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Abstract

Currently, the concept of ‘neuroinflammation’ includes inflammation associated with
neurodegenerative diseases, in which there is little or no infiltration of blood-derived immune cells
into the brain. The roles of brain-resident and peripheral immune cells in these inflammatory
settings are poorly understood, and it is unclear whether neuroinflammation results from immune
reaction to neuronal dysfunction/degeneration, and/or represents cell-autonomous phenotypes of
dysfunctional immune cells. Here, we review recent studies examining these questions in the
context of Huntington’s disease (HD), where mutant Huntingtin (HTT) is expressed in both
neurons and glia. Insights into the cellular and molecular mechanisms underlying
neuroinflammation in HD may provide a better understanding of inflammation in more complex
neurodegenerative disorders, and of the contribution of the neuroinflammatory component to
neurodegenerative disease pathogenesis.
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A comprehensive concept of neuroinflammation

The concept of ‘neuroinflammation’ was used originally to describe inflammatory settings
of the central nervous system (CNS) characterized by infiltration of peripheral immune cells,
such as viral and bacterial infection, ischemic stroke, HIV encephalopathy, and multiple
sclerosis (MS) [1,2]. Currently, the same term has expanded to include neurodegenerative
diseases that do not attract inflammatory cells from the blood. Alzheimer’s disease (AD),
Parkinson’s disease (PD), and HD are characterized by cellular and molecular features of
inflammation (cytokine expression and microglia activation), but lack the signs of classic
‘neuroinflammation’, such as immune cell infiltration from the blood stream [1-5].
Nevertheless, the absence of immune cell infiltration from the periphery does not rule out
the potential contribution of these cells to neuroinflammation, for example, via a chronic
increase of systemic pro-inflammatory cytokine production. Furthermore, whether
inflammation is the response of surrounding cells to a neuron-autonomous degenerative
process and/or due to cell-autonomous immune activation remains an area of active
investigation.
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Glial cells are non-neuronal cells in the brain that play diverse roles in tissue homeostasis
and support of neuronal function. For the purposes of this review, we focus on two types of
glial cell: microglia and astrocytes (see Glossary). Under conditions of infection or injury,
these cells become ‘activated’, a process characterized by their production of numerous
mediators that promote inflammation, changes in morphology, and, in some cases, cell
division, resulting in increased cell numbers or “gliosis’. Regardless of the mechanisms
responsible for glia activation, the contribution of inflammation to neurodegenerative
diseases pathogenesis remains poorly understood. In contrast to PD and AD, which are
complex multifactorial pathologies related to a spectrum of genetic mutations and
environmental factors [3,4], HD or Huntington’s chorea, is a neurodegenerative disorder
caused by a single mutation: a specific expansion of the PolyQ tract in the ubiquitously
expressed HTT protein [6]. Interestingly, even though HTT protein is constitutively and
ubiquitously expressed throughout the body, HTT mRNA expression in immune cells is on
average higher than that observed in most organs (Genomics Institute of Novartis Research
Foundation, transcript 202389_s_at) [7]. In recent years, several efforts have been made to
understand whether mutant HTT expression could trigger cell-autonomous activation of the
immune cells of the brain and periphery, and whether these, in turn, could negatively impact
HD pathogenesis. Here, we review recent evidence on the impact of mutant HTT on
microglia, astrocytes, and macrophages. We place these findings in the context of the
current understanding of inflammation in HD, and discuss the potential contributions of
these cells to HD pathogenesis.

Clinical features of neuroinflammation in HD

Accumulation of reactive microglia and astrocytes has been observed in brains from HD
patients [8]. PET imaging showed that microglia activation correlates with the pathology in
HD patients [9-11]. Activation of microglia is evident in presymptomatic HD gene carriers,
and can be detected up to 15 years before predicted age of onset [10], approximately the
same time frame when increased levels of interleukin (IL)-6 are observed in the plasma [12].
Microglia activation in tissue specimens is typically characterized by increased numbers of
microglia and morphological changes, in which the extensive cytoplasmic ramifications
characteristic of resting microglia are retracted, resulting in an ameboid appearance. These
morphological changes are associated with increased production of cytokines, such as IL-6.
Intriguingly, the plasma level of IL-6 is correlated with disease severity based on a scale of
functional capacity [12]. In patients’ striatum and cortex, reactive microglia accumulate in
relation to the degree of neuronal loss [10]. Reactive microglia are clearly seen even in low-
grade HD human brains, suggesting an early microglia response to changes in axons [10].
Interestingly, it has been reported that activated microglia proliferate at neurites of mutant
HTT-expressing neurons in vitro. Significant microglia activation in regions related to
cognitive function in HD patients has recently been suggested to predict disease onset [13].

