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Targeting the non-neuronal cholinergic system in macrophages
for the management of infectious diseases and cancer:
challenge and promise
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Macrophages represent key players of the immune system exerting highly effective defense mechanisms against microbial
infections and cancer that include phagocytosis and programmed cell removal. Recent findings highlight the relevance of the non-
neuronal cholinergic system for the regulation of macrophage function that opens promising new concepts for the treatment of
infectious diseases and cancer. This mini review summarizes our present knowledge on this topic and gives an outlook on future
developments.
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HIGHLIGHTS
● Key components of the non-neuronal cholinergic system

(NNCS) including nAChRα7 are strongly expressed in
macrophages.

● The NNCS regulates phagocytosis in macrophages via multiple
signaling pathways including dynamin-2- and JAK2/STAT3-
signaling pathways.

● The NNCS can suppress ‘don't eat me’ signals (interaction of
CD47 and signal-regulatory protein alpha (SIRPα)) between
macrophages and cancer cells.

● The NNCS can induce ‘eat me’ signals (translocation of
calreticulin (CRT) from the endoplasmic reticulum (ER) to the
cell surface) in target cells.

● Pharmacological modulation of the NNCS represents a promis-
ing new concept for cancer prevention and therapy.

THE RELEVANCE OF THE NON-NEURONAL CHOLINERGIC
SYSTEM FOR MACROPHAGE FUNCTION: OLD FRIENDS,
REVISITED
Macrophages – key players of the immune defense against
microbial infections and cancer
Macrophages are big, movable, eukaryotic cells, which develop
from monocytes (blood cells which belong to the class of
leukocytes) that have left the circulating blood, and that belong
to the cellular immune system.1 One makes a distinction between
mobile macrophages that immigrate need-wise from the blood
into their varying target tissues, and locally restricted tissue-
specific macrophages, which represent the large part of the
macrophage population. Tissue-specific macrophages are bound
to a distinct tissue and may differ greatly in their function and
morphology (e.g., histiocytes in the connective tissue, microglia in
the brain, alveolar macrophages in the lung, Kupffer cells in the
liver, Hofbauer cells in the placenta, osteoclasts in the bones and
Langerhans cells in the skin).1 As a component of the

mononuclear phagocytic system, macrophages have varying
functions within the scope of the cause defense, central role with
the initiation and regulation of defense reactions (inflammation),
with their most important mission being phagocytosis (Figure 1),
and beyond it, destruction of tumor cells, elimination of cell
detritus, antigen presentation and sore healing.2 In this context, it
has to be emphasized that their most important job is
phagocytosis (Figure 1) of microorganisms and other foreign
bodies within the framework of the unspecific defense.2 The
cytoplasm of the macrophage contains a large number of
lysosomes that contain lytic enzymes, which contribute to the
elimination of the pathogen. This process leads to the so-called
‘activation’ of the macrophage, and subsequently to the secretion
of cytokines, which regulate the resulting inflammation process. In
addition, macrophages have an important function as antigen-
presenting cells that also involve phagocytosis.1 Macrophages
process via phagocytosis pathogens to peptide fragments, which
thereafter are presented with the help of major histocompatability
complex (MHC) II molecules on the cell surface. These antigen–
MHC-II complexes are then recognized by T-helper cells, resulting
in specific immune reactions that may include the release of
antibodies by B cells.

The role of macrophages for cancer surveillance and elimination
Recently, it has been shown that macrophages can eliminate
tumor cells via a highly regulated immunosurveillance mechanism
called programmed cell removal (PrCR).3 However, cancer cells
often express CD47 and/or other antiphagocytic ‘don't-eat-me’
signals that protect them from PrCR-mediated recognition and
phagocytosis. Interestingly, blocking the interaction of CD47 on
cancer cells and its corresponding receptor SIRPα on macrophages
results in efficient PrCR of tumor cells but not of normal cells both
in vitro and in vivo. Notably many cancer cells, in contrast to
normal cells, express pro-phagocytic ‘eat-me’ signals such as CRT,
that interact with other factors, including Bruton's tyrosine kinase
(Btk), a member of the Tec non-receptor protein tyrosine kinase
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family, which has a crucial role in the regulation of the innate
immune response. Recently it has been shown that macrophages
express CRT, and that Btk-mediated toll-like receptor signaling
results in trafficking of CRT to the cell surface, where this ‘eat-me’
signal can contribute to PrCR of cancer cells.4

