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Monocytes are characterized by a remarkable degree of plasticity and ability to rapidly adapt to a wide range of

microenvironments. A number of studies have demonstrated the importance of epigenetics in the regulation of monocyte

phenotypes. Epigenetic modifications are influenced by diverse factors able to induce cell-specific changes to the

environmental exposure.
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1. Introduction

Neurodegeneration is an age- and disease-related process, characterized by the progressive loss and dysfunction of CNS

neurons and structures.

Aging is a physiological condition of neuronal damage over time, and distinguishing neurodegeneration patterns from

normal aging or related diseases poses a clear challenge . Indeed, neurodegeneration is known to be directly

mediated by cellular aging .

Different conditions such as oxidative stress (OS), calcium deregulation, neuroinflammation, and mitochondrial

dysfunction and aggregation are all well-known drivers of neurodegeneration (Figure 1). All these processes are linked

together in a long cascade of intracellular events. The oxidative stress determines mitochondrial dysfunctions at

respiratory chain levels, increases cytosolic calcium, and plays a role in protein aggregation. The initial aggregation

observed in Alzheimer’s disease (AD) could be a way to protect the microenvironment from oxidative damage.

Figure 1. Common pathways that lead to neurodegeneration. Neuronal damage in neurodegenerative diseases is

induced by ROS generation, cellular aging, neuroinflammation, Ca  dysregulation, mitochondrial dysfunction and peptide

accumulation. ROS, reactive oxygen species.

In recent years, the dynamic role of the blood–brain barrier (BBB) mediating peripheral cell migration into the brain has

emerged, reflecting the contribution of peripheral systemic factors to different neurodegenerative aspects. For example,

BBB damage has been observed during normal aging and becomes exaggerated in cases of cognitive impairment,

regardless of the Aβ or Tau pathology .

Nevertheless, much remains to be clarified, and a lot of questions still remain unanswered: (i) Is neurodegeneration the

consequence of neurological diseases, or are neurological diseases the consequence of neurodegeneration? (ii) To what

extent does aging or specific disease impact the neurodegenerative process?
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2. Epigenome Regulation of Monocytes Plasticity in Neurodegeneration

A number of studies have demonstrated the importance of epigenetics in the regulation of monocyte phenotypes .

Epigenetic modifications are influenced by diverse factors able to induce cell-specific changes to the environmental

exposure. Since monocytes circulate in the blood, and their epigenome maybe influenced by the presence of diverse

molecules such as food-derived metabolites, and in case of pathological conditions also by different inflammatory

mediators. To date epigenetic changes, include the following categories: (i) DNA methylation, (ii) histone modifications and

(iii) non-coding RNA.

In general, DNA methylation is associated with transcriptional repression and is related to the transfer of a methyl group to

the cytosine base of the DNA by DNA methyltransferases (DNMTs) to form 5-methyl-citosine (5 mC). Histone

modifications regulate cellular phenotypes by adding or removing the acetyl or methyl group in histone proteins; these

activities are regulated by acetyltransferases (HATs) and histone deacetylases (HDACs), respectively. Histone acetylation

is linked to transcriptional activity whereas histone deacetylation is associated with transcriptional repression . Similarly,

methylation and demethylation of histones is achieved by histone methyltransferases (HMTs) and histone demethylases

(HDMs), respectively.

Epigenetic changes have also been implicated in the pathogenesis of a number of neurodegenerative diseases, such as

Alzheimer’s, Parkinson’s, or amyotrophic lateral sclerosis (ALS) ; nevertheless, a detailed role of monocyte

epigenetics in these diseases is still missing. Regarding multiple sclerosis (MS), to date, small number of studies have

addressed the role of epigenetically mediated changes in blood of MS patients. Methylation profiles of mainly CD4+,

CD8+T cells, B cells, monocytes, and cell-free plasma DNA were reported, and the most interesting findings were related

to hypomethylation on the IL17A promoter region, which is known to correlate with Th17 cell lineage generation and a

decrease in the methylation pattern located in the HLA-DRB1 gene suggesting that the DRB1 haplotype may influence the

association observed between the methylation level at DRB1 CpGs and MS risk .

Monocyte epigenomics was described in one study . The authors found that B cells and monocyte methylation profiles

were the most different between relapsing remitting multiple sclerosis (RRMS) and healthy controls. No significant

differences were described for CD4 and CD8 T cells.

Usually, non-coding RNA (ncRNA) are grouped under the epigenetic mechanism as they have an important role in

regulating coding and non-coding regions of the genome beside a direct regulation of the gene expression. There are

several subtypes of long and short ncRNA species, many of which are involved in regulation of gene expression, and can

be further grouped according to their genomic origins and biogenic processes. MicroRNAs profiling in MS has also been

extensively studied in peripheral blood mononuclear cells, whole blood, lymphocytes, and cell-free plasma to elucidate

their role in MS pathogenesis. All these data strongly suggest the need to define strategies for the development of a

precision medicine approach so that genomics and/or epigenomics analysis will help to define the precise pathogenic

mechanisms operating within a subgroup of well-defined MS patients’ clinical stage.

