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Abstract: Huntington’s disease (HD) is a neurodegenerative genetic disorder caused by a CAG re-
peat expansion in the huntingtin gene. HD causes motor, cognitive, and behavioral dysfunction.
Since no existing treatment affects the course of this disease, new treatments are needed. Inflamma-

tion is frequently observed in HD patients before symptom onset. Neuroinflammation, characterized
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by the presence of reactive microglia, astrocytes and inflammatory factors within the brain, is also
detected early. However, in comparison to other neurodegenerative diseases, the role of neuroin-

flammation in HD is much less known. Work has been dedicated to altered microglial and astrocytic
Dor: functions in the context of HD, but less attention has been given to glial participation in neuroin-
flammation. This review describes evidence of inflammation in HD patients and animal models. It
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also discusses recent knowledge on neuroinflammation in HD, highlighting astrocyte and microglia
involvement in the disease and considering anti-inflammatory therapeutic approaches.
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1. INTRODUCTION

Huntington’s disease (HD) is an autosomal dominant
neurodegenerative disorder whose onset occurs in adulthood
with a progressive course of motor, cognitive, and psychiat-
ric symptoms. It is caused by CAG repeat expansion in the
huntingtin (Htt) gene leading to an expanded polyglutamine
region in exon 1 of the protein [1]. This region exhibits CAG
repeat polymorphism below 35 CAG repeats; between 35-39
CAG repeats, HD penetrance is incomplete, and above 40
CAG repeats, penetrance is complete. Htt is found in all hu-
man and rodent tissues, although it is more abundant in the
central nervous system (CNS), where it is found predomi-
nantly in the cytoplasm of brain cells [2]. There are numer-
ous Htt functions that play a role in the development, axonal
transport, and cell survival [3]. Mutant Htt (mHtt) forms
soluble fragments and aggregates that appear to be toxic to
neurons, particularly to medium spiny neurons in the stria-
tum, subsequently reaching other areas such as the cerebral
cortex, whereas the cerebellum is usually spared from the
neurodegenerative process [4]. Although several mecha-
nisms have been implicated in HD pathology, why mHtt
causes neurodegeneration remains unsolved. These mecha-
nisms include defects in axonal transport, such as vesicle
transport and recycling. Indeed, impaired vesicular traffick-
ing of brain-derived neurotrophic factor (BDNF) has been
reported [5], and it may contribute to the decreased BDNF
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levels observed in HD patients [6]. Also, excitotoxicity in-
duced by overactivation of N-methyl-D-aspartate (NMDA)
receptors [7], transcriptional dysregulation [8, 9], altered
proteostasis [10], and mitochondrial dysfunction [11], have
all been associated with HD. In addition, HD may result
from cell-autonomous and non-cell-autonomous mechanisms
[12]. Neuroinflammation is another mechanism possibly
involved in HD pathogenesis. Nevertheless, the exact contri-
bution of the inflammatory process to this disease is not
completely understood. Here, we review evidence of in-
flammation in HD in humans and in animal models to help
understand the role of neuroinflammation in HD.

2. HUNTINGTON’S DISEASE

The age of onset of HD in patients is around 45 years; the
higher the number of CAG repeats in the Htt gene, the earlier
the symptoms appear. Between 4.4 and 11.5% of HD sub-
jects have a late onset (over 60 years), which implies a slow
and benign progression of the disease [13]. In rare cases,
when symptoms begin before the age of 20, the disease is
termed juvenile Huntington's disease, and subjects present
behavioral disturbances, school learning difficulties, and
cerebellar symptoms associated with motor, speech, and lan-
guage delay [14]. Presymptomatic HD patients show no
signs or symptoms of motor or cognitive disturbances but
might exhibit some changes in neuroimaging. Prodromal HD
subjects begin to have subtle motor and cognitive disturb-
ances. Behavioral changes may occur often even prior to
motor symptom onset. Presymptomatic and prodromal HD
subjects are both premanifest HD, i.e., before the motor di-
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agnosis of HD, and can be examined to find therapeutical
targets that delay or modify the course of the disease [15]. A
two-year clinical study involving a presymptomatic HD co-
hort approximately 24 years prior to anticipated clinical on-
set reported normal brain function but an increase in sensi-
tive measures of neurodegeneration, such as smaller caudate
and putamen volumes [16].

After the disease is diagnosed based on motor symptoms,
the manifest or symptomatic HD patients go through early,
moderate, and advanced disease stages. The symptoms that
characterize HD when the disease becomes manifest include
motor, cognitive, and psychiatric dysfunctions [14, 15]. Mo-
tor disturbances comprise the characteristic unwanted invol-
untary movements, which tend to be progressive. Early in the
disease, the patients are mostly hyperkinetic with involuntary
chorea. In later stages, however, hypokinesia with bradyki-
nesia and dystonia predominate. Motor disturbances in daily
activities progress over time and may lead to difficulties in
walking and standing, as well as frequent falls. Behavioral
and psychiatric symptoms are often consistent with frontal
lobe dysfunction. Initially, patients may present poor atten-
tion, impulsivity, and irritability. Later in the disease, there is
prominent apathy, loss of intuition, and creativity. Psychosis
can appear at later stages. Cognitive decline is one of the
main features of HD and may also be present before the on-
set of motor disturbances. The cognitive changes are more
prominent for executive functions, i.e., patients have difficul-
ty in organizing, multitasking, and planning. These symp-
toms then progress to dementia. It was recently reported that
specific cortical changes can predict a decline in motor and
cognitive performance, contributing to regional variability of
cortical atrophy [17].

The mHtt inclusions are a key neuropathological hall-
mark of HD since these structures are detected in HD brains
[18]. Nuclear inclusions can be detected before symptom
onset in presymptomatic gene carriers [19]. Degeneration in
HD brains initially involves the dorsal striatum where medi-
um spiny neurons present nuclear inclusions and dystrophic
neurites, whereas striatal interneurons are selectively pre-
served. Postmortem analysis indicates that 95% of HD brains
present bilateral atrophy of the striatum [20]. In the cerebral
cortex, the number of cortical pyramidal neurons in layers
III, V, and VI of the prefrontal cortex of HD patients is re-
duced [21]. Indeed, it was shown that neuron cell loss in the
cerebral cortex is heterogeneous, explaining different symp-
tom profiles found in HD [22, 23]. There is also a remarka-
ble white matter loss in HD patients even before symptoms
develop [4]. Interestingly, increased density of oligodendro-
cytes in the striatum may precede symptom onset [20]. Reac-
tive gliosis is consistently seen in the striatum of HD pa-
tients, where reactive fibrillary astrocytosis and reactive mi-
croglia are detected [20]. Importantly, reactive astrogliosis is
not detected in the rest of the brain structures even when
there is atrophy [20]. Astrocyte reactivity is an early event in
HD since it can be detected in the striatum of presymptomat-
ic carriers, increasing with disease progression [24]. Also,
activated microglia are detected in the striatum and cerebral
cortex, showing a disease grade-dependent increase [25]. By
contrast, there are no infiltrating lymphocytes in HD brains
[20].
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3. INFLAMMATION IN HD PATIENTS

The innate immune system activation induces an imme-
diate generic response to a wide range of pathogens or
stressors, whereas the adaptive immune system generates a
highly specific response largely mediated by T and B lym-
phocytes. In HD, there is considerable evidence of activation
of the innate immune cells both in the CNS and in the pe-
riphery, but very little information regarding the role of the
adaptive immune system is available. Inflammation in HD
can be triggered by the response of glial cells to neuron-
autonomous degeneration or by the activation of immune
cells resulting from the expression of mHtt or both at the
same time. Neither the mechanism nor the contribution of
inflammation to HD pathogenesis has been elucidated.

3.1. Neuroinflammation

Neuroinflammation, characterized by reactive gliosis and
the production of soluble inflammatory factors in the CNS, is
a component of several neurodegenerative disorders [26, 27].
In contrast to other neurodegenerative diseases, HD shows
no significant infiltration of peripheral immune cells into the
brain [20, 25]; therefore, major inflammatory processes are
performed by activated microglia and astrocytes. Reactive
astrocytes are observed in presymptomatic HD and correlate
with disease severity [24], whereas reactive T cells are not
detected in HD brains [28]. Reactive microglia are present in
the striatum and cortex of HD brains, where neuron loss is
observed in postmortem studies [25]. Positron emission to-
mography (PET) imaging has the potential to detect changes
in patients’ brains at the early stages of the disease. Neuroin-
flammation can be inferred from the detection of translocator
protein (TSPO) expression, which is expressed at low levels
in healthy CNS but upregulated by microglia and astrocytes
in neuroinflammatory processes [29]. PET imaging shows
increased levels of TSPO tracer in vivo in HD striatum cor-
relative with HD severity, which was attributed to microglia
activation [30]. Moreover, activation of microglia was also
present in presymptomatic gene carriers [31], indicating that
it is an early event in HD pathogenesis. However, these stud-
ies have been carried out using a second-generation TSPO
tracer with a poor signal-to-background ratio. A recent study,
involving another tracer with a high signal-to-background
ratio, performed PET imaging on HD patients and found that
microglial activation is significant in manifest HD but not in
premanifest HD [32]. Nevertheless, this study had an im-
portant limitation because it included a small group of pa-
tients.

Inflammatory mediators are found in the CNS and the
cerebral spinal fluid (CSF) of HD subjects (Table 1) [33-56].
In postmortem striatal tissue of HD patients, IL-6, IL-8, and
tumor necrosis factor (TNF)-a levels have been found to be
up-regulated [33]. Another report analyzed three brain re-
gions: striatum, cerebral cortex, and cerebellum, with the last
one usually less affected in HD patients. It showed signifi-
cantly increased levels of IL-10 and CCL2 (also known as
MCP-1) mRNA and a trend towards an increase in IL-1[ and
TNF-o0 mRNA, only in the striatum of HD patients; IL-8
mRNA was augmented in the striatum and cortex, whereas
IL-6 and MMP9 exhibited increased mRNA levels in the
cortex, striatum, and cerebellum [28]. IL-1 was found to be
increased in cortical tissue of manifest HD subjects [42].
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Surprisingly, only one study showed decreased levels of sev-
eral cytokines, such as IL-1f, IL-8, and TNF-o [40].