Acetylcholine – one of the most important neurotransmitters
in humans
Acetylcholine (ACh), an ester of acetic acid and the monovalent
aminoalcohol choline, represents the first neurotransmitter that
has been identified.5 Otto Loewi proved in 1921 in a frog heart
that a chemical, which he called first vagus compound, and which
Henry H Dale identified later as ACh, was responsible for the
transfer of a nervous impulse to the heart.5 Today, ACh is known
as one of the most important neurotransmitters in humans and
many other organisms.5–7 ACh is regarded as a classical
neurotransmitter that exerts its effects at least in part via binding
to two different classes of receptor molecules, the nicotinic
(nAChR; that are also stimulated by nicotine) and the muscarinic
ACh receptors (mAChR; that are also stimulated by the mushroom
poison muscarin), that are both expressed in different subtypes.7

nAChRs have been characterized as binding and effector proteins
to mediate chemical neurotransmission at neurons, ganglia,
interneurons and the motor endplate.8 mAChRs have been
characterized as binding and effector proteins to mediate
chemical neurotransmission at neurons and effector organs such
as heart, smooth muscle fibers and glands.8 This historical view of
ACh acting exclusively as a neurotransmitter has recently been

revised based on observations published both early and late in the
last century, identifying the NNCS.8

The non-neuronal cholinergic system – unraveling hidden secrets
The NNCS represents an ancient regulatory network that already
existed from the beginning of life in non-neuronal cells like
bacteria, algae and protozoa long before the neural system had
developed (reviewed in5–8). The ubiquitous synthesis of ACh and
the expression of n- and mAChRs in mammalian cells gives an
impressive example of the complexity of biological systems.8 All
receptor subtypes and signal transduction pathways used by
cholinergic neurons are also used by single non-neuronal cells to
communicate among each other and to maintain their phenotypic
functions and thus organ homoeostasis.8 Up to now, little is
known about the relevance of the NNCS for human health, but
recent findings highlight its importance for the regulation of
macrophage function, opening promising new concepts for the
treatment of infectious diseases and cancer9,10 (Table 1).

The relevance of the non-neuronal cholinergic system for
regulation of macrophage function
As outlined above, macrophages represent key players of the
immune system exerting highly effective defense mechanisms
against microbial infections and tumor cells that include
phagocytosis and PrCR. Recent findings highlight the relevance
of the NNCS for the regulation of macrophage function and open
promising new concepts for the treatment of infectious diseases
and cancer. In monocytes, monocyte-derived macrophages, lung

“Don`t eat me”:
nAChR not activated
• CD47 interacts with SIRPα
• Calreticulin located in ER

“Eat-me”!:
nAChR activated by ACh
• inhibits interaction 

between CD47 and SIRPα
• Calreticulin translocated to 

cell surface

„eat-me“-signal

„To be eaten or not“ :
a new hypothesis on the
potential role of ACh for

phagocytosis in macrophages!

Figure 1. To be eaten or not: a new hypothesis on the potential role of ACh for macrophages/phagocytosis! Don't eat-me signal: cancer cells
protect themselves against phagocytosis or programmed cell removal by overexpression of so-called don't eat-me signals such as CD47.
Interaction of these don't eat-me molecules with SIRPα on the cell surface of macrophages protects cancer cells from phagocytosis. Eat-me
signal: inhibition of the interaction between CD47 and SIRPα, and translocation of calreticulin from the ER to the cell surface act as eat-me
signals and promote phagocytosis. Results of in vitro investigations and animal studies indicate that stimulation of nAChR by its ligand ACh
may promote macrophage phagocytosis via inhibition of interaction between CD47 and SIRPα, and translocation of calreticulin from the ER to
the cell surface. Moreover, nAChR activation may enhance endocytosis and phagocytosis via stimulated recruitment of GTPase dynamin-2 to
the forming phagocytic plaque. ACh enhances bacterial uptake via inhibition of NFκB activation and of pro-inflammatory cytokine production
and stimulation of anti-inflammatory IL-10 production.
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and alveolar macrophages from non-smokers, smokers and COPD
patients, expression of the high-affinity choline transporter,
choline acetyltransferase, vesicular ACh transporter and muscari-
nic receptors (M(1)–M(5)) were demonstrated using real-time PCR
(Table 1).11 In that study, M(2) and M(3) receptor expression was
confirmed using immunocytochemistry.11 Interestingly, an impor-
tant role of nAChRα7 expression and function in macrophage
survival and apoptosis using in vitro polarized (M1 and M2) bone
marrow-derived macrophages (BMDMs) from wild-type and
nAChRα7 knockout mice has been demonstrated (Table 1).12