The cerebrospinal fluid of HD patients exhibits evidence of immune activation, with
upregulation of IL-6, IL-8 and tumor necrosis factor (TNF)-a [12]. Significant signs of
oxidative stress have been reported in postmortem brain specimens from HD individuals.
Early studies reported a decrease in several mitochondrial enzymes involved in respiration
[14], as well as loss of aconitase activity in caudate and putamen in symptomatic patients
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with striatum atrophy [15]. Protein carbonyls, markers of oxidative stress, appear to be
increased in HD brains, indicating that reactive oxygen species (ROS) are overproduced
[16]. In addition, increased levels of 3-nitrotyrosine, a sign of reactive nitrogen species
(RNS), have been observed in HD cortex and striatum [17]. By contrast, antioxidant defense
proteins, such as peroxiredoxins 1, 2, and 6, as well as glutathione peroxidases 1 and 6, are
strongly induced [16]. Furthermore, iron, a metal involved in mitochondria metabolism as
well as in ROS generation, appears to accumulate in the brains of HD patients [18].

Patients with HD also show multiple systemic changes [19], including alterations in the
function of the peripheral immune system. Increases in expression of genes that are
produced by innate immune cells have been observed, such as the gene encoding immediate
early response 3 mRNA (IER3) [20]. In addition, blood levels of several proteins produced
by innate immune cells [21] correlate with disease progression [21]. In particular, a
significant elevation of chemokines Chemokine (C-C motif) ligand (CCL)-2, CCL4, CCL11,
CCL13, CCL26, matrix metalloprotease (MMP)-9, vascular endothelial growth factor
(VEGF), and transforming growth factor (TGF)-1f have been detected in the plasma from
HD patients [22,23]. By contrast, plasma levels of IL-18 were significantly reduced in HD
patients in comparison with controls [22]. Also the level of thioredoxin reductase-1 and
thioredoxin-1 appeared to be decreased in plasma and erythrocytes from HD individuals
[24]. Of note, it has been reported that the active form of signal transducer and activator of
transcription (STAT)-5, a transcription factor commonly used by several cytokines, is
increased in monocytes from HD patients at baseline [25]. Collectively, these observations
suggest that expression of mutant HTT in peripheral immune cells results in cell-
autonomous effects on their gene expression patterns and function. Whether these alterations
contribute to disease severity is unknown at present, but serum levels of cytokines could
potentially serve as biomarkers to assess efficacy of anti-inflammatory interventions.

The most interesting biomarker for HD-associated inflammation may be mutant HTT itself.
In monocytes and T cells, mutant HTT levels were significantly associated with disease
burden score and caudate atrophy rates in HD patients [26]. However, no infiltration of
circulating innate or adaptive immune cells has been reported in postmortem HD brain
samples [5]. At present, only two studies have reported the presence of autoantibodies in
HD. In the first report, autoantibodies directed against gliadin, a protein component of
gluten, were observed in 44.2% of HD patients [27]. The second report showed alteration in
the titers of an antibody to angiotensin Il type 1 receptors (AT1R); this antibody promoting
dysfunction of the adaptive immune system [28]. MS patients show increased titers of anti-
AT1R in comparison with matching controls. HD individuals showed the presence of anti-
ATI1R more frequently than in controls and in MS patients as well. In 37.9% of HD patients,
titers were >20 U/ml. The presence of autoantibodies suggests the possibility of a failure in
immune tolerance in HD. Further studies are needed to determine whether dysfunction in the
adaptive immune compartment is present in HD.

The role of microglia in HD neuroinflammation

Microglia, accounting for less then 10% of the total brain cells [29], represent the major
population of resident immune cells of the CNS [30]. In healthy brains, microglia are
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characterized by a small cell body and ramified processes. Such ‘patrolling-mode’ [31]
microglia contribute to brain homeostasis through phagocytosis, scavenging activity,
secretion of homeostatic factors, such as TGFp, and synaptic pruning [30,32]. In response to
infection or tissue damage, microglia rapidly alter their morphology to an “ameboid’
appearance, increase phagocytic activity, and initiate an innate immune response by
secreting various inflammatory molecules, including IL-6, and TNFa [30,32]. Once the
inciting stimuli have been eradicated, microglia take part in the regenerative activity of the
damaged tissue. When the inciting insult cannot be eradicated, persistent expression of
mediators, such as IL-6, IL-8, and TNFa, drive chronic inflammation, and can contribute to
tissue damage and disease progression. It has been shown that substances released from
necrotic cells within the brain trigger microglia activation, leading to consequent changes of
gene expression and reorganization of the cell activity (reviewed in [33]). Microglia are thus
implicated in several acute and chronic neurological disorders.