Finally, microRNA can also be released into membrane-bound vesicles (also referred to as extracellular vesicles, or EVs)

and several studies have reported a role of EVs in neurodegeneration. It was suggested that monocytes plasticity can

also be modulated by microRNA molecules that are present within EVs. Indeed, in vitro experiments showed that

endothelial-derived EVs promoted monocytes activation by enhancing monocytes migration through an endothelial

monolayer . In addition, a recent study also showed a reduction of monocyte-derived EVs in samples obtained from

patients after one year of fingolimod treatment suggesting that EVs were indeed implicated through the modulation of

monocyte activity with the mechanisms of action of immunomodulatory treatments .

In summary, evidence suggests that epigenetics play a role in monocyte phenotypes. Thus, it will be important to

understand the type of mechanisms that drive monocyte diversity and plasticity in the context of neurodegeneration.

Dysregulated epigenetic changes may contribute to the persistence of the disease, and therefore, a future challenge will

be to understand how to modulate these modifications to develop novel treatments for neurodegenerative diseases.

3. Monocytes Migration into the Brain during Neurodegeneration

The mechanisms by which leukocytes pass through the barriers of the brain and their role in progression of neurological

diseases remain yet to be fully elucidated. Although it is now accepted that the CNS undergoes immune surveillance at

meningeal level , the mechanisms involved in immune cell trafficking in CNS remain poorly understood. The myeloid

compartment in the CNS is composed of tissue-resident microglia found in the brain parenchyma and additional myeloid

cells including DCs, monocytes, and granulocytes in the meningeal area.
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Under physiological conditions, monocytes are not detectable in brain or spinal cord parenchyma but only observed in the

meninges . Monocyte functions in the brain have been investigated primarily under pathological conditions. The

recruitment of blood monocytes to the CNS following infection, injury, or an inflammatory response is often observed in

neurologic disorders. After injury or during specific disease processes, the brain becomes highly permeable to circulating

peripheral cells, including monocytes (Figure 3).

Figure 3. Recruitment of circulating monocytes into the brain and their impact on MS, AD, PD, and ALS. Monocytes enter

the brain due to BBB disruption and in response to chemokines gradients. In the CNS compartment, monocytes assume a

different role based on the specific neurodegenerative microenvironment signals. BBB, blood–brain barrier; CNS, central

nervous system; MS, multiple sclerosis; AD, Alzheimer’s disease; PD, Parkinson’s disease; ALS, amyotrophic lateral

sclerosis.

A recent study conducted on human brains suggested that granulocyte–macrophage colony-stimulating factor (GM-CSF)

may play a role, especially during autoimmune diseases, such as MS . Beside GM-CSF and the CCL2-CCR2 axis, the

CD49e (α5 integrin) was reported to play a role in monocytes brain migration. It was shown that α5 integrin is expressed

only on the peripheral monocyte populations but not on CNS-resident myeloid cell populations. Treatment with α5 integrin

antibody significantly reduced the experimental autoimmune encephalomyelitis (EAE) disease severity and therefore

provides a strong rationale for a novel therapeutic approach that specifically targets and inhibits monocyte trafficking into

the CNS thus leading to fewer deleterious side effects observed with drugs that block T lymphocytes migration .

Leukocyte migration to the cerebrospinal fluid (CSF) and Peripheral administration of the TLR2 ligand, Pam3Cys, induced

marked infiltration of neutrophils and monocytes to the CSF and brain of neonatal mice. These studies suggest novel

mechanisms of leukocyte migration to the brain and potential therapeutic targets to ameliorate neuroinflammation induced

by meningitis or other CNS pathologies . Mechanistically, the inhibition targeting CD40-TRAF6 signaling is mediated by

the limitation of ROS production in monocytes and consequently a reduce migration of the cells across an in vitro BBB .

In the EAE rodent model of MS, gene-expression profiles indicated that infiltrating monocytes are highly inflammatory

compared to microglia . A correlation between monocyte infiltration into the CNS and progression to the paralytic stage

of the disease has been shown: depletion of monocytes was shown to significantly inhibit both disease initiation and

disease progression in EAE mice .

In AD, monocytes are recruited at the site of Aβ deposits and in the inflammatory microenvironment around them. In fact,

after migration to injured brain, monocytes can differentiate into macrophages and phagocytize protein aggregates such

as Aβ . MCP-1, which is produced by Aβ-induced activated microglial cells , triggers the mobilization of pro-

inflammatory monocytes in the inflamed brain through the MCP-1 receptor CCR2 .

The first general evidence of immune dysregulation in PD patients was shown by measurement of elevated levels of

cytokines (IL-2, IL-4, IL-6, IL-10, TNFα) in the serum and peripheral blood mononuclear cells were suspected to contribute

to this peripheral cytokine elevation. For what concern monocytes brain migration, direct invasion of peripheral monocytes

into the CNS has been demonstrated in an animal model for PD . In humans, a strong upregulation of CCR2 on

classical monocytes in Parkinson’s patients was detected whereas the percentage of these cells was specifically

downregulated, suggesting that this cellular population may have migrated to the inflamed brain. Indeed, it is known that

upregulation of CCR2 is essential for monocyte recruitment in inflamed tissue .