Examination of CSF from manifest HD showed elevated
levels of IL-6, chitinase 3-like protein-1 (CHI3LI1, also
known as YKL-40), and chitotriosidase, no change in IL-8
levels, and no detectable IL-1B or TNF-a levels [43]. YKL-
40 and chitotriosidase are glycosyl hydrolases secreted from
immune cells, such as macrophages, astrocytes, and micro-
glia, whose expression is increased in several CNS disorders
[57, 58]. YKL-40 mRNA levels are markedly increased in
human astrocytes and macrophages, and can also be induced
by pro-inflammatory factors [59]. Remarkably, CSF levels of
YKL-40 were higher in manifest HD subjects and correlated
with the disease stage and motor score of HD patients [43].
Moreover, a premanifest HD cohort, estimated to be around
24 years before predicted clinical disease onset, was recently
shown to have smaller caudate and putamen volumes togeth-
er with high levels of YKL-40 in CSF [16].

Clusterin, whose expression is induced by inflammation,
functions as a chaperone-like protein clearing aggregates,
and it was suggested to prevent the Ap deposition character-
istic of Alzheimer’s disease [60]. Clusterin is involved in
complement system regulation and its levels are increased in
the caudate nucleus of HD brains [35]. Indeed, several com-
plement pathway factors have been observed to be abundant-
ly expressed in the HD striatum and absent in the cerebral
cortex [35]. Clusterin was also increased in the CSF of HD
subjects, whereas cytokines, such as IL-1f3 and TNF-a, were
not detected [44]. Also, complement components were ele-
vated in HD CSF [45].

Differential gene expression in the caudate, prefrontal
cortex, motor cortex, and cerebellum of HD patients was
examined by microarray analysis. Interestingly, HD caudate
had the largest number of mRNA changes; also, the motor
cortex exhibited changes, but the prefrontal cortex and cere-
bellum showed to be relatively unchanged [8]. Among the
top 30 regulated genes increased in the striatum of HD sub-
jects were inflammatory factors, such as complement pro-
teins 3 (C3), C4a, and C4b, and glial fibrillary acidic protein
(GFAP), whereas C4b was upregulated in the cerebellum [8].

Toll-like receptors (TLRs) are pattern recognition recep-
tors that identify non-self-molecules and then activate immune
system cells, resulting in cytokine production. TLR2 and 4 are
expressed primarily by microglia and, to a lesser extent, by
astrocytes, oligodendrocytes, and neurons [61]. HD brains
show increased mRNA levels of IL-6 and TLR2 in the stria-
tum, but only TLR2 is elevated in the cerebral cortex [34].
Recently, TLR4 protein was reported to be increased in the
putamen of a small cohort of HD patients, whereas no differ-
ences were found in cortical tissue [37]. Interestingly, the au-
thors found two TLR4 polymorphisms to be associated with
the rate of motor decline in HD patients [37].

In human putamen, mRNA and protein levels of
CX3CL1 chemokine (also known as fractalkine) were found
to be decreased [36]. Transforming growth factor- 3 (TGF-p)
is a multifunction cytokine with actions in the innate and
adaptive immune responses and in neuroprotection [62].
TGF-B1 immunoreactivity is increased in the HD striatum
and decreased in the HD cortex [38]. A more recent study
showed TGF-B1 immunoreactive cells to be increased with
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disease severity and colocalized with a gradual increase in
GFAP immunoreactive astrocytes, whereas microglial mark-
er ionized calcium-binding adaptor molecule 1 (Ibal)
showed no colocalization, suggesting that astrocytes upregu-
late TGF-B1 in the HD brain [39].

CCL5/RANTES, a chemokine with low levels of expres-
sion in the CNS, is also involved in neuroinflammation [63].
CCLS5 immunoreactivity was found to be associated with
GFAP in the caudate nucleus and frontal cortex of HD pa-
tients, whereas non-HD controls showed low or no reactivity
[41].

Matrix metalloproteinases (MMP) are produced by glial
cells in inflammatory processes and can induce neurotoxici-
ty. MMPs were examined as potential modifiers of Htt pro-
teolysis and toxicity in HD [64]. In fact, MMP9 expression
was increased in the striatum, cortex, and cerebellum of HD
patients [28]. MMP9 and MMP3 were found to be elevated
in CSF of HD patients, which correlated with the subject’s
motor score [47]. MMP3 is secreted by neurons and acts as
an inflammatory signal, inducing cytokine release from mi-
croglia [65]. Hence, elevated MMPs in CSF support activa-
tion of microglia and astrocytes in the HD brain.

A recent study evaluated the expression of sCD27, a
marker of adaptive immunity that reflects T-cell mediated
neuroinflammation, but although its levels were increased in
the CSF of HD subjects, they did not correlate with clinical
scores [46]. The CSF of HD subjects was shown to have
decreased IL-7 and IL-16 levels and increased IL-17 and
lymphotoxin-a levels, together with a higher frequency of
CD4-positive T cells and Th17.1 cells in premanifest HD,
providing evidence of lymphocyte activation in HD [48].
Recently, human HD pluripotent stem cells were differenti-
ated into microglial-like cells and showed increased IL-6 and
TNF-a release when stimulated with bacterial lipopolysac-
charide (LPS) plus interferon-y (IFN-y) [49]. Altogether, the
results reflect innate immune activation in HD, indicating an
inflammatory environment in the HD brain. This effect is far
more evident in the striatum of HD subjects but is also pre-
sent in the cerebellum, suggesting that inflammation may
impact brain regions differently.

3.2. Peripheral Inflammation

The value of inflammatory factors as biomarkers of HD
progression is still under investigation; nevertheless, several
factors produced by innate immune cells are elevated in the
plasma of HD patients, indicating that there is immune pe-
ripheral activation (Table 1). Cytokines IL-6, IL-8, and TNF-
o [33], as well as clusterin [44], VEGF, and MMP8 [51] are
higher in the plasma of HD patients. Plasma clusterin levels
increase in parallel with CSF clusterin levels.

TGF-B1 has neuroprotective and anti-inflammatory prop-
erties, and its peripheral levels may depend on the produc-
tion by monocytes/macrophages. TGF-B1 levels were report-
ed to decrease in plasma of asymptomatic HD, whereas they
did not change in symptomatic HD patients [38]. In another
report, the same group demonstrated that lymphocytes and
granulocytes expressing TGF-f1 were similar in control and
HD patients, but macrophages expressing TGF-B1 in pre-
manifest HD individuals were lower in comparison to con-
trol patients [39]. This decrease was not observed in manifest
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Table 1.

Inflammation in HD patients.
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premanifest HD

in manifest HD

HD Patient Sample Increased Decreased Unchanged Refs
CNS - - - -

Striatum mRNA IL-6, IL-8, TNF-ou [33]

IL-6, IL-8, MMP9, IL-10, CCL2/MCP1 IL1-B, TNF-o [28]

IL-6, TLR2 [34]

Clq, C4, C3, clusterin, C5aR, C3aR [35]

C3, C4a, C4b, GFAP, YKL-40, Cx43 [8]

CX3CL1 [36]

Striatum protein TLR4 (putamen) TREM2 (putamen) [37]

TGF-B1 (caudate) [38]

TGF-B1 (caudate) [39]

CX3CL1 (putamen) [36]

IL1-B, IL-8, TNF-a, CCLS,

CCL4/MIP1B [40]

CCLS/RANTES (caudate) [41]

Cortex mRNA IL-6, IL-8, MMP9 [28]

TLR2 - IL-6 [34]

Cx43, YKL-40 [8]

Cortex protein TLR4, TREM2 [37]

TGF-B1 [38]

Clq, C3,C4 [35]

CCLS/RANTES [41]

IL1-B [42]

Cerebellum mRNA IL-6, MMP9 [28]

C4b - - [8]

CSF premanifest YKL-40 1L-6, IL-8 [16]

CSF manifest IL-6, YLK-40, chitotriosidase IL-8 [43]

Clusterin [44]

Clqe, C2, C3, YKL-40(CHI3L1) YKL-40' [45]

sCD27 TIMP, MMP1 [46]

MMP3, MMP9 [47]

IL-17, LT-0, VEGF IL-7,1L-16 [48]

Microglia differentiated IL-6, TNF-o. - IL1-B, IL-8, IL-10' [49]
from human PCS*

PERIPHERAL TISSUES - - -

Serum TGF-B1 TGF-B1 [38]

C3, IgA, sTNF-R, sIL-2R, neopterin tryptophan IgG, IgM, C4 [50]

Plasma IL-4, IL-5, IL-6, IL-8, TNF-o. IgG, IgA, IgM [33]

Clusterin [44]

TGF-B1, IL-6, VEGF, MMP8 IL-18 IL-16, MMP3, MMP10, [51]

TIMP-2, MIP1o, MIP3f3

CCL2/MCP1, MIP1, eotaxin, eotaxin-3, MCP4 [52]

C-reactive protein [53]

Plasma (premanifest HD) IL-1B IL-6, IL-8, TNF-o. ' [54]

C-reactive protein in premanifest HD TNF-o [55]

Monocytes-macrophages® IL-6 - - [33]

Monocytes-macrophages® IL-6, IL-8, TNF-o - - [56]

Unstimulated monocytes - - IL-6, TLR2 [34]

Unstimulated lymphocytes - - TGF-B1 expressing cells [39]
and granulocytes

Unstimulated monocytes - TGF-B1 expressing cells in TGF-B1 expressing cells [39]

s=stimulated with LPS+IFN, i=increasing trend, PSC=pluripotent stem cells.
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HD patients with more severe disease scores. However, the
plasma of manifest HD subjects also showed increased levels
of TGF-B1, whereas no change was detected in premanifest
individuals [51]. Regarding chemokines, very little infor-
mation is available, although chemokines, such as
CCL4/MIP1f3, CCL2/MCP1, CCL13/MCP4, CCL11/ eotax-
in, and CCL26/eotaxin-3, were found to be elevated in HD
plasma [52] while others showed no change [51]. However,
it is still unknown how chemokine alterations might influ-
ence HD pathology.