Several lines of evidence indicate altered microglia activation states in the context of HD.
Using a genome-wide approach, our group provided evidence that the expression of mutant
HTT solely in microglia is sufficient to confer a cell-autonomous increase in pro-
inflammatory gene expression [34]. In particular, expression of mutant HTT in microglia
increased the expression and transcriptional activities of the myeloid lineage-determining
factors PU.1 and CCAAT/enhancer-binding protein (C/EBP)-a,, compared with normal
microglia. Binding sites for PU.1 and C/EBPs were highly enriched in enhancers and
promoters associated with the genes exhibiting constitutive upregulation in mutant HTT-
expressing microglia. Expression of PU.1 itself was increased at both the mRNA and protein
levels in these cells, and ChIP-Seq analysis demonstrated enhanced binding of PU.1 at
thousands of genomic locations. Increased binding of PU.1 was associated with enhanced
co-occupancy by C/EBPs, and the combination of enhanced PU.1 and C/EBP binding was
highly correlated with increased expression of nearby genes, such as 116 and Tnfa (Figure 1).
These findings therefore reveal a molecular mechanism resulting in both moderate increases
in basal gene expression and enhanced responses to exogenous stimuli. This mechanism
may thus explain ‘priming’ as a state of enhanced basal pro-inflammatory activation that has
been defined recently based on morphological evidence [35]. Intriguingly, effects of mutant
HTT on PU.1-dependent programs of gene expression appeared to be microglia specific,
because we found no differences in PU.1 levels or pro-inflammatory gene expression in
bone marrow-derived macrophages (BMDM:s) obtained from R6/2 and HdhZR175/175 mice
(expressing human mutant HTT exon 1, and 175CAG triplet repeats inserted in the mouse
endogenous Htt gene, respectively) and monocytes from HD individuals [34]. The basis for
specific effects of mutant HTT on microglia gene expression are unclear, but recent lineage
tracing experiments provide evidence that microglia are derived from fetal yolk sac
progenitors very early in development and represent a self-renewing population of cells that
is independent of BMDMs [36,37]. Furthermore, the brain environment confers to microglia
a distinct phenotype that differentiates these cells from other circulating myeloid cells
[38,39].

The presence of a neuroinflammatory component in HD as well as in AD and PD has
prompted the study of cannabinoid receptors and their agonists as potential
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immunomodulators to counteract microglia activation. Mouse microglia specifically
expresses cannabinoid receptor 2 (CB2) and genetic ablation of this receptor in R6/2 mice
enhanced microglia activation, aggravated the disease symptomatology, and reduced mice
lifespan [40]. Administration of CB2 receptor-selective agonists to a chemical mouse model
of HD reduced inflammation, brain edema, striatal neuronal loss, and motor symptoms [40].
Similar observations have been reported in regard to CB2 receptor signaling in peripheral
immune cells [41]. Pharmacological treatments targeting the CB2 receptor have been proven
protective in malonate-lesioned rats model of HD [42,43]. Recently, it has been shown that
CB2 is not expressed on human microglia or astrocytes, and instead appears to be localized
on CD31-positive blood vessel endothelium and vascular smooth muscle in postmortem
samples from HD individuals [44]. Also, no significant difference was measured in CB2
expression in HD brains compared with controls [44]. This discrepancy between mouse and
human microglia challenges the role of cannabinoid receptors as potential modulators of
microglia activity in HD pathogenesis.

In the striatum of HD individuals, neurons, astrocytes, and myelin show deposition of C1q,
C4, and C3, iC3b and C9 on their surface [45]. The classical complement pathway
components (i.e., C1lq C chain, C1r, C3, and C4), as well as complement regulators [i.e., C1
inhibitor, methyl-accepting chemotaxis protein (MCP), decay-accelerating factor (DAF) and
CD59] are expressed at higher levels in HD brains compared with controls [45]. Recently, to
test the hypothesis that increased levels of complement in HD brains could contribute to
disease progression, mice deficient in complement C3, a key component in the complement
pathway, were crossed with the R6/2 mice [46]. No alterations in multiple behavioral assays,
weight, or survival in R6/2 mice lacking C3 were observed [46], demonstrating that C3
deficiency does not alter disease progression in the R6/2 model of HD. However, this
observation does not completely rule out the role of the complement system in HD. The
classical complement cascade is implicated in microglia-mediated synaptic pruning [47,48].
Synaptic pruning is the process of synapses elimination that occurs during development to
allow the formation of mature neuronal circuits. In this process are involved complement
proteins, such as C1q and/or C3, which target inappropriate synaptic connections that
require a selective elimination [47,49]. In the context of HD, excessive complement protein
production could lead to the elimination of useful synapses during development, and this in
turn could impact the proper functionality of the brain in adult life.