These findings show that stimulation of nAChRα7 results in
activation of the STAT3 pro-survival pathway and protection of
macrophages from ER stress-induced apoptosis. These actions are
rather selective for M2-BMDMs and are associated to activation of
the JAK2/STAT3 axis. Remarkably, these effects are completely lost
in M2 macrophages lacking nAChRα7. Recently, it was shown that
α7nAChR represents a promising pharmacological target to
improve the clinical outcome of patients on ventilators by
augmenting host defense against bacterial infections.13 Hyperoxia
is routinely used to treat patients with respiratory distress.
However, prolonged exposure to hyperoxia compromises the
ability of the macrophage to phagocytose and clear bacteria. It
was shown that the exposure of mice to hyperoxia elicits the
release of the nuclear protein high-mobility group box-1 (HMGB1)
into the airways. Extracellular HMGB1 impairs macrophage
phagocytosis and increases the mortality of mice infected with
Pseudomonas aeruginosa. Recently, it was demonstrated that
GTS-21 [3-(2,4 dimethoxybenzylidene)-anabaseine dihydrochlor-
ide], an α7nAChR agonist, inhibits hyperoxia-induced HMGB1
release into the airways, enhances dose-dependently phagocytic
activity of macrophages and improves bacterial clearance from
the lungs in a mouse model of ventilator-associated pneumonia.
Moreover, it was shown that vagus nerve activity augments
intestinal macrophage phagocytosis via nAChRα4β2 (Table 1).14

The vagus nerve negatively regulates macrophage cytokine
production via the release of ACh and activation of nAChRs. In
various models of intestinal inflammation, vagus nerve efferent
stimulation ameliorates disease. Using fluorescence-activated cell
sorter analysis, short-hairpin RNA-assisted gene knockdown, and
the use of specific nAChR knockout mice, it was shown that nAChR
activation enhanced endocytosis and phagocytosis in macro-
phages residing in the peritoneal and mucosal compartments
(Table 1).14 This effect was mediated via stimulated recruitment of
GTPase dynamin-2 to the forming phagocytic cup.14 These effects
involve nAChRα4/β2, rather than nAChRα7. Despite enhanced
bacterial uptake, ACh reduced NF-κB activation and pro-
inflammatory cytokine production, while stimulating anti-
inflammatory interleukin-10 production. Vagus nerve stimulation

in mice altered mucosal immune responses by augmenting
epithelial transport and uptake of luminal bacteria by lamina
propria macrophages.14 ACh enhances phagocytic potential while
inhibiting immune reactivity via nAChRα4/β2 in mouse macro-
phages. Hence, vagus nerve efferent activity may stimulate
surveillance in the intestinal mucosa and peritoneal
compartment.14

Recently, Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis of differentially regulated miRNAs in whole-rat
brains (that contain microglia) after exposure of animals with
lipopolysaccharide, Abα7 (directed against AChRα7) or nicotine
revealed regulation of various signaling pathways that are
involved in phagocytosis, including Fc gamma R-mediated
phagocytosis, Jak-STAT-, PI3K-Akt-, Calcium-, mTOR-, Notch- and
Wnt-signaling pathways.15

Conclusions and outlook
Macrophages represent key players of the immune system
exerting highly effective defense mechanisms against microbial
infections and cancer, which include phagocytosis and PrCR.
Recent findings highlight the relevance of the NNCS for the
regulation of macrophage function that opens promising new
concepts for the treatment of infectious diseases and
cancer.14,16–19

Until today, many compounds have been identified, which
directly or indirectly can increase the effects of ACh on
corresponding receptor molecules. The different cholinesterase
inhibitors (actually, ACh inhibitors) belong to the latter. Irreversible
inhibitors of the cholinesterase include well-known insecticides
such as parathion (E 605), or other highly neurotoxic chemical
agents such as sarin, tabun and many others, which often even in
small quantities cause death by overstimulation of cholinergic
synapses. Other chemical compounds such as neostigmin belong
to the group of reversible cholinesterase inhibitors. Parathion is
also used as an antidote for curare. The antagonistic interplay
between parathion and curare gives an impressive example of the
complexity of the NNCS, and highlights the diversity of its multiple
promising targets for pharmacological modulation that may also
open new avenues for the pharmacological regulation of
macrophage function. Curare blocks the docking station for ACh,
thereby immobilizing the nervous system and causing suffocation
death. Because the active substances of curare are competitive
tailors, their effect can be antagonized by an excess of ACh.
Blocking of acetylcholinesterase by parathion results in such an
excess of ACh and in restoring nerve cell function. However,
parathion is also a poison, and aftercare with atropin is often
necessary. Another interesting chemical that modulates the NNCS