Similarly, in ALS, circulating human monocytes were found to be dysregulated regarding function, gene expression and

subset constitution. Monocytes from ALS patients exhibited an altered adhesion capacity, which indicated a changed

migratory potential. The exact role of CNS-infiltrating monocytes in ALS had remained ambiguous so far, but the mouse

model of the disease (SOD1G93A tg mice) implies a role of peripheral monocytes early in the disease . CNS infiltration

of peripheral monocytes correlates with improved motor neuron survival in a genetic ALS mouse model .
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Therefore, we can conclude that monocyte infiltration in brain may be both beneficial or harmful and that the exact role of

these cells in different disease contexts needs further investigation. Unfortunately, we are not yet able to distinguish

resident microglia from infiltrated monocytes with absolute certainty, especially in humans, and therefore we cannot rule

out at the moment, the exact role of monocytes in the brain inflammatory response.

4. Monocytes Plasticity in Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis is a debilitating neurodegenerative disease with reported immune dysregulations 

. Different studies have reported that peripheral immune system cells are functionally altered, especially those with

myeloid lineage . One of the most challenging factors in most neurodegenerative disease, including ALS, is

their heterogeneity of clinical features which render it challenging to identify factors that alone may explain all the

pathological mechanisms that eventually are operating in the disease. Any given cohort of patients varies in terms of

severity, progression, site of onset, degree of respiratory involvement, and degree of upper or lower motor neuron

involvement .

Within the myeloid population so far studied, monocytes have been reported to play a role . ALS patients with distinct

clinical features have differential monocyte cell subset distribution, for example patients with greater disease severity, as

determined by a lower revised amyotrophic lateral sclerosis functional rating scale score, showed a reduced non-classical

monocyte subset whereas patients with greater bulbar involvement had a reduction in the proportion of classical,

intermediate, and non-classical monocyte populations. On the same line, CD16 expression in neutrophils increased in

patients with greater disease severity and a faster rate of disease progression, whereas HLA-DR expression in all

monocyte populations was elevated in patients with greater respiratory impairment .

Previous literature reporting on immune cell frequencies and marker expression has not revealed consistent findings

again probably because of the heterogeneity of patients and methodological variations between studies. We should

always keep in mind that each cohort population under study is unique and therefore what we observe in one cohort may

not be valid for others. To avoid confusing factors, guidelines on immunophenotyping in whole blood should be adopted to

be able to compare results from different studies .

ALS monocytes skewing toward a proinflammatory state have been investigated by RNAseq analysis. Gene expression

profiles were studied in 23 ALS monocytes compared to 10 healthy control individuals, and demonstrated that monocytes

isolated from patients with ALS expressed a unique gene profile associated with proinflammatory immune responses.

These findings were validated through qRT-PCR in an additional cohort confirming the higher mRNA expression values in

monocytes of ALS patients. These results were obtained from monocytes isolated by negative selection, which could have

a lower impact on cellular activation compared to positive selection.

ALS peripheral monocytes produce more pro-inflammatory cytokines when stimulated with LPS and IFNγ to differentiate

into M1 phenotype suggesting that ALS monocytes are functionally altered, which could explain an increased cytotoxicity

once they arrive into the CNS . The functional alteration in ALS monocytes was also demonstrated by examining the

adhesion capacity of ALS monocytes, which suggested a change in their migratory capacity. Indeed, the number of

adhering monocytes is higher in ALS than HCs after LPS stimulation, and monocyte transmigration is known to be

preceded by extravasation and adherence to the vessel walls .

Further supporting the role of monocytes in ALS pathogenesis is the finding that the transactive response DNA-binding

protein 43 (TDP-43) is accumulated in a subgroup of ALS cases again underlying the possibility that different mechanisms

of disease are operating in different cohorts of patients . These issues should be further deeply investigated as we

hypothesize that they will explain the great clinical heterogeneity we observe in ALS and in general in neurodegenerative

diseases.

Finally, it will be important to clearly distinguish microglia from peripheral blood-derived monocytes infiltrating the brain.

Recently, the CD169/Siglec-1 molecule was suggested as a marker for monocytes in the CNS, because it is not

expressed in resident microglia . By using this molecule, it was possible to show that CD169+cells were significantly

higher in lumbar spinal cords of 10 ALS patients. The ALS CD169+monocytes were shown to have a decreased diameter,

and to be located within the tissue (80.2%) with only a small percentage within the perivascular space (19.8%)

Interestingly, in SODG93AALS mouse model, immunomodulatory treatment increased the CD169+cells that correlated

with the enhancement of motor neuron survival, suggesting that monocyte invasion at least in this experimental model,

acted as a neuroprotective in the early stage studied.
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In conclusion, monocytes may have a role in ALS pathogenesis therefore, it can be hypothesized that suppression of their

pro-inflammatory phenotype may provide a new therapeutic option for ALS. Nevertheless, to reach this end point, there is

a need to further expand our knowledge at the monocyte single cell level to precisely identify the specific monocyte subset

infiltrating the brain that may exert a pathogenic as well as protective effect in this disease.
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