The presence of mutant HTT is a trigger of oxidative stress. Mutant HTT aggregates have
been shown to cause free radical production [50] in neuronal and non-neuronal cells [51].
Interestingly, mutant HTT can be oxidized itself [52]. Furthermore, mutant HT T-induced
defects in mitochondria metabolism would increase the generation of ROS; ROS and RNS
are the “ultimate weapons’ of pro-inflammatory activated innate immune cells [53]. When
the inflammatory response is not tightly regulated and becomes chronic, oxidative stress can
affect endogenous DNA, lipids, and proteins [54]. These phenomena have been observed in
HD [55], in particular in neurons that are highly susceptible to oxidative stress because of
their oxygen consumption rate, their dependence on aerobic carbohydrate metabolism, and
the high polyunsaturated fatty acid content of their membranes. On the same line of
evidence, abnormal accumulation of iron has been shown in HD brains [18]. Iron is required
for proper mitochondrial function, but an excess of it can lead to uncontrollable generation

Trends Immunol. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crotti and Glass

Page 6

of ROS. HTT is an iron-regulated protein [56], and mutant HTT inclusions are iron-
dependent centers of oxidative stress [57].

Several lines of evidence suggest that the overexpression of antioxidant genes that have been
observed in HD are an adaptive response to cope with the unbalanced generation of ROS
[16]. The iron storage protein ferritin has an antioxidant activity. Ferritin accumulates in
microglia cells from R6/2 mice where mutant Htt forms aggregates, and this process
increases with disease progression [58]. Accumulation of ferritin seems to be a protective
mechanism to counteract the accumulation of iron. In support of this hypothesis is the
observation that a mutation in ferritin causes adult-onset basal ganglia disease with
extrapyramidal features, such as chorea and dystonia, which are similar to the movement
disorders characteristic of HD [59]. Peroxiredoxins 1 and 6 are two other antioxidant
proteins highly expressed in HD. In normal conditions, they are mainly expressed in
astrocytes and microglia [60]. Their increased levels observed in HD could be due to the
increased proliferation of astrocytes [8] or to the increased gene expression observed in
microglia [34]. Finally, it has been recently reported that glutathione peroxidase activity is
neuroprotective in animal models of HD [61].

Recent findings have revealed involvement of the kynurenine pathway in HD, which in turn
may also be linked to oxidative stress. The kynurenine pathway for the metabolism of L-
tryptophan produces several molecules with neuroactive properties [62]. Kynurenic acid has
a neuroprotective effect through modulation of mitochondrial function [63], while 3-
hydroxykynurenine (3-HK), a generator of free radicals, and quinolinic acid, an agonist of
NMDA receptors, are neurotoxic. Interestingly, mutant HTT toxicity has been found to be
suppressed by the genetic deletion of kynurenine 3-monooxygenase (KMO), the enzyme
that converts kynurenine into 3-HK, in a yeast suppressor screen [64]. In the brain, KMO is
mainly expressed by microglia but not by neurons [65]. A successive study showed that
microglia from the R6/2 mice produced an increased level of neurotoxic metabolites
synthesized by the kynurenine pathway. This increase can be reduced by treatment with
histone deacetylase (HDAC) inhibitors [66]. These drugs have a broad effect in modulating
gene expression by inhibiting deacetylation of histones and, as a consequence, alter
chromatin accessibility by transcription factors. This observation supports the use of HDAC
inhibitors as potential therapeutic agents to treat HD [67].

All these data taken together suggest that cell-autonomous pro-inflammatory activation of
microglia due to the expression of mutant HTT could contribute to the progression of HD
pathogenesis. A schematic summary of cellular and molecular features of microglia and
astrocytes involved in neuroinflammation in HD is presented in Figure 2.

The role of astrocytes in HD neuroinflammation

Astrocytes constitute 90% of cells in the brain and are in charge of several different tasks
[68]. First, astrocytes provide physical support to neurons and microglia by forming a
matrix-type structure. This matrix is required to isolate synapses and limit the dispersion of
neurotransmitters. Astrocytes are also required to remove toxic materials, such as for
example an excess of extracellular glutamate. Furthermore, astrocytes provide neurons,
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microglia, and endothelial cells with factors necessary for proper function and help maintain
the extracellular ion balance [69]. Finally, astrocytes provide neurons with nourishment in
form of lactate [69]. In the presence of an insult, astrocytes amplify the inflammatory
process initiated by microglia [70], clean up debris [71,72], and take part in repairing the
damaged tissue [68].