Regarding peripheral immune cells in HD, IL-6, IL-8,
and TNF-a were elevated in HD blood monocytes and mac-
rophages from premanifest, early, and late manifest HD pa-
tients stimulated in vitro with LPS and IFN [33, 56]. Interest-
ingly, in this study, human HD myeloid cells showed activa-
tion of the NF-xB pathway caused by mHtt interaction with
IKKBY, leading to degradation of the inhibitor IkB and con-
sequent NF-xB activation [56]. Since NF-kB is a master
regulator of the inflammatory response, its activation could
result in pro-inflammatory cytokine production. Moreover,
myeloid cells derived from HD patients treated with Htt-
lowering siRNA showed decreased inflammatory cytokine
levels and NF-xB translocation [56], thereby confirming that
mHtt expression in immune cells induces the activation of
these cells. In fact, mHtt levels in monocytes and T cells
correlate with disease burden scores and caudate atrophy in
HD patients [66]. Although HD individuals had increased
mRNA levels of IL-6 and TLR2 in the striatum, no change
was detected in unstimulated monocytes [34]. Regarding
adaptive immune cells, T cell activation, proliferative re-
sponse, and cytokine release upon stimulation [67], as well
as plasma levels of immunoglobulins, were unchanged in
patients [33]. However, one study showed higher serum lev-
els of IgA than controls [50]. This study also examined solu-
ble receptor levels of TNF-o and IL-2, neopterin, C3, which
were higher in HD patients, whereas tryptophan levels were
decreased [50]. In premanifest HD patients, although plasma
levels of IL-6, IL-8, and TNF-o showed an increasing trend,
only IL-1f levels were increased [54]. Another study showed
C-reactive protein to be elevated in premanifest HD, alt-
hough no changes in TNF-o were observed [55]. In manifest
HD subjects, C-reactive protein plasma levels were found to
be decreased, although several other factors did not change
[53].

Among all the factors reported to increase in HD, IL-6
and TNF-o seem to be most consistently elevated in the
plasma of manifest HD patients, which may be caused by
activated innate immune cells. Further studies are needed to
determine how the immune system responds to HD. Hope-
fully, more uniform methods to assay patients’ samples that
yield more consistent results will contribute to the design of
therapies targeting the immune system centrally or peripher-
ally. In conclusion, inflammation is observed in the brain and
peripheral tissues of HD patients. Whether it is the cause or
the consequence of neuron death is still a matter of debate.

4. HD RODENT MODELS

Animal models of HD have been very helpful in unravel-
ing some mechanisms of neurodegeneration. An animal
model of human disease must recreate the symptoms, patho-
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logical changes, and mechanisms observed in human pa-
tients. This is very difficult to achieve with a single model
because rodents do not develop HD as humans do. There-
fore, our current knowledge of this disease has been built on
diverse studies utilizing different types of HD models with
different characteristics.

The first animal models for studying HD were the non-
genetic or toxic models. Although they are unrelated to the
presence of poli-Q expanded proteins, they generate massive
neuron death, which enables the analysis of potential neuro-
protective treatments for HD. Excitotoxicity induced using
kainic acid causes striatal pathology, but since it has side
effects, it was later replaced by quinolinic acid (QA), an
NMDA receptor agonist. QA is a downstream metabolite of
the kynurenine pathway, a major catabolic route of dietary
tryptophan in mammals. In the brain, tryptophan is taken up
by astrocytes, microglia, and dendritic cells, and converted
into kynurenine, and after several steps, it is transformed into
QA. Since QA cannot cross the blood-brain barrier (BBB), it
is usually administered in the striatum. QA causes striatal
neurodegeneration by excitotoxicity in rats [68], mice [69],
and primates [70], like in human HD [71], and although it
does not affect interneurons, it induces astrogliosis [72] and
motor and cognitive symptoms [73] similar to those of HD.

Selective death of striatal neurons can also be induced by
mitochondrial dysfunction. 3-nitropropionic acid (3NP) is a
natural product found in fungi and plants that acts as an irre-
versible inhibitor of mitochondrial complex II succinate de-
hydrogenase [74]. Since it crosses the BBB, systemically
administered 3NP produces selective striatal neuron loss and
motor and cognitive dysfunction similar to HD in rodents
and nonhuman primates [75]. Specifically, the intraperitone-
al administration of 3NP in murine models causes selective
damage to striatal neurons with atrophy of the striatum [76]
and enables the reproduction of HD hyperkinetic and
hypokinetic symptoms depending on the time of administra-
tion and dose used [77]. 3NP increases the sensibility to ba-
sal levels of glutamate induced by the relief of blockade at
the NMDA receptor and raises the number of electrons re-
leased by mitochondria, generating a rise in reactive oxygen
species (ROS) production and oxidative stress, thereby lead-
ing to cell death [78]. Mitochondrial ROS can activate innate
immunity [79], thus creating a vicious circle. 3NP-generated
excitotoxicity and oxidative stress induce neuronal death by
both necrosis and apoptosis [80], and these mechanisms may
be related to neuroinflammation. We demonstrated that 3NP
reduces the viability of PC12 neurons while increasing ROS
levels and inducing apoptosis [81]. Also, neuronal cell lines
from rat striatum expressing a fragment of human Htt with
15 or human mHtt with 120 CAG repeats exhibit decreased
viability in response to 3NP [82, 83], implicating mitochon-
drial dysfunction as a mechanism of neurodegeneration.

Genetic models of HD are transgenic animals developed
to carry either N-terminal fragment of human mHtt or the
full-length human mHtt randomly inserted in its genome.
This implies that mHtt expression depends on variable pro-
moters and that transgenic mice express three copies of the
Htt gene: two murine wild-type Htt and one human mHtt.
R6/1 and R6/2 were the first transgenic N-terminal models
described [84], and R6/2 is the most widely used HD model.
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R6/2 model was generated by insertion of a fragment of exon
1 of human mHtt with 144 CAG repeats under the control of
human Htt promoter. This model shows a very aggressive
phenotype with neuron loss and atrophy in the striatum and
early onset of behavioral symptoms [85]. R6/2 mice die after
10 to 13 weeks and show nuclear inclusions of Htt [86].
Nevertheless, R6/2 mice show moderate neuronal death in
contrast to human brains, which exhibit profound loss of
striatal and cortical neurons [87]. The N171-82Q mouse,
generated by insertion of a 171, a fragment with 82 CAG
repeats of human Htt [88], presents striatal neuron loss and
inclusions [89]. In general, N-terminal fragment models ex-
hibit a rapid onset of motor, cognitive, and behavioral symp-
toms, weight loss, and early death, as well as a widespread
and generalized degenerative phenotype [90].

Full-length Htt models express human genomic mHtt
transgene under the control of human Htt promoter and regu-
latory elements in a yeast artificial chromosome (YAC) or a
bacterial artificial chromosome (BAC). YAC models include
YACI18, YAC46, YAC72, and YAC128, designated for the
number of CAG repeats [91, 92], whereas BACHD mice
[93] express mHtt with 97 CAG repeats. However, YAC46
and YAC72 exhibit almost no behavioral deficit, whereas
YACI128 and BACHD mice display selective atrophy of the
striatum and cortex, together with slow progressive motor
deficits. Thereby, transgenic mice must have higher CAG
repeats than human patients to recapitulate some features of
HD. Nevertheless, these full-length models exhibit milder
motor dysfunction than the N-terminal model R6/2 [94].
BACHD mice expressing 225 CAG repeats show very early
motor dysfunction, widespread Htt aggregates, and neuron
loss [95]. Another full-length model was generated express-
ing 16, 48, or 89 CAG repeats in which only mice with 48 or
89 repeats showed neuron loss in the striatum and cerebral
cortex and progressive behavioral and motor dysfunction
[96]. A transgenic HD rat model expressing a fragment of
Htt with 51 human-derived CAG repeats inserted in rat Htt
showed slow disease progression and pathology restricted to
the striatum [97]. Later, the BACHD rat expressing full-
length human Htt with 97 CAG repeats, under the control of
human Htt promoter and regulatory elements, showed early
progressive motor impairment and Htt aggregates in the cor-
tex and striatum [98].

Knock-in full-length models were developed for animals
carrying a fragment of the human mHtt gene replacing its
endogenous Htt gene. In these models, the endogenous pro-
moter of mouse Htt and its regulatory elements drive mHtt
expression. Therefore, knock-in mice expressing a hybrid Htt
with only two copies of Htt have a genomic context more
comparable to that of the human disease than transgenic
models. Knock-in mice showed late onset of motor and be-
havioral symptoms and progressive mild pathology, with no
reduction in life span. HdhQI111 [99], CAG140 [100],
Hdh 9" 1101], and zQ175 [102] are the most common
knock-in models used to study HD. HdhQ111 mice show
nuclear inclusions but lack striatal atrophy, and neuronal loss
is observed at a late stage at 24 months, while CAG140 mice
exhibit late neuropathology features at 24 months [103].
However, zQ175 animals show nuclear aggregates, early
onset of motor symptoms, and a more severe phenotype
compared to the others [102].
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In conclusion, HD mice do not recapitulate all neuro-
pathologic changes displayed by human HD brains in one
animal model. HD models exhibit mild neuron loss occurring
at a late stage, and knock-in mice show more subtle symp-
toms than transgenic mice [87]. Despite these observations,
animal models are the best tool available for investigating
HD pathogenesis.

4.1. Reactive Astrocytes in HD Models

Astrocyte reactivity occurs in response to a variety of
pathological conditions and involves morphological changes
since they become hypertrophic, as well as transcriptional
changes, such as upregulation of GFAP expression [104].
Being the main constituent of intermediate filaments in as-
trocytes, GFAP is consequently regarded as a hallmark of
reactive astrogliosis. In human HD patients, the brain reac-
tivity of astrocytes is detected only in the striatum [20]. HD
astrocytes have increased soma size, altered arborization, and
GFAP expression that increases with disease severity [24].
Astrogliosis can be present in some rodent HD models as
shown in Table 2. Non-genetic models reproduce increased
GFAP expression in the striatum. Intrastriatal administration
of QA induces astrogliosis in the striatum of rats [68, 72] and
mice [69]. Likewise, the intraperitoneal administration of
3NP induces higher GFAP immunoreactivity in the striatum
of rats [105-109] and mice [110, 111], although when the
3NP dose is high, it kills neurons and astrocytes so that the
lesion zone lacks GFAP staining while the marginal area
shows increased GFAP immunoreactivity [106]. Even
though the expression of mHtt in transgenic models induces
astrocyte activation, several models do not recapitulate as-
trogliosis, but they show dysfunction. Astrogliosis in the
striatum is undetectable in R6/1 [112] and R6/2 mice [84,
113], although one study found increased GFAP levels in
R6/2 mice 3 months of age [85]. In other studies, N171-82Q
mice showed increased GFAP expression at 4 months [113,
114]. Full-length Htt transgenic mice do not show reactive
astrogliosis in the striatum [115-117] except for HD89 [96]
and BAC-225Q mice, which show increased GFAP levels at
12 months of age [95]. Knock-in mice exhibit striatal astro-
gliosis at later stages, such as 12-24 months [101, 118-122].
In nonhuman primates, two HD-monkeys were generated via
lentiviral transfer of exon 1 of the mHtt transgene with 29Q
or 70Q repeats, respectively. Both HD-monkeys showed
striatal neuron death and increased GFAP expression in the
striatum, which was higher in the monkey carrying mHtt
with 70Q repeats [123]. Intriguingly, reactive astrocytes are
not recapitulated in all HD models, thus caution must be
taken in order to draw conclusions from these models.