Table 1. Targeting phagocytosis: the non-neuronal cholinergic system in macrophages

Target Function Relevance for targeting phagocytosis

Nicotinic ACh receptors
α7nAChR Enhances phagocytic activity, improves bacterial clearance

from the lungs, activates the STAT3 pro-survival pathway and
protects from ER stress-induced apoptosis

Promising target for pharmacological modulation
of phagocytosis and apoptosis in macrophages

α4/β2 nAChR Enhances endocytosis and phagocytosis in macrophages
residing in the peritoneal and mucosal compartments stimulate
recruitment of GTPase dynamin-2 to the forming
phagocytic cup

Promising target for pharmacological modulation
of phagocytosis and endocytosis

Muscarinic ACh receptors
M1–M5 ACh
receptors

Release of LTB4 (M3) Potential target for pharmacological modulation
of phagocytosis

ACh Varying effects on phagocytosis depending on the
presence of corresponding receptors

Potential target for pharmacological modulation of
phagocytosis by modulating its synthesis/metabolism
or by using agonists/antagonists
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is physostigmin (eserin) that prevents the splitting of ACh by
cholinesterase in choline and acetate. Moreover, a broad variety of
compounds has been identified that block the effects of ACh on
its corresponding receptors (most importantly muscarinic recep-
tors), exerting the so-called anticholinergic effect. Certain alkaloids
work anticholinergic, for example, atropin, hyoscyamin or
scopolamin.
It has to be emphasized that the NNCS interacts with a broad

variety of other hormonal networks including the adrenergic
system. As adrenergic receptors are also expressed in
macrophages20 and the adrenergic system is a direct opponent
of the cholinergic system in the nervous system,21 it is tempting to
speculate whether these two systems antagonize each other in
macrophages as well.
In conclusion, an increasing body of evidence now convincingly

demonstrates that pharmacological modulation of the NNCS to
regulate phagocytosis and PrCR in macrophages represents a
promising new strategy for the prevention and/or therapy of
many health disorders including infectious diseases and various
types of cancer.

COMPETING INTERESTS
The authors declare no conflict of interest.

REFERENCES
1 Lavin Y, Mortha A, Rahman A, Merad M. Regulation of macrophage development

and function in peripheral tissues. Nat Rev Immunol 2015; 15: 731–744.
2 Aderem A, Underhill DM. Mechanisms of phagocytosis in macrophages. Annu Rev

Immunol 1999; 17: 593–623.
3 Feng M, Chen JY, Weissman-Tsukamoto R, Volkmer JP, Ho PY, McKenna KM et al.

Macrophages eat cancer cells using their own calreticulin as a guide: roles of TLR
and Btk. Proc Natl Acad Sci USA 2015; 112: 2145–2150.

4 Barbagallo B, Prescott HA, Boyle P, Climer J, Francis MM. A dominant mutation in a
neuronal acetylcholine receptor subunit leads to motor neuron degeneration in
Caenorhabditis elegans. J Neurosci 2010; 30: 13932–13942.

5 Wessler I, Kirkpatrick CJ, Racké K. Non-neuronal acetylcholine, a locally acting
molecule, widely distributed in biological systems: expression and function
in humans. Pharmacol Ther 1998; 77: 59–79.

6 Wessler I, Kirkpatrick CJ, Racké K. The cholinergic 'pitfall': acetylcholine, a universal
cell molecule in biological systems, including humans. Clin Exp Pharmacol Physiol
1999; 26: 198–205.

7 Beckmann J, Schubert J, Morhenn HG, Grau V, Schnettler R, Lips KS. Expression
of choline and acetylcholine transporters in synovial tissue and cartilage of
patients with rheumatoid arthritis and osteoarthritis. Cell Tissue Res 2015; 359:
465–477.

8 Wessler I, Kirkpatrick CJ. Acetylcholine beyond neurons: the non-neuronal choli-
nergic system in humans. Br J Pharmacol 2008; 154: 1558–1571.