Several reports indicate that mutant HT T-expressing astrocytes are defective in performing
functions that support neuronal wellbeing. Expression of glutamate transporter GLT1 was
lower in astrocytes from R6/2 mice compared with nontransgenic controls [73], and a
subsequent report showed that mutant HTT suppresses glutamate uptake in primary
astrocytes. These phenomena contribute to neuronal excitotoxicity observed in HD [74]. In
fact, striatal neurons are connected by glutamatergic neurons from the cortex, and are for
this reason particularly susceptible to an excess of extracellular glutamate [75]. Transgenic
mice expressing mutant Htt exclusively in astrocytes present with evident body weight loss,
motor function deficits, and shorter lifespans compared with nontransgenic littermates [76].
Furthermore, it has been reported that mutant HTT-expressing astrocytes reduce the
availability of CCL5 to neurons [77]. On the one hand, mutant HTT reduced the
transcription of the CCL5 gene in an nuclear factor (NF)-xB-dependent manner (in
microglia? astrocytes?); on the other hand, it prevents the secretion of CCLS5 protein by
astrocytes in basal conditions. The lack of CCL5 could produce detrimental effects on the
functionality of neurons [78,79]. A recent study reported that the onset of the symptoms in
R6/2 and Hdh?R175/175 HD mouse models was not associated with classical astrogliosis, but
rather with decreased expression of the potassium channel Kir4.1 [80]. This phenomenon
led to elevated in vivo striatal extracellular potassium, which increased medium-spiny
projection neurons (MSNs) excitability in vitro [80]. Viral delivery of Kir4.1 channels in the
striatum ameliorated MSNs dysfunction, attenuated motor phenotypes, and prolonged the
survival of R6/2 mice [80].

Astrocytes expressing mutant HTT are more prone to support pro-inflammatory activation.
In the presence of an inflammatory stimulation, such as lipopolysaccharide (LPS), an
enhanced activation of p65 was observed in astrocytes from R6/2 mice compared with
astrocytes from nontransgenic littermates [81]. Primary R6/2 astrocytes exhibited higher 1kB
kinase (IKK) activity, resulting in prolonged NF-xB activation and the expression of pro-
inflammatory factors, such as TNFa and IL-1f. R6/2 astrocytes also produced more damage
on primary R6/2 neurons in comparison to control astrocytes during inflammation in vitro.
The role of TNFa in HD pathogenesis was examined using the dominant negative inhibitor
XPro1595 [82]. XPro1595 is a selective inhibitor of soluble TNFa that interferes with its
binding to TNFa receptors. Intracranial infusion of XPro1595 decreased the elevated levels
of TNFa in the cortex and striatum, improved motor function, and reduced caspase
activation in R6/2 mice in vivo. Furthermore, a diminished amount of mutant Htt aggregates,
an increased neuronal density, and decreased gliosis in brains of R6/2 mice were observed
after XPro1595 infusion. In partial contrast with these observations is the fact that striatal
injection of adeno-associated virus (AAV)-encoding dominant negative TNF did not rescue
MSNSs in the YAC128 model of HD (i.e., containing a yeast artificial chromosome
expressing the full-length human HTT gene containing 128 CAG repeat expansion in
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exon-1) [83]. Using a lentivirus system to deliver control or mutant Htt N terminal proteins
to all cells of the brain, the Janus kinase (JAK)/STAT3 pathway was found to play a
prominent role in astrocyte activation in mice and monkeys [84] JAK/STAT3 signaling is
commonly triggered by IL-6, a cytokine produced in HD brains by microglia [5]. These
findings are consistent with the possibility that astrocytes amplify pro-inflammatory
signaling initiated by microglia.

Monocytes and macrophages in HD neuroinflammation

Monocytes and monocyte-derived macrophages obtained from blood collected from HD
patients express mutant HTT but do not show increased pro-inflammatory cytokines
expression and/or production compared with monocytes obtained from healthy donors
[12,34,85]. However, these cells are hyperactive in response to an external pro-inflammatory
stimulation [12,85]. Upon LPS stimulation in vitro, mutant HTT in myeloid cells binds
IKKy and results in increased NF-«B activity, likely explaining the altered transcription of
NF-kB target genes, and RNAI of HTT reverses the effects associated with NF-xB
dysregulation [85]. Monocytes from HD individuals display phenotypic heterogeneity in
terms of M1-M2 polarization throughout the clinical course of the disease [86]. Pre-HD
subjects and early-stage HD patients showed a preferential pro-inflammatory M1 phenotype.
Intriguingly, macrophages from HD patients in the late stage of the disease displayed
changes in the expression of surface markers in favor of an anti-inflammatory M2 phenotype
[86]. Furthermore, NF-xB—p65 protein expression is increased in macrophages from pre-HD
subjects [86]. This predominant M1 activation observed in pre-HD subjects and early-stage
HD patients is associated with a reduction of the number of TGFf-producing cells, which is
likely the explanation of the reduced level of this anti-inflammatory cytokine in the patients’
serum [86].

