells through the CAR, thereby calibrating the inflammatory
response. Nevertheless, it is worth noting that other cellular mechanisms different from those
dependent on «7-nAChR can undoubtedly play a fundamental role in relieving inflammation. In fact,
intrinsic anti-inflammatory responses in macrophages represent additional therapeutic targets to
counteract inflammation. Such is the case of melanocortin (MC) receptors MC; and MC; which
modulate macrophage reactivity and reduce inflammation ranging from skin inflammation to
reperfusion and joint disease [169]. Moreover, macrophage efferocytosis (phagocytosis of apoptotic
cells) is linked to inflammation resolution as demonstrated in post-myocardial infarction and
atherosclerosis diseases [170], and can be pharmacologically enhanced by lovastatin [171]. Finally,
there are also endogenously produced molecules (lipoxins, resolvins, protectins, and annexins) that
can also mediate resolution of inflammation in macrophages [172] that need further examination.

At present, only a limited number of studies have investigated the CAR and the role of
macrophages in settings reminiscent of HIV infection. Therefore, a combined approach is essential for
exploration of the a7-nAChR in macrophages as a therapeutic target. Fortunately, these efforts can
exploit the ongoing development of new agonists, partial agonists, and PAMs targeting o7-nAChR
that are presently aimed at treating CNS diseases such as Alzheimer’s disease, Parkinson’s disease,
and schizophrenia [152]. These therapeutic candidates should now be tested at the peripheral level
to activate 7-nAChR expressed by macrophages for subsequent activation of the CAR. Certainly,
research of this type will not be free of challenges, since the activity of «7-nAChR appears to be
regulated and influenced by proteins within the cell that interact with this receptor and alter its
capacity to respond to stimuli [144,145]. Nevertheless, HIV-infected individuals urgently need novel
approaches to counteract chronic inflammation, and «7-nAChR is now emerging as a formidable
target that can prevent the development of non-AIDS-related disorders. In fact, stimulation of the
vagus nerve, the major neural tract that releases acetylcholine to activate «7-nAChR in macrophages, is
being considered as a potential strategy for the treatment of HIV-associated depression [173]. Notably,
depression states correlates with inflammation in noninfected [174] and HIV-infected individuals
despite antiretroviral therapy [175,176] and may contribute to disease progression [177].

New treatment strategies are clearly needed to alleviate HIV-induced inflammation,
and macrophages possess a unique target, 7-nAChR, which should be characterized exhaustively in
future pharmacologic studies. For example, repurposing drugs such as those presented above may
result in new strategies to address inflammation targeting macrophages.
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