9 Kawamata J, Shimohama S. Stimulating nicotinic receptors trigger multiple
pathways attenuating cytotoxicity in models of Alzheimer's and Parkinson's dis-
eases. J Alzheimers Dis 2011; 24(Suppl 2): 95–109.

10 Kawashima K, Fujii T, Moriwaki Y, Misawa H, Horiguchi K. Non-neuronal choli-
nergic system in regulation of immune function with a focus on α7 nAChRs. Int
Immunopharmacol 2015; 29: 127–134.

11 Koarai A, Traves SL, Fenwick PS, Brown SM, Chana KK, Russell RE et al. Expression
of muscarinic receptors by human macrophages. Eur Respir J 2012; 39: 698–704.

12 Lee RH, Vazquez G. Evidence for a prosurvival role of alpha-7 nicotinic acet-
ylcholine receptor in alternatively (M2)-activated macrophages. Physiol Rep 2013;
1: e00189.

13 Sitapara RA, Antoine DJ, Sharma L, Patel VS, Ashby Jr CR, Gorasiya S et al. The α7
nicotinic acetylcholine receptor agonist GTS-21 improves bacterial clearance in
mice by restoring hyperoxia-compromised macrophage function. Mol Med 2014;
20: 238–247.

14 van der Zanden EP, Snoek SA, Heinsbroek SE, Stanisor OI, Verseijden C, Boeckx-
staens GE et al. Vagus nerve activity augments intestinal macrophage phagocy-
tosis via nicotinic acetylcholine receptor alpha4beta2. Gastroenterology 2009; 137:
1029–1039. e1-4.

15 Lykhmus O, Mishra N, Koval L, Kalashnyk O, Gergalova G, Uspenska K et al.
Molecular mechanisms regulating LPS-induced inflammation in the brain. Front
Mol Neurosci 2016; 9: 19.

16 Zoheir N, Lappin DF, Nile CJ. Acetylcholine and the alpha 7 nicotinic receptor: a
potential therapeutic target for the treatment of periodontal disease? Inflamm Res
2012; 61: 915–926.

17 Marrero MB, Bencherif M, Lippiello PM, Lucas R. Application of alpha7 nicotinic
acetylcholine receptor agonists in inflammatory diseases: an overview. Pharm Res
2011; 28: 413–416.

18 Saracino L, Zorzetto M, Inghilleri S, Pozzi E, Stella GM. Non-neuronal cholinergic
system in airways and lung cancer susceptibility. Transl Lung Cancer Res 2013; 2:
284–294.

19 Español AJ, Salem A, Rojo D, Sales ME. Participation of non-neuronal muscarinic
receptors in the effect of carbachol with paclitaxel on human breast adeno-
carcinoma cells. Roles of nitric oxide synthase and arginase. Int Immunopharmacol
2015; 29: 87–92.

20 Wang W, Li X, Xu J. Exposure to cigarette smoke downregulates β2-adrenergic
receptor expression and upregulates inflammation in alveolar macrophages. Inhal
Toxicol 2015; 27: 488–494.

21 Hayashida K, Eisenach JC. Spinal alpha 2-adrenoceptor-mediated analgesia in
neuropathic pain reflects brain-derived nerve growth factor and changes in spinal
cholinergic neuronal function. Anesthesiology 2010; 113: 406–412.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

© The Author(s) 2016

Non-neuronal cholinergic system in macrophages
S Reichrath et al

4

Cell Death Discovery (2016) 16063 Official journal of the Cell Death Differentiation Association

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Targeting the non-neuronal cholinergic system in macrophages for the management of infectious diseases and cancer: challenge and promise
	Highlights
	The relevance of the non-neuronal cholinergic system for macrophage function: old friends, revisited
	Macrophages &#x02013; key players of the immune defense against microbial infections and cancer
	The role of macrophages for cancer surveillance and elimination
	Acetylcholine &#x02013; one of the most important neurotransmitters in humans
	The non-neuronal cholinergic system &#x02013; unraveling hidden secrets
	The relevance of the non-neuronal cholinergic system for regulation of macrophage function

	Figure 1 To be eaten or not: a new hypothesis on the potential role of ACh for macrophages/phagocytosis! Don&#x00027;t eat-me signal: cancer cells protect themselves against phagocytosis or programmed cell removal by overexpression of so-called don&#x0002
	Conclusions and outlook

	Table 1 Targeting phagocytosis: the non-neuronal cholinergic system in macrophages
	A3
	REFERENCES