4.2. Reactive Microglia in HD Models

Microgliosis is detected in the caudate putamen, cortex,
and globus pallidus of HD brains [25]. The number of reac-
tive microglia expressing increased levels of HLA class II
was elevated in HD caudate [35]. Microglial activation cor-
relates with disease severity in HD patients [30], and can be
detected before symptoms appear [31]. Moreover, microglial
activation in HD patients is present in brain regions related
to cognitive functions [124]. Pro-inflammatory cytokines are
elevated in plasma and striatum of HD patients [33]. Human
monocytes, mHtt-expressing macrophages, and microglia are
hyperreactive in response to LPS releasing higher levels of
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Table 2.  Astrogliosis in rodent HD models.
Toxic Models Strain Dose/Day ASt‘I'OgIIOS.lS/ Ag? or Refs.
Brain Region Weight
. c +
Rats+QA Wistar 75 nmol/ul /Str 1m [68]
Sprague-Dawley 50 pg/pl +/Str 1m [72]
Mice+QA C129SvEv 50 nmol/pl +/Str 1m [69]
Sprague-Dawley 7.5 mg/kg* +/Str 3m [105]
Sprague-Dawley 25 mg/kg* +/Str 250-280 g [106]
Rats+3NP Sprague-Dawley 60 mg/kg * +/Str 3m [107]
Wistar 15 mg/kg ° +/Str 250-300 g [108]
Wistar 10 mg/kg * +/Str 200-250 g [109]
Micel3NP C57BL/6 50 mg/kg ) +/Str 4m [110]
C57BL/6J 15 mg/kg +/Str, -/Cx 1822 ¢ [111]
Transgenic Mice Transgene/ CAG repeats AStrOgho?IS/ Age Refs.
promoter brain region
Human exon 1/ +/Cx, -/Str 4,6m [112]
R6/1 116
human -/Str 9m [113]
Human exonl/ 144- -/Str 1-3m (84),
R6/2 . [113]
human variable +/Str 3m
[85]
+
N171-82Q Hum‘anlﬂaa/ 0 /Str 4m [113]
murine prion +/Str, +/Cx 4m [114]
HD89 Full length Htv 89 +/Str, +/Cx 6-12m [96]
CMV
Full length Htt/ +/Cx, -/Str 15,24 m [115]
YACI128 128
human -/Str 12m [116]
BACHD Full length Htv 97 -/Str 12m [117]
human
Full length Htt -/Str 6 m
BAC-225 225 95
Q /mouse +/Str 12m 93]
Knock-in Mice
HdhQ111 Human exon 1/ 11 +/Str 24m [120]
mouse
Murine exon 1/ +/Str 14 m [101]
Hdh(CA0150 urine ex 150 -/Str 5-6m [113]
mouse -/Str 524m [121]
Hdh200 Murine exon 1/ 200 +/Str, +/Cx 40 and 80 w [118]
mouse
Q175 Human-murine exon 1/ 188 +/Str, +/Cx 49-53 w [119]
mouse +/Str 12m [122]

Str: striatum, Cx: cerebral cortex, m: months, w: weeks, a: intraperitoneal, b: subcutaneous, c: intrastriatal.

IL-6 than control cells [33], indicating that peripheral cells
can mirror pathological changes in the HD brain.

Microgliosis is also seen in HD models. Ibal-positive cells
are found to be increased in the cortex but not in the striatum
of R6/2 mice [125]. However, microglia cell number is in-
creased in the striatum of R6/2 mice and in HD brains [126],
showing ferritin accumulation, and a few of them colocalizing
with Htt [127]. Also, N171-82Q mice at 4 months of age show

increased Ibal-positive cells in the cerebral cortex and stria-
tum [114], and 12 month-old, but not 6-month-old, BAC-
225Q mice exhibit higher microglial cell numbers in the cor-
tex [95]. mHtt inclusions can be present in microglial cells of
R6/2 and zQ175 mice, but its numbers are negligible in com-
parison to neuronal and astrocyte inclusions [128]. Microglial
morphology and brain vasculature are altered in YACI128
mouse striatum [129], and proliferating microglia are observed
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near mHtt-expressing neurons [130]. More recently, it was
shown that striatal microglia from R6/2 mice display a more
mature morphological phenotype, increased phagocytosis, and
fewer contacts with synapsis [131].

4.3. Inflammation in HD Models

Aside from the reactivity of astrocytes and microglia, in-
flammation in the brain and the periphery has been demon-
strated in several HD animal models (Table 3). QA induces
the release of cytokines TNF-a, IL-6, and IL-1 in the striatum
of rats [132, 133] and mice [134]. Systemic treatment with
3NP exhibits increased pro-inflammatory cytokine levels, in-
cluding TNF-q, IL-6, and IL-1p, in the striatum of rats [135]
and mice [136, 137]. Interestingly, TLR4 [138], inducible
nitric oxide synthase (iNOS), and cyclooxygenase 2 (COX2)
[137], all inflammatory factors, were also found to be in-
creased in 3NP-treated animals. Another study showed over-
expression of IL-1a, TNF-a, Clq, and C3 in the striatum, hip-
pocampus, and cerebellum of Wistar rats treated with 3NP
[139]. Several reports on R6/2 mice showed increased levels
of cytokines in the striatum, plasma, serum, and peripheral
immune cells [125, 140-144]. In the N171-82Q mice, one
study found increased plasma levels of IL-12 but not of IL-4
[145]. Regarding YAC128 mice, levels of IL-6 were increased
in serum and macrophages [33, 144, 146], whereas BACHD
mice exhibited increased cytokine levels in several peripheral
organs but not in serum [147]. As for knock-in HD mice,
HdhQ140 and HdhCAG150 animals had several pro-
inflammatory cytokines levels elevated in plasma [145] and
serum [33], respectively, whereas blood monocytes in
HdhCAG150 mice also exhibited high levels of cytokines
[144]. zQ175 mice had increased TNF-o. levels in the striatum
but not in unstimulated peritoneal macrophages [141].

Altogether, these data indicate that astrocytes and micro-
glia are altered in HD models. A moderate immune response
is present in HD models. However, little is still known about
what triggers the immune response in HD. More data are
needed to define the role of immune response in HD.

5. ASTROCYTES IN HD

Astrocytes participate in maintaining brain physiological
functions [148] and the inflammatory response [149]. HD
patients and models show astrocyte dysfunction as well as
reactive astrocytes. Astrocyte dysfunction occurs when these
cells fail to fulfill their normal functions. Thus, deficits in
ion homeostasis, calcium signaling, and neurotransmitter
clearance have been shown to contribute to HD pathology
[150] (Fig. 1). Also, HD astrocytes become reactive cells
producing pro-inflammatory and harmful molecules. For
example, R6/2 astrocytes secreted higher levels of TNF-o
than wild-type astrocytes when stimulated by LPS [125,
140], and HD astrocytes from R6/2 mice exhibited decreased
CCLS release, an important chemokine for neurite develop-
ment and activity in cortical neurons [41]. Since astrocytes
can also release anti-inflammatory, neurotrophic, or antioxi-
dant molecules, they are interesting targets for neuroprotec-
tive approaches in HD [151].

5.1. mHTT Expression in Astrocytes

mHtt inclusions have been found to occur in reactive as-
trocytes in HD patients [35, 152] and mouse models [152]. A
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detailed study on R6/2 and zQ175 mice showed that astro-
cytes exhibited both nuclear and cytoplasmic mHtt inclu-
sions, whose number increased with age, and that these in-
clusions were less abundant than in neurons [128]. Astrocyte
contribution to HD pathogenesis was demonstrated by selec-
tive overexpression of mHtt in astrocytes, which led to a
motor and transcriptional dysfunction [153]. Also, astrocytic
mHtt contributed to the BACHD phenotype as its reduction
improved striatal and cortical volume loss as well as motor
and psychiatric symptoms [154]. Moreover, a study showed
that expressing miRNA directed to Htt in neurons alone was
unable to reduce pathology of YAC128 mice and that reduc-
ing Htt in both neurons and astrocytes was required to
achieve maximal benefit [155]. It was also demonstrated that
increasing the expression of Hsp70-binding protein 1 (a pro-
tein that inhibits Hsp70 and is enriched in neurons) in astro-
cytes of HTT140Q knock-in mice increased levels of mHtt
and induced exacerbation of pathology in these mice [156],
further indicating that astrocyte dysfunction is involved in
HD pathogenesis. Apart from contributing to pathology, HD
astrocytes also lose their protective effects. When the stria-
tum of immunodeficient mice was engrafted with mHitt-
expressing human glial progenitor cells, mice showed im-
paired motor learning and hyperexcitability of striatal neu-
rons. Conversely, transplanting mice with normal human glia
improved motor function and life span and normalized neu-
ron excitability in R6/2 mice [157]. Despite these data, the
basis for glial pathology in HD is still poorly understood.
Astrocytes expressing mHtt exhibit many changes, such as
astrogliosis, secretion of inflammatory factors, impaired glu-
tamate and potassium homeostasis, mitochondrial dysfunc-
tion, and decreased cholesterol synthesis. How these condi-
tions contribute to neuroinflammation has not yet been estab-
lished. Astrocyte dysfunction in HD may be a consequence
of cell-autonomous and non-cell-autonomous mechanisms,
such as neuronal dysfunction coexisting and contributing to
HD pathology.

5.2. Potassium, Glutamate, and GABA Homeostasis

Maintenance of potassium (K+) homeostasis is an im-
portant function of astrocytes, and therefore, they express
several K+ channels. Glia, mainly astrocytes, express Kir4.1
channels, which maintain membrane potential [158] and play
a role in several neurodegenerative disorders [159]. Kir4.1
protein and function are reduced in astrocytes with mHtt
inclusions of R6/2 and zQ175 mice, and when Kir4.1 expres-
sion in astrocytes is increased through adenovirus construc-
tion, the motor dysfunction is attenuated [160].