Mutant HTT is also associated with defective macrophage migration. Macrophages isolated
from the BACHD mouse model of HD (i.e., containing a bacterial artificial chromosome
expressing the full-length human HTT gene containing 97 mixed CAA-CAG repeat
expansion in exon 1) exhibit impaired migration to an inflammatory stimulus, and this
defect was also seen in blood monocytes from HD patients [87]. It is possible that the
observed defect in migration of mutant HTT-expressing macrophages could help explain the
absence of innate immune cells infiltration detected in HD brains. This same group recently
reported that CD11b+ bone marrow (BM) myeloid cells as well as BMDM from R6/2,
HdhQ150, and YAC128 HD mice fail to show increased pro-inflammatory cytokine
production or phagocytosis before as well as after pro-inflammatory stimulation in vitro
[88]. Instead, blood-derived CD11b+ myeloid cells showed increased pro-inflammatory
cytokines secretion after a substantial pro-inflammatory stimulation, such as interferon
(IFN)-y priming and stimulation with LPS for 24 h. We also observed a lack of differential
pro-inflammatory gene expression between BMDM from R6/2 and Hdh?R75/175 mice and
nontransgenic littermates [34]. These observations show that peripheral immune cells
expressing mutant HTT are defective rather than hyperactive. Thus, they seem to be poorly
involved in triggering inflammatory processes in the CNS in HD.
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Impact of neuroinflammation on HD pathogenesis

Striatal microglia in YAC128 mice show age-dependent changes in morphology, including a
decrease in microglia ramifications that is associated with a reduction in blood vessel
diameter and an increase in density [35]. Based on the idea that systemic challenge with LPS
is known to induce a pro-inflammatory activation of immune cells in the periphery as well
as in the CNS [89], YAC128 mice were challenged with peripheral injection of LPS [35].
Although LPS caused an increase in microglia activation, the phenotypic hallmarks of HD in
YAC128 mice, such as motor coordination deficits and decreased striatal volume, were not
exacerbated by chronic peripheral LPS exposure [35]. In another study, wild type (WT) BM
cells were transplanted into two lethally irradiated transgenic mouse models of HD that
ubiquitously express mutant Htt [90]. BM transplantation resulted in increased levels of
synapses in the cortex, but conferred only modest benefits in terms of hypokinetic and motor
deficits. This cannot be attributed to a decreased efficiency of the transplantation, because
reconstitution of HD mice was comparable and/or superior to that of WT mice. Importantly,
transplantation of HD BM into WT mice was stated to not cause behavioral or
neuropathological deficits [90], but these data were not shown and it is unclear whether the
efficiency of transplantation in this experiment was comparable between the two genotypes.
In addition, this result could be partially explained by the fact that macrophages from mouse
models of HD showed defective migratory capacities [87]. Thus, it is possible that the
transplanted cells efficiently reconstituted the recipient mice, but did not reach the brain.
Finally, it has been observed that neither CD11b+ BM myeloid cells nor BMDM of three
different HD mice models show increased cytokines production or phagocytosis after strong
pro-inflammatory stimulation [88]. These observations provide additional evidence that
peripheral immune cells expressing mutant HTT are not major contributors to HD
neuroinflammation.

Microglia and macrophages represent two different myeloid cell populations, due to their
different origins and environmental influences [36,38,39]. For these reasons, we considered
the possibility that sterile inflammation specifically in the brain could be triggered in HD
patients by endogenous molecules, such as components of dead neurons and protein
aggregates, referred to as damage-associated molecular patterns (DAMPSs). In addition, it is
possible that extracellular mutant HTT could be detected as a DAMP, inducing an immune
response similar to what happens to amyloid (A)-p when phagocytosed by macrophages
[91]. In fact, it has been shown that polyQ peptides can be phagocytosed by Cos7 and
neuronal PC-12 cells in culture [92]. A recent study reported the presence of mutant HTT
aggregates within intracerebral allografts of striatal tissue in three HD individuals who
received transplants approximately a decade earlier and subsequently died secondary to the
progression of their disease [93]. The mutant HTT aggregates were observed in the
extracellular matrix of the transplanted tissue, while in the host brain they were seen in
neurons, neuropil, extracellular matrix, and blood vessels. Furthermore, transneuronal
propagation of mutant HTT has been observed ex vivo and in vivo in three different neural
network models [94]. Given these findings, it is plausible that extracellular mutant HTT
fragments could trigger sterile inflammation, which in turn could lead to a further microglia
activation resulting in an increased neuronal death and the activation a chronic ‘feed forward
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loop’ (Figures 1 and 2). Consistent with this possibility, stereotactic injection of LPS (as an
inducer of sterile inflammation) into the striatum of mice expressing mutant Htt exclusively
in microglia in the CNS resulted in enhanced incidence of neuronal death in comparison to
nontransgenic littermates [34]. These results support a role of mutant HT T-expressing
microglia in initiating and/or amplifying endogenous pro-inflammatory signals that result in
neurotoxicity.

Concluding remarks

There is now substantial evidence that expression of mutant HTT protein results in a cell-
autonomous pro-inflammatory state of activation of microglia and, to a certain extent, of
astrocytes. Furthermore, astrocytes, whose main role is to support and provide nutrients to
neurons, appear to be defective in HD [80]. By contrast, monocytes and macrophages
expressing mutant HTT do not show differences in pro-inflammatory cytokines production
under basal conditions, but seem to be hyperactive after external pro-inflammatory
stimulation [12,85]. Furthermore, macrophages from mouse models of HD as well as
monocytes from HD individuals exhibit defective migratory capacities [87]. Thus,
monocytes and macrophages appear defective in HD.