Excitotoxicity is induced by the overactivation of gluta-
mate receptors in the synapsis. Glutamate uptake failure can
contribute to increased extracellular glutamate levels and,
consequently, induce excitotoxicity and neuronal death. Glu-
tamate uptake is decreased in the prefrontal cortex of HD
postmortem tissue [161]. Glutamate transporter 1 (GLT1 in
rodents and EAAT2 in humans) and glutamate aspartate
transporter (GLAST in rodents and EAATI in humans),
mainly expressed by astrocytes to remove glutamate from
the synaptic space, are downregulated in HD patients and
HD mice [162]. Astrocytes expressing mHtt show decreased
expression of only GLT1 [163] or both GLT1 and GLAST,
and decreased EAAT2 immunoreactivity was observed in the
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Table3. Inflammation in HD models.
HD Model Samples Increased Decreased Unchanged Refs.
Rats +QA © Str IL-6, TNF-a., IFN-y - [132]
Str IL-1B, IL-6, TNF-o [133]
Rats +3NP * Str IL-1B, IL-6, TNF-ou - [135]
Str IL-6, TLR4 IL-10 [138]
Str, Hip, Cer IL-1a, TNF-0, Clq, C3 [139]
Mice +QA ¢ Str IL-1B, IL-6, TNF-ou - - [134]
Mice+3NP * Str IL-1B, TNF-o - - [136]
Str IL-1B, IL-6, TNF-a, iNOS, COX-2 [137]
R6/2 Str, Cx IL-1B, TNF-o - - [140]
Str IL-12, TNF-o [141]
- Plasma IL-6, MMP-9, TGF-$1 IL-18 - [51]
IL-16, IL-2, IL-6, IL-10, TNF-a. [141]
IL-16, IL-2, IL-5, IL-6, IL-10, TNF-a. [142]
- Serum IL-6, IL-10, IL-1p, IL-12 - IL-8, TNF-a, IFN-y [33]
TNF-o [125]
IL-16, IL-2, IL-6, IL-10, TNF-a. [143]
- peritoneal macrophages IL-4, IL-6, IL-10, IL-12 - IL-1B, TNF-o [141]
- blood monocytes * IL-6, TNF-ou - IL-1B, IL-10, IL-12 [144]
N171-82Q Plasma IL-12 - IL-4 [145]
YAC128 Serum IL-6, IL-8 - IL-1B, IL-10, IL-12, TNF-0,, | [33]
IFN-y
Serum IL-6 [146]
- alveolar macrophages * 1L-6 - - [33]
- peritoneal macrophages * IL-6 - - [144]
. IL-4, IL-5, IL-12, TNF-a,
Kidney IL-6 -
IFN-y
Heart IL-6, IL-12 - IL-4, IL-5, TNF-o, IFN-y
BACHD Liver IL-12, TNF-o - IL-4, IL-5, IL-6, IFN-y [147]
Spleen IL-4 IL-5,IL-6 IL-12, TNF-o, IFN-y
IL-4, IL-5, IL-6, IL-12, TNF-
Serum - -
o, IFN-y
IL-1A, IL-1-B, IL-2, IL-4, IL-6, IL-10,
HdhQ140 Plasma IL12, IL-17A, TNF-a, G-CSF, GM- - IFN-y [145]
CSF
HdhQ150 Serum IL-6, IL-10, IL-12 - IL-1B, IL-8, TNF-o., IFN-y [33]
- blood monocytes * IL-1B, IL-12, TNF-o - IL-6 [144]
zQ175 Str TNF-a, - IL-1B, IL-6, IL-10, IL-12 [141]
- peritoneal macrophages IL-6, IL-10, IL-12 - IL-1p, TNF-o [141]

Str: striatum, Cx: cerebral cortex, Hip: hippocampus, Cer: cerebellum, a: intraperitoneal, c: intrastriatal, s: stimulated.
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caudate nucleus of HD subjects [24]. R6/2 mice brain and
R6/2 mice cultured astrocytes also exhibit decreased GLT1
expression in the brain [152]. Moreover, when mHtt was
expressed only in astrocytes, these animals presented HD
behavioral phenotype and had reduced GLT1 levels and glu-
tamate uptake [153]. Another report demonstrated that
BACHD astrocytes release more glutamate than control as-
trocytes, likely due to increased glutamate de novo synthesis
[164]. Ceftriaxone, a beta-lactam antibiotic, was shown to
increase GLT1 expression and glutamate uptake and to im-
prove the motor behavior of R6/2 mice [165]. Reduced
GLT1 and GLAST levels could be a consequence of in-
creased cytokine expression in the HD brain. TNF-a was
shown to reduce GLAST levels in rat astrocytes [166, 167]
and GLAST and GLTI1 levels in human fetal astrocytes
[168]. IL-1B reduced GLT1 protein levels in the spinal cord
of an encephalomyelitis model [169], and was recently
shown to downregulate GLT1 and GLAST proteins in hu-
man astrocytes derived from induced pluripotent stem cells
[170]. Unfortunately, there are no data evaluating the effect
of inflammatory cytokines on GLT1 or Kir4.1 expression in
HD astrocytes or the effect of overexpressing GLT1 or
Kir4.1 on the inflammatory response of HD astrocytes.

In the CNS, y-gamma aminobutyric acid (GABA) is the
main inhibitory neurotransmitter, and striatal MSNs are
GABAergic neurons. A balance between the excitatory glu-
tamatergic system and the inhibitory GABAergic system is
essential to control movement. The CSF of premanifest HD
subjects has low levels of GABA [171], and several studies
describe a functional alteration of GABA activity in HD
models and HD patients [172-174]. GABA transporters
(GAT) are present in neurons and astrocytes. GAT-3 is pre-
dominantly expressed in astrocytes, and HD astrocytes have
a reduced capacity to release GABA via GAT-3 [175]. The
association between neuroinflammation and GABAergic
tone has not been elucidated, but it may be an important
mechanism in HD pathology. Indeed, increased membrane
expression of astrocyte GAT-3 in the cerebellum was ob-
served in neuroinflammation induced by hyperammonemia,
which is associated with increased levels of GABA and mo-
tor and cognitive dysfunction [176]. More studies on HD
astrocytes are needed to completely understand GABA and
glutamate involvement in HD.

5.3. Mitochondrial Dysfunction

Mitochondrial dysfunction is observed in HD patients
[177] and HD animal models [178]. The inhibition of suc-
cinate dehydrogenase from mitochondrial complex II by 3NP
induced HD-like symptoms in animals and humans [75], and
overexpression of complex II decreased lesion volume of
HD animals, although it did not modify the number or size of
mHtt aggregates [178]. Neurons have a decreased capacity to
neutralize oxidative stress, and thus, astrocytes are known to
provide neurons with antioxidant molecules, such as gluta-
thione [179, 180], to prevent neuron death. In addition, dys-
functional astrocytes can contribute to pathology by produc-
ing lower levels of antioxidants in HD or by releasing more
oxidant factors or both [181]. Astrocytes expressing mHtt
induce oxidative stress in normal neurons [182]. mHtt can
also influence astrocyte mitochondrial function since HD
astrocytes from YAC128 mice show increased ROS levels
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and deficits in mitochondrial respiration [116]. We must also
consider regional differences in mitochondrial function in the
brain. Mitochondria from striatal neurons and astrocytes
were reported to be more vulnerable to calcium loads than
cortical neuronal and astrocyte mitochondria [183]. Striatal
astrocytes were shown to be more vulnerable than cortical
astrocytes to death by 3NP, which may be due to increased
mitochondrial H,O, levels [184]. Also, complex II succinate
dehydrogenase activity loss and decreased protein expression
were observed in striatal astrocytes from HDHQI150 mice
but not in age-matched controls, thereby showing that HD
astrocytes exhibit higher superoxide production and in-
creased fatty acid oxidation [185]. Furthermore, treatment
with XBJ-5-131, a mitochondrially targeted antioxidant
compound, ameliorated HD phenotype in mice, reducing
oxidative damage and neuron death and preventing motor
dysfunction [186]. Expression of the transcription factor
PGC-1o, which regulates mitochondrial biogenesis, is re-
duced in HD models [187, 188], though it is not known
whether this factor is also diminished in astrocytes.

Systemic administration of 3NP increased levels of pro-
inflammatory enzymes and cytokines [137, 139]. Astrocytes
can respond to mitochondrial dysfunction by releasing in-
flammatory factors. We recently demonstrated that 3NP in-
duces cell death of astrocytes, increases ROS levels, and
induces TNF-a release into the culture medium of cortical
and striatal astrocytes, whereas it decreases TGF-f release
from cortical astrocytes [83]. We also observed regional dif-
ferences in cytokine release induced by 3NP; striatal astro-
cytes released more TNF-a than cortical astrocytes and corti-
cal astrocytes released less TGF-f than striatal astrocytes in
response to 3NP [83]. Mitochondrial dysfunction can impact
differently, inducing selective inflammation within the brain
regions. This fact highlights the urgent need to improve our
understanding of regional astrocyte heterogeneity.

5.4. Cellular Stress

Cellular stress, such as oxidative stress or alteration of
proteostasis, requires the activation of pro-survival pathways
driven by protective genes (vitagenes), resulting in the pro-
duction of antioxidant and antiapoptotic molecules [189,
190]. Among these mechanisms are the Heat Shock Re-
sponse (HSR) and the antioxidant response. HSR is an an-
cient protective mechanism that protects cells from stress by
inducing the expression of heat shock proteins (Hsp) and
repairing misfolded proteins and aggregations, thus avoiding
cell death. Evidence shows that a variety of Hsps can inhibit
mHtt aggregation [191]. Whole tissue homogenates from HD
mice showed reduced levels of heat shock factor 1, Hsp70,
and two Hsp40 members [192, 193]. Interestingly, overex-
pression of the small Hsp oB-crystallin in astrocytes was
recently shown to ameliorate the neuropathology of BACHD
mice by reducing Htt inclusions in the striatum and cortex
[194]. Indeed, an inflammatory stimulus, such as LPS+IFN
and nitric oxide, also induces the expression of Hsps in cul-
tured astrocytes [195], indicating that inflammation can also
cause cellular stress.

As mentioned above, oxidative stress may result from
mitochondrial dysfunction; as neurons have low levels of
antioxidant factors, astrocytes provide them with antioxi-
dants, such as glutathione. Nuclear factor erythroid 2-related
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factor 2 (Nrf2) is the master regulator of the antioxidant re-
sponse since it induces expression of antioxidant enzymes
and is known to exert neuroprotection [196]. Indeed, Nrf2
over-expression is sufficient to provide neuroprotection in a
toxic HD model induced by 3-NP [197]; astrocyte-specific
overexpression of Nrf2 protected from malonate (another
complex II inhibitor) toxicity in mice by decreasing the le-
sion size [198]. In HD mice, Nrf2 is not altered, and in stria-
tal mouse cells expressing mHtt, there is evidence of im-
paired Nrf2 signaling [199]. Indeed, selective activation of
Nrf2 signaling decreased IL-6 release in primary wild-type
and YACI128 astrocytes and microglia and in human mono-
cytes [200], showing an anti-inflammatory role for Nrf2.
Data suggest that activation of astrocyte Nrf2 signaling can
compensate for impaired Nrf2 response in HD neurons. It
would be interesting to verify Nrf2 activation in HD patients.

5.5. BDNF

BDNEF levels are decreased in HD patients [6]. Therefore,
increasing BDNF levels ameliorates the HD phenotype in
rodents [201, 202]. Crossing BDNF+/- mice with R6/1 mice
resulted in earlier onset of motor dysfunctions, more severe
uncoordinated movements, and striatal neuron loss, indicat-
ing that decreased BDNF levels play a key role in HD pa-
thology [203]. BDNF release is impaired in mHtt-expressing
astrocytes [204, 205], and BDNF release, induced in mouse
mesencephalic astrocytes by glatiramer acetate treatment,
increases BDNF/GFAP-positive cells and exerts neuropro-
tection in R6/2 and YACI128 mice [206]. Giralt et al. [207]
reported that R6/2 mice overexpressing BDNF under GFAP
promoter exhibited improved motor coordination and synap-
tic transmission, suggesting that expressing BDNF when
GFAP is induced by HD pathology could be therapeutic. We
recently demonstrated that BDNF increases expression of
GLT1 and TGF- release in striatal rat astrocytes [83], two
effects that might contribute to BDNF protective effect on
HD. We also showed that BDNF increased levels of the anti-
oxidant glutathione, decreased production of ROS [81], and
reduced TNF-a release [83] induced by 3NP in astrocytes,
indicating that this neurotrophic factor also has antioxidant
and anti-inflammatory actions in glial cells. BDNF increased
Nrf2 expression in astrocytes, suggesting that it may promote
cell survival by increasing glutathione levels [81], and that
this transcription factor may mediate their antioxidant and
possibly their anti-inflammatory actions. BDNF protective
action may be exerted on HD astrocytes as well as HD neu-
rons and, therefore, it could become an attractive therapeutic
strategy.

5.6. Cholesterol Synthesis

Brain cholesterol is needed for biological membrane
structures, myelin formation, neurite outgrowth, synaptogen-
esis, and neurotransmitter release. Cholesterol biosynthesis
in the brain is a process that mainly occurs in astrocytes
[208]. In the brain, cholesterol is oxidated to 24S-
hydroxycholesterol (240HC), whose levels are considered
an indirect measure of cholesterol synthesis. The plasma of
HD patients showed a gradual decrease in 240HC levels,
which correlated with HD progression [209-211]. Accord-
ingly, several transgenic HD models exhibit decreased cho-
lesterol levels in the brain [212], positioning 240HC as a
candidate biomarker for HD. Cholesterol dysregulation in
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astrocytes, due to mHtt action on transcription factor sterol
regulatory-element binding protein (SREBP), produces less
cholesterol available to neurons [213]. Other studies indicate
that mHtt produces an accumulation of cholesterol within
neural cells, contributing to excitotoxicity in HD neurons,
and that in human caudate of postmortem HD brains, total
cholesterol levels were found to be increased [214]. Recent-
ly, a gene therapy approach delivering CYP46A1, the rate-
limiting enzyme for cholesterol degradation in the brain,
prevented neuronal dysfunction, restored cholesterol homeo-
stasis in zQ175 mice, and induced transcriptional changes in
the striatum [215], suggesting that it may also modify in-
flammatory genes. Since dysfunctional cholesterol metabo-
lism can induce a neuroinflammatory response in other neu-
rodegenerative disorders by increasing the cholesterol con-
tent, this mechanism was also proposed to occur in HD
[216]. Very recently, intrastriatal administration of adenovi-
rus targeting astrocytes carrying the transcriptionally active
N-terminal fragment of SREBP2 induced robust expression
in astrocytes of R6/2 mice. This treatment activated choles-
terol biosynthesis gene expression, restored synaptic trans-
mission, decreased Htt aggregates, and attenuated behavioral
deficits [217]. These data highlight the role of astrocytes as
therapeutic targets for HD prevention.

5.7. Transcriptomic Studies

The transcriptome analysis of human HD post-mortem
striatal tissue and striatal astrocytes isolated from zQ175 and
R6/2 mice revealed a set of astrocyte genes whose expres-
sion at RNA and protein levels changed in HD mice and
humans [122]. Altered genes were related to calcium signal-
ing and neurotransmitter regulation and did not represent
neurotoxic or protective phenotypes but rather astrocytes that
have lost essential functions [122]. Interestingly, HD astro-
cytes from the cingulate cortex were analyzed by single nu-
cleus RNA sequencing to examine single cell differences in
gene expression. The study revealed that HD astrocytes ex-
hibited great heterogeneity, which could be classified into
five different states. In these HD human astrocytes, GFAP
and inflammatory gene expressions were upregulated,
whereas cholesterol biosynthesis and glutamate transporter 1
and 2 genes were downregulated [218]. More recently, an-
other RNA sequencing study demonstrated that molecular
changes in striatal astrocytes were context-dependent and
that selective stimulation of the Gi-GPCR pathway corrected
some HD phenotypes [219]. Finally, a study comparing
RNA expression profiles of striatal astrocytes from HD
models harboring truncated exon 1 or full-length mHtt, i.e.,
R6/2 and zQ175, or comparing human ESCs derived from
HD subjects with fetal human striatal glia expressing trun-
cated exon 1, revealed differences between cells expressing
truncated versus full-length mHtt. R6/2 mice exhibited more
prominent transcriptional changes than zQ175 mice since
downregulation of cholesterol synthetic pathway was ob-
served in truncated mHtt astrocytes, as derived from both
R6/2 mice and human cells transduced with mHtt-73 CAG
fragment [220]. Interestingly, the authors also identified a
cohort of genes linked to the development and consolidation
of cell morphology that was shared by all models analyzed,
and found it to be in correlation with morphometric analysis
showing aberrant astrocyte morphology [220]. The study
also revealed the upregulation of several genes associated
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with inflammation in R6/2 microglia and, to a much lesser
extent, in astrocytes. Although older astrocyte inflammatory
signature was more similar to young microglia, zQ175 astro-
cytes did not exhibit such signature [220]. These results sug-
gest that inflammatory phenotype in HD astrocytes is influ-
enced by truncated rather than full-length mHtt. Neverthe-
less, all the studies described addressing the role of astro-
cytes are mainly based on RNA sequencing analysis, which
needs confirmation by determining astrocyte protein expres-
sion in vivo.

All data on astrocytes suggest that they are dysfunctional
and at the same time reactive in HD. However, what contrib-
utes to HD pathology remains to be elucidated.

HD ASTROCYTE HD MICROGLIA
IL-6, TNF-a /\ IL-6, TNF-a
NF-kB activation TLR2, Galectin 3
ROS ROS
mHit aggregates KMO

Kir1.4 channel ]
Glutamate transporters
BDNF, CCL5, GABA
Mitochondrial complex |1

Mitochondrial calcium buffering
Cholesterol levels

Fig. (1). Changes exhibited by astrocytes and microglia in HD.

6. MICROGLIA IN HD

Microglial cells derive from hematopoietic progenitors
that enter the CNS early in development and proliferate to
colonize the entire CNS [221]. Microglia are considered
brain-resident macrophages representing 5-12% of total
brain cells, and they are known to constantly survey the brain
parenchyma. They provide immune surveillance and apop-
totic clearance, modulate neurogenesis, and exert synaptic
pruning functions [222]. They also provide trophic neuron
support, contribute to the formation and maturation of devel-
oping neural circuits, and modulate synaptic plasticity and
neurogenesis in the adult brain [221]. Reactive microglia are
characterized by a change in cell shape, from a highly rami-
fied morphology to an ameboid shape, and by molecular
events that induce the production of inflammatory mediators.

HD microglia exhibit activation and inflammatory pheno-
types (Fig. 1). Expression of mHtt in microglial cells induces a
cell-autonomous increase in pro-inflammatory gene expres-
sion and neurotoxic effect on wild-type neurons. Untreated
YACI128 microglia release higher levels of IL-6 than micro-
glia from wild-type mice [47]. Crotti ef al. demonstrated that
mHtt-expressing microglia are hyperactivated and exhibit a
transcriptionally pro-inflammatory response dependent on

Current Neuropharmacology, 2022, Vol. 20, No. 6 1127

myeloid-determining transcription factors PU.1 and C/EBPs
[34]. The same study showed that primary microglia from
R6/2 and zQ175 mice and HD human striatum exhibit PU.1,
IL-6, and TNF-o increased expression, an effect not observed
in bone marrow macrophages from the same animals or in
monocytes from HD subjects. Microglia from HD mice, but
not from wild-type mice, increased the number of apoptotic
neurons in culture [34]. Finally, they expressed mHtt only in
microglial cells and injected LPS in mice striatum, indicating
that mice expressing mHtt in microglia had higher neuron
death [34]. Therefore, data point to a neurotoxic role for HD
microglia, which also seems to be the case for human micro-
glia. Concordantly, microglia depletion in R6/2 mice prevent-
ed motor and cognitive deficits and decreased astrogliosis
[223]. However, mHitt selectively deleted or expressed only in
microglial cells of BACHD mice did not modify the pheno-
type in either way [224]. Interestingly, a longevity-associated
variant of BPIFB4 treatment of human immortalized microgli-
al cells SV40 induced an M2 polarizing anti-inflammatory
effect and prevented motor dysfunction and mHtt aggregation
in R6/2 mice [225]. Altogether, these data indicate that ex-
pression of mHtt increases microglia reactivity, which may
contribute to HD, although this effect alone is not sufficient to
induce neuropathology in mice. More importantly, modulation
of microglial activation might be beneficial for preventing HD
progression.

The CX3CLI-CX3CRI1 axis was recently found to be
implicated in HD pathology. CX3CL1 is a chemokine ex-
pressed abundantly in the brain, particularly in neurons,
whereas its receptor CX3CRI is selectively expressed in
microglial cells [226]. CXC3CL1-CX3CRI1 signaling path-
way mediates neuron-microglia interaction and microglia
immunomodulatory and phagocytic activities [226].
CX3CLI, also known as fractalkine, is decreased in human
putamen and in R6/1 mice striatum, suggesting that HD
could affect neuron-microglia communication [36]. Alt-
hough striatal microglia from R6/1 lack inflammatory mor-
phological changes, they show increased engulfment of
PSD-95 puncta, which was suggested to contribute to early
striatal synaptic dysfunction in HD mice [36]. Therefore,
aside from inflammatory microglial functions, the CX3CL1-
CX3CRI axis shows that physiological neuron-microglia
interactions can be affected in HD.