Systemic challenge of peripheral immune cells via LPS injection in HD mice as well as
transplantation of mutant Htt-expressing BMDM into WT mice did not cause behavioral or
neuropathological deficits in comparison to control animals [90]. BM transplantation into a
mouse model of HD induced increased levels of synapses in the cortex, but conferred only
modest benefits [90]. Instead, transgenic mice expressing mutant Htt exclusively in
astrocytes show several symptoms of HD with time, demonstrating that mutant HTT
expression in non-neuronal cells is sufficient to cause neurological symptoms [76].
Furthermore, mice that express mutant Htt exclusively in microglia showed an enhanced
neuronal death in the presence of sterile inflammation. These results suggest a potential
contribution of mutant HTT-expressing brain immune cells activation and
neuroinflammation to the development of HD pathogenesis. Of course, neuroinflammation
and microglia activation are not the primary cause of HD. In fact, recent studies with BAC
HD mice showed marked amelioration of disease with reduction of mutant Htt in both
cortical and striatal neurons, without affecting its expression in microglia [95]. The selective
induction and/or reduction of mutant HTT expression in specific brain cells populations,
such as cortical neurons [95,96], microglia [34], and astrocytes [76], have helped define the
non-cell-autonomous mechanisms as well as some of the basis for selective neuronal
vulnerability underling HD pathogenesis. All of these observations support the notion that
cell—cell interactions are necessary for the generation of the striatal pathogenesis typical of
HD. Furthermore, these results support once more the previously defined concept that both
cell-autonomous toxicity and cell—cell interactions are necessary to define HD pathogenesis
[96].

Similarly to the mutation in HTT protein that confers cell-autonomous pro-inflammatory
activation to microglia in the context of HD, two different mutations have recently been
linked to cell-autonomous roles of microglia activation in the context of AD. The R47H
substitution in triggering receptor expressed on myeloid cells 2 (TREM2) has been
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associated with late-onset AD [97]. TREM2 is a receptor expressed on the microglia surface
and it is involved in the clearance of neural debris [98]. TREM2 signaling creates an anti-
inflammatory cytokine environment, as well as mediates the clearance of apoptotic neural
tissue [98]. It has been shown that the R47H substitution leads to an increased predisposition
to AD through impaired cell surface transport and phagocytosis [97,99]. Recently, it has
been reported that TREM2 deficiency augments Af} accumulation due to a dysfunctional
response of microglia [100]. Furthermore, the R47H mutation was shown to impair TREM2
detection of lipid ligands [100]. These results suggest that chronic inflammation coupled
with dysfunction in the microglia clearance of Af neurodegeneration in TREM2-associated
AD.

Natural genetic variants in the CD33 gene have been identified as additional risk factors for
AD [101]. AD brains have increased CD33 and CD33+ microglia [101]. Mice lacking CD33
have less AD pathology, suggesting a role of microglia for Af clearance [101]. Recently, it
has been shown that the minor allele of the CD33 single nucleotide polymorphism (SNP)
rs3865444 confers protection against AD [101]. This SNP was associated with reductions in
both CD33 expression and insoluble AB42 levels in AD brain [101]. These observations
suggest the idea that suppressing CD33-mediated microglia pro-inflammatory activation
could represent a novel therapeutic approach for AD. A major difference between AD and
HD is the fact that, in the first, the role of neuroinflammation is still controversial [102,103].
In fact, in AD, neuroinflammation has been described as impairing as well as promoting the
progression of the disease [102,103]. Instead, in HD, all the available data point toward a
deleterious contribution of neuroinflammation to the disease development in all stages of
progression and a worsening of this situation with aging [8-11].

From this review of the literature emerges the concept that neuroinflammation is a strong
component of HD pathogenesis. The expression of mutant HTT alters specific processes in
microglia and astrocytes, such as transcription, cell signaling, cytokine release, and
migration. Altered functions of microglia and astrocytes may lead to a chronic pathogenic
inflammatory response that contributes to the death of additional neurons, and, as
consequence, more neuroinflammation, in a ‘feed-forward loop’. Also, the activities of
microglia are influenced by astrocytes and neurons and vice versa through cell—cell
interactions, cytokines, and neurotransmitter release, respectively. A challenge for the future
will be to shed light on the complex interplay between neurons, microglia, and astrocytes,
which could be defined as the ‘choreography of neuroinflammation’ (Figure 2). The
increasingly well-established roles of the single ‘dancers’ in the pathogenesis of HD may
also prove instructive for understanding the roles of microglia and astrocytes in other
neurodegenerative disorders, such as PD and AD (Box 1).