Galectin 3 is the only galectin expressed in human and
mouse brains [227]. It is upregulated in microglia and, when
released, can act as a TRL4 agonist [228]. Increased levels of
galectin 3 were found in the plasma and striatum of HD pa-
tients and R6/2 mice, but interestingly, galectin 3 expression
was found only in microglia, and not in neurons or astrocytes
of R6/2 mice [229]. Furthermore, knockdown of galectin 3
expression decreased microglia activation and IL-1B, while
increasing IL-10 levels and improving the motor function of
HD mice.

Microglia are implicated in the kynurenine pathway for
tryptophan degradation, which is associated with excitotoxi-
city and mitochondrial damage. The rate-limiting enzyme of
the pathway, indoleamine 2,3-dioxygenase, is located mainly
in microglia [230] and catalyzes the oxidation of tryptophan
to kynurenine, which counteracts the effect of QA and con-
fers neuroprotection. Kynurenine accumulates by inhibition
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of the degrading enzyme kynurenine 3-monooxygenase
(KMO), which is mainly found in microglia [231]. In the
brains of HD patients and mice, QA and KMO levels are
increased, and peripheral administration of a KMO inhibitor
ameliorated HD pathology in R6/2 mice [232]. Nevertheless,
since the KMO inhibitor cannot cross the BBB, the neuro-
protective effect results from the inhibition of KMO in pe-
ripheral immune cells. Recently, KMO ablation in R6/2 mice
resulted in reduced levels of inflammatory cytokines and
increased levels of 3-hydroxykinurenine levels in the cortex
and striatum, and despite modulating inflammatory and met-
abolic parameters, it did not improve motor function in HD
mice [233]. Moreover, a comprehensive study focused on
kynurenine metabolites in CSF and plasma of premanifest
and manifest HD patients found no evidence to support the
alteration of this pathway [234].

Mitochondrial dysfunction can also affect microglia. 3NP
treatment of rat microglia can decrease the viability of these
cells [82], whereas in mouse microglial cells, 3NP inhibits
some IL-4 functions, such as induction of arginase activity
and expression, inhibition of IL-6 and TNF-a, and produc-
tion of IGF-1 [235]. In an in vivo study, rats showed micro-
glial activation, ROS production, and cell death after 3NP
treatment [236]. 3NP-treated rats exhibited microglial infil-
tration and striatal cell death in the lesion, as well as prolif-
eration and morphological changes of NG2 glia, which may
be involved in fibrotic scar formation in the lesion core
[237].

Taken together, evidence points to a detrimental role for
microglia in HD. Future identification of microglia pheno-
types at different disease stages in HD models and subjects
will help define their dysfunction or involvement in HD.

7. GLIAL CELLS DERIVED FROM HUMAN-INDUCED
PLURIPOTENT STEM CELLS

Human astrocytes are different from rodent astrocytes in
that the former are larger, more diverse, and more complex
than the latter [238]. However, access to HD human astro-
cytes is very limited. Human data from HD patients derive
mainly from post-mortem samples, taken mainly for histo-
chemistry studies, thus representing the end stage of the dis-
ease. In recent years, it has become possible to generate hu-
man-induced pluripotent stem cells (hiPSC), and this capaci-
ty of reprogramming human fibroblast into neurons in vitro
has aided in the study of HD [239]. Regarding glial cells,
there are a few studies that have used hiPSC to generate the-
se cells. The first study showed astrocytes generated from
hiPSC, which used cells from an adult-onset HD subject with
50 CAG repeats and from his daughter with juvenile HD
with 109 CAG repeats [240]. Both cell lines exhibited in-
creased cytoplasmic vacuolation under basal conditions. No-
tably, autophagic vacuoles were found in primary lympho-
blasts harvested from HD patients [241, 242], thus reproduc-
ing in hiPSC-derived astrocytes a phenotype observed in HD
cells. Later, it was also shown that astrocytes generated from
the iPSC of HD patients behaved similarly to mouse astro-
cytes from HD models [243]. Moreover, HD iPSC-derived
astrocytes did not protect HD or control neurons from gluta-
mate toxicity [243], emphasizing that HD astrocytes are dys-
functional. An interesting study showed that transplantation
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of normal cord blood-derived iPSC-derived neural progeni-
tor cells on YAC128 mice induced an increased number of
striatal neurons and improved motor and cognition function
after five months [244]. The grafted cells predominantly
differentiated into neurons, oligodendrocytes, and astrocytes.
Most of the benefits observed seemed to derive from new
astrocytes since transplanted animals exhibited increased
expression of EAAT2, no loss of Kir4.1 channel expression,
and remarkably human-GFAP positive cells co-localized
with BDNF only in transplanted mice [244]. These data
show that normal human iPSC can prevent astrocyte-
mediated toxicity and dysfunction in HD mice. Regarding
microglia, only one study assessed hiPSC-derived microglia.
Human HD iPSCs differentiated into microglial-like cells
showed increased IL-6 and TNF-a release when stimulated
with LPS+IFN-y [49]. Also, they released higher ROS levels
and had increased levels of apoptosis [49]. The data confirm
that microglia are activated in HD models as well as in HD
hiPSC. Although little data regarding hiPSC is available, this
promising approach can provide much information regarding
HD glial cells.

8. NF-xB PATHWAY ACTIVATION

NF-xB is a master transcription factor that regulates the
production of cytokines, neuroinflammation, and cell surviv-
al. NF-xB functions as homo or heterodimer of five Rel/NF-
kB subunits: Rel A (p65), c-Rel, Rel B, p50, and p52. NF-
kB is retained in the cytoplasm by the inhibitory proteins
IxBs. Upon stimulus-inducing phosphorylation of IkB by
IxB kinase (IKK), IkBs are ubiquitinated followed by pro-
teasomal degradation, and free NF-xB can translocate to the
nucleus. NF-kB is activated in neurodegenerative diseases,
such as Alzheimer’s and Parkinson’s diseases [245]. In HD,
there is also evidence of NF-kB activation. Normal Htt inter-
acts with neuronal p50 and p65, while mHtt decreases the
nuclear accumulation of NF-kB in neurons of HdhQ140
mice [246, 247]. The p65/p50 heterodimer activity is mark-
edly increased in the striatum after 3NP administration in
wild-type mice [248] and in the cortex and striatum of R6/2
mice [249]. NF-kB may regulate the pathogenesis of HD
since, in PC12 neurons, mHtt binds to IKKYy, activates the
IKK complex, and increases NF-kB-dependent gene expres-
sion. Furthermore, mHtt toxicity can also be reduced by in-
hibition of IKK and NF-kB activity [249]. In normal condi-
tions, NF-kB helps maintain neuron health, but in pathologi-
cal conditions, the activation of NF-xB is induced in glial
cells as a physiological response to injury or stress. Howev-
er, chronic or excessive glial NF-kB activation can be toxic
[250]. Nuclear localization of p65 was not found in neurons
or microglia but was evident in astrocytes from R6/2 mice
and GFAP-positive cells of the caudate nucleus of HD pa-
tients [140]. Primary R6/2 astrocytes challenged with LPS
exhibited higher IKK activity, leading to sustained NF-xB
activation and the expression of TNF-o and IL-13 [140].
mHtt, through IKKp, induces expression of IL-34 in human
mesencephalic neuron cell line and brains of R6/2 and
YAC128 mice [251]. IL-34, a major driver of microglia pro-
liferation, induces a microglial response that exacerbates
mHtt toxicity and may contribute to aberrant microglial acti-
vation in HD [251]. Although not found in microglia, p65
protein expression is increased in monocyte-derived macro-
phages from presymptomatic HD patients compared to
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symptomatic HD patients, whereas no differences were ob-
served between controls and symptomatic HD subjects [39].
The same study demonstrated that mHTT binds IKKy and
causes increased NF-«B translocation in HD patients’ mono-
cytes and increased TNF-o, IL-6, and IL-8 release, which
was prevented with Htt-lowering by siRNA delivery. Cell-
intrinsic mHtt expression induces hyperactivation of immune
cells, such as macrophages in HD patients and microglia in
HD mice, which may be a consequence of NF-xB direct or
indirect activation by mHitt.

The NF-kB pathway is also activated by TLR signaling.
TLR2 and TLR4 are abundantly expressed by microglial
cells. However, little is known regarding TLRs and neuroin-
flammation in HD. N171-82Q mice lacking either TLR2,
TRL3, or TLR4 had their lifespan extended [252], and ad-
ministration of 3NP to rats increased TLR4 expression in the
striatum [138]. Curiously, mast cells from R6/1 mice showed
decreased TRL4-dependent TNF secretion [253]. Cells ex-
pressing TLR4 have been recently shown to be higher in
postmortem HD striatum, whereas the TLR4 single nucleo-
tide polymorphisms found were associated with changes in
motor progression rather than cognition in manifest HD sub-
jects [37]. The multiligand receptor for advanced glycation
end products (RAGE) recognizes endogenous molecules in
inflammatory processes [254]. RAGE levels are increased in
neurons and, to a lesser extent, in astrocytes from the caudate
nucleus of HD brains [255, 256]. RAGE levels are also ele-
vated in medium spiny neurons from R6/2 mice [257].
Moreover, the staining pattern for RAGE immunoreactivity
in the caudate nucleus appeared to correlate with the pattern
of neuron degeneration in HD [255]. Since both RAGE and
TLRs have several possible ligands, identification of their
specific ligands in HD may help understand RAGE and TRL
roles in HD pathogenesis.

High mobility group Box 1 (HMGB1) is a nuclear pro-
tein that stabilizes chromatin and regulates transcription and
DNA repair. HMGBI1 can be released from neurons, reactive
astrocytes, and microglia. As an alarmin, it can drive in-
flammation by activating RAGE, TLR2, and TLR4 receptors
and recruiting inflammatory cells. HMGBI1 release is ob-
served in neurons exposed to several toxic factors [258] and
in astrocytes in response to cytokines [259]. mHtt induces
HMGBI exit from the nucleus to the cytoplasm, and high
levels of HMGBI can induce mHtt aggregation [260]. Rats
treated with 3NP showed increased HMGBI1 expression in
the striatum and in cultured primary striatal neurons [261].
Therefore, HMGB1-TLR or HMGB1-RAGE signaling could
be involved in neuroinflammation and neurodegeneration in
HD. However, further studies must clarify this issue.
HMGBI can also directly interact with Htt, an interaction
increased by oxidative stress [262]. HMGB1 may act as a
chaperone to reduce the formation of mHtt aggregates in
vitro [260], and HD mice show a reduction of HMGBI1 nu-
clear levels in striatal neurons with Htt inclusions [263].
However, high levels of HMGBI1 induce more mHtt aggre-
gate formation in vitro [260]. Given that HMGBI1 has a role
in DNA repair, which can localize to nuclear inclusion bod-
ies in neurons of HD models, and its reduction can activate
genotoxic stress signals [263], nuclear HMGB1-Htt interac-
tion could contribute to HD pathology. Nevertheless, more
studies are needed to fully demonstrate this hypothesis. Alt-
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hough evidence shows NF-kB activation in HD, how and in
which cells it is activated is far less clear.