Astrocyte the most abundant type of glial cell in the brain. Astrocytes play

numerous roles in supporting neuronal function and establishing the
blood—brain barrier
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Chemokine a group of small proteins within the broad category of cytokines that are

released from cells and result in directed migration of nearby cells.
Cytokines play important roles in attracting immune cells to sites of
injury and infection

Cytokine a broad category of small proteins that are released from cells and exert

biological effects on target cells. A subset of cytokines, including
molecules such as TNFa and IL-6, are released from activated microglia
and astrocytes and promote inflammatory responses

Damage this term refers to endogenously derived molecules that are recognized

associated by pattern recognition receptors as indicators of tissue injury

molecular

pattern

(DAMP)

Gliosis a histological term referring to an increase in the number of glial cells in
the brain accompanied by morphological changes associated with glial
activation

Microglia the major resident macrophage population in the brain. In addition to

contributing to tissue homeostasis, microglia play primary roles in
sensing injury and infection through expression of pattern recognition
receptors

Monocyte a circulating innate immune cell that can migrate into tissues in response
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Box 1
Focus on HD

HD is an inherited neurodegenerative disorder characterized by abnormal involuntary
jerking movements similar to a dance (chorea), muscle problems, such as rigidity and
contracture (dystonia), cognitive impairment, and emotional disturbance. The cause of
HD is a single mutation, a specific expansion of the CAG stretch in the HTT gene that
translates into an expanded poly glutamine tract in the HTT protein. Despite being
ubiquitously expressed throughout the body, mutant HTT affects specifically a
population of inhibitory neurons called MSNs localized in the central part of the brain
called the striatum (composed of the caudate nucleus and putamen). The second most-
affected area of the brain in HD is the cortex, the external part of the brain that projects
into the striatum. One of the main mechanisms by which mutant HTT affects neurons
function and viability is called excitotoxicity. This is a pathological process by which
neurons are damaged or killed by excessive stimulation by excitatory neurotransmitters,
such as glutamate. NMDA and AMPA receptors, when activated by pathologically high
levels of glutamate, allow high levels of calcium ions to enter the cells. This in turn
triggers the activation of several enzymes that damage cell components. Several murine
models have been generated to study HD and these can be grouped in three main
categories: (i) expressing N terminus human mutant Htt (R6/2, N-171); (ii) expressing
full-length human mutant Hit (YAC 128, BAC HD); and (iii) knock-in models, where an
expanded CAG stretch has been inserted in the endogenous mouse Htt gene (HdhQ150,
Hdh?R175), For an exhaustive review on the topic, see [104].
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Figure 1.
A model for mutant Huntingtin (HTT) microglia cell-autonomous activation and reactive

microglia responses to neurodegeneration. In the presence of mutant HTT, increasing PU.1
expression and PU.1- CCAAT/enhancer-binding protein (C/EBP) promoter binding leads to
increased enhancer activity under basal conditions that results in increased expression of
basal pro-inflammatory and neurotoxic genes. This phenomenon increases the sensitivity to
pro-inflammatory signals. In fact, under conditions of sterile inflammation, mutant HTT-
expressing microglia appear to be more efficient in inducing neuronal death. We
hypothesize that components of dead neurons or mutant HTT aggregates could trigger sterile
inflammation, and this, in turn, could lead to further microglia activation, resulting in
increased neuronal death and the activation of a chronic ‘feed-forward loop’. Adapted from
[34]. Abbreviations: IL, interleukin; TNF, tumor necrosis factor.
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Figure2.
The choreography of neuroinflammation in Huntington’s disease. Expression of mutant

Huntingtin (mHTT) in neurons triggers cell-autonomous neuronal degeneration and
apoptosis (top center). In parallel, expression of mMHTT in microglia triggers cells
autonomous pro-inflammatory activation characterized by the release of pro-inflammatory
cytokines, reactive oxygen species (ROS), and neurotoxic metabolites (center left). At the
same time, expression of mHTT in astrocytes induces the cell-autonomous repression of
several factors involved in the support of neurons wellbeing, such as, for example,
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Chemokine (C-C motif) ligand (CCL)-5, transforming growth factor (TGF)-f, and so on
(center right). With the progression of neurodegeneration, endogenous molecules, such as
components of dead neurons, protein aggregates, and potentially extracellular mHTT could
be detected as DAMPSs, inducing an innate immune response similar to what happens when
amyloid (A)-f is phagocytosed by macrophages (center). Thus, enhanced pro-inflammatory
microglia activation supported by pro-inflammatory cytokine-triggered astrocyte activation
will result in further damage to neurons and the activation of a chronic ‘feed-forward loop’
of neurodegeneration. Abbreviations: IL, interleukin; NF, nuclear factor; TNF, tumor
necrosis factor.
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