9. THERAPIES TARGETING NEUROINFLAMMA-
TION IN HD

9.1. Cytokines as Therapeutic Targets

Of all the cytokines, IL-6 and TNF-a seem to be those
most consistently found to be elevated in the plasma and
striatum of manifest HD patients. Both are multifunctional
cytokines associated with several cellular functions. IL-6
triggers the acute phase response, and although it is often
regarded as a pro-inflammatory cytokine, it also promotes
the differentiation of oligodendrocytes and acts as a neu-
rotrophic factor by regenerating peripheral nerves [264].
Systemic treatment with IL-6 neutralizing antibody partially
rescues weight loss and motor deficit in R6/2 mice at 9
weeks [126], highlighting that modulating peripheral im-
mune cells can ameliorate HD pathogenesis. However, a
recent report demonstrated that IL-6 knockout in R6/2 mice
led to more severe motor dysfunction due to the dysregula-
tion of genes involved in synaptic transmission and glutama-
tergic synapses, whereas inflammatory genes were not al-
tered [265]. Indeed, IL-6 expressing lentiviral vectors inject-
ed into the striatum of Wistar rats prevented the striatal dam-
age induced by QA [266], suggesting that some cytokines,
such as IL-6, elevated in HD striatum, may actually play a
protective rather than a pathogenic role.

IL-1P is activated by cleavage to mature form by caspase
1 or caspase 8 after TLR4 activation [267]. Mature IL-1
was increased in cortical tissue of manifest HD subjects and
in brains of R6/2 mice [42]. Interestingly, R6/2 mice ex-
pressing a dominant-negative mutant of caspase 1 under neu-
ron-specific enolase promoter significantly decreased brain
IL-1PB levels and delayed progression of motor dysfunction
as well as mortality in comparison to R6/2 mice [42]. How-
ever, when N171-82Q mice were crossed with IL-1 receptor
1 knockout mice, these animals presented exacerbated motor
dysfunction, increased mHtt aggregates, and GFAP expres-
sion in the cortex and striatum in comparison to N171-82Q
animals [268]. Similar results were obtained when IL-6 was
deleted in R6/2 mice, indicating that cytokines also per-
formed beneficial functions in the brain of HD animals and
that complete inactivation of cytokines is, therefore, not a
therapeutic strategy for HD. Recently, caspase 1 was de-
scribed to cleave Htt, and inhibition of Htt cleavage by
caspase 1 decreased mHtt accumulation [269]. Thus, the
benefits observed in caspase 1 dominant negative mutant
expression in R6/2 mice could be due to less cleavage of Htt
as well as prolL-1B. Further studies are needed to elucidate
this issue.

TNF-a is involved in tissue homeostasis, cell prolifera-
tion, and survival; it is also a key modulator of the inflamma-
tory response [270]. TNF-o increased levels are a hallmark
of neuroinflammation found in neurodegenerative diseases.
TNF-a can potentiate glutamate-induced cytotoxicity by
inhibiting glutamate transport in astrocytes, and it can induce
glutamate release by astrocytes and microglia [271]. The
rationale for treating neurodegenerative diseases by reducing
brain TNF-o is that it can impact two pathological pathways
in HD: excitotoxicity and inflammation. Decreasing TNF-o.
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may ameliorate inflammation and increase glutamate trans-
porter expression. However, no studies have investigated
both conditions. Remarkably, although TNF-o levels are
increased in HD patients and animal models, decreasing
TNF-o in HD has not been entirely successful. Treatment of
HD mice by intracerebroventricular infusion of a selective
soluble inhibitor of TNF-a (XProl595) decreased TNF-a
levels in the cortex and striatum of R6/2 mice, increased
neuron density, improved motor function, and decreased
mHtt aggregates and gliosis [125]. However, adeno-
associated virus (AAV)-vectors expressing dominant-
negative-TNF-o injected in the striatum of adult YAC128
mice did not modify motor function, degeneration of medi-
um spiny neurons, or neuroinflammation [272]. The authors
explained that a single bilateral injection of AAV-DN-TNF,
which may be expressed at 50% of the striatum at best, to-
gether with declined expression over time, may not have
been sufficient to affect the course of HD in mice. Recently,
it was shown that multiple systemic injections of another
anti-TNF drug, etanercept, for three weeks lowered the
plasma levels of several cytokines, such as IL-6, IL-1p, and
TNF-a, which were elevated in R6/2 mice, while having no
effect on striatal cytokine levels or motor dysfunction [143].
Therefore, lowering cytokine levels in the periphery is not
sufficient to induce improvement of HD, suggesting that
systemic administration may not be suitable for HD treat-
ment. Indeed, it was reported that etanercept, which is a large
molecule, does not cross the BBB, although other TNF in-
hibitors do [273]. It was proposed that perispinal injection
allows larger molecules, such as etanercept, to enter the brain
[274]. This route of administration as beneficial was evi-
denced in a very small clinical trial [275]. Therefore, studies
on the route of administration of candidate drugs, such as
TNF inhibitors, should be carefully designed to reliably
reach the brain.

9.2. Clinical Trials Concerning Inflammation in HD

Since there is no disease-modifying therapy for HD, the
current treatment is aimed at managing chorea and psychiat-
ric symptoms. In the search for effective therapies, several
drugs have been tested in clinical trials, including immuno-
modulators, but they failed to meet their efficacy endpoints
[276]. Sativex is a mix of phytocannabinoids (delta-9-
tetrahydrocannabinol and cannabidiol) that improves clasp-
ing behavior but had no effect on rotarod performance in
R6/2 mice [277]. Although cannabinoids are immunomodu-
lators within the brain, a clinical trial (NTC 01502046)
showed no differences in motor, cognitive, or behavioral
scores in HD patients [278]. Minocycline is a second-
generation tetracycline with anti-inflammatory and anti-
apoptotic properties [279]. Three clinical trials were per-
formed with minocycline. In the last trial (NTC 00277355),
87 HD patients were treated for 18 months with minocycline,
testing the hypothesis that its treatment would reduce the
mean decline in total functionality score of subjects by at
least 25%, but this goal was not achieved [280].

Laquinimod is an oral drug that decreases NF-kB/GFAP
positive astrocytes in mice treated with cuprizone, a model
of multiple sclerosis [281]. Laquinimod also upregulates
BDNF in multiple sclerosis patients [282]. LPS-stimulated
monocytes from HD patients treated with laquinimod re-
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duced cytokine production, although NF-xB activation was
not modified [283]. Laquinimod exerted a mild amelioration
of motor dysfunction and striatal pathology in YAC128 and
R6/2 mice [146, 284]. However, a clinical trial evaluating
laquinimod in HD patients failed to meet the primary end-
point since there were no differences in the functional capac-
ity of HD patients treated with laquinimod. Nevertheless, the
secondary endpoint was met as patients showed a reduction
in caudate atrophy (LEGATO-HD, NTC02215616).

Pepinemab (VX15/2503) is a humanized monoclonal anti-
body that blocks semaphorin 4D (SEMA4D), also known as
CD100, a transmembrane protein that regulates the function of
T lymphocytes [285], migration, and differentiation of oli-
godendrocytes [286], and it is a novel therapeutic for multiple
sclerosis [287]. Anti-SEMA4D antibody ameliorates the
pathological features of HD, such as striatal and cortical atro-
phy, and improves behavioral symptoms in YACI28 mice;
however, it has no effect on motor dysfunction [288]. A phase
2 clinical trial (SIGNAL, NTC02481674), in which HD sub-
jects were treated for 18 months with intravenous administra-
tion of the antibody, 20 mg/kg once a month, showed that the
endpoint, finding a patient population that can benefit from
treatment, was not achieved. Nevertheless, the company re-
ported a trend towards cognitive improvement in two cogni-
tive assessments [289].

Another therapeutic approach is to decrease mHtt expres-
sion in HD patients, which has proven beneficial in animal
models. Several drugs that lower Htt RNA expression, such
as antisense oligonucleotides (ASO) and miRNA, are under
study. Encouraging results of a phase I/II trial showed that a
particular ASO, which targeted both Htt and mHtt, signifi-
cantly lowered mHtt CSF levels [276]. Unfortunately, the
phase III trial was halted because ASO failed to demonstrate
more efficacy than the placebo [290]. Since normal Htt has
several functions, loss of normal Htt may also contribute to
HD pathogenesis. Thus, selective silencing of mHtt without
disturbing normal Htt is a big challenge. Finally, some pre-
clinical studies support a therapeutic role for passive immun-
ization via targeted mHtt-specific intrabodies [291]. It re-
mains to be investigated if this strategy can be translated into
future clinical trials.

CONCLUSION

The precise knowledge of HD pathology mechanisms is
lacking, which hinders the development of effective thera-
peutics for HD. Preclinical research on animal models of HD
has led to the identification of diverse protective agents
showing an effective reduction in pathology; however, most
of the studies have been performed using the toxic HD mod-
els [292]. One observation of these studies is that treating
HD animals with a protective agent before causing HD by
toxic drug administration may not be the best way to prove
its benefits in a neurodegenerative disease, which takes years
to develop. This limitation can be overcome by using genetic
HD models where neurodegeneration is in progress. Moreo-
ver, studies show that loss of normal Htt functions can also
contribute to the pathology. Depletion of normal Htt in me-
dium spiny neurons was shown to lead to motor dysfunction,
loss of striatal neurons with aging, and reactive gliosis, simi-
larly to HD pathology [293]. Although several compounds
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have been found to be protective in different transgenic HD
models, their clinical trials have not been very successful.
This may be due to the fact that the studies failed to detect
changes in disease parameters or that targeting a single
pathological pathway may not be sufficient to prevent dis-
ease progression. This may also reflect the limitations of
animal models in recapitulating a complex human disease,
such as HD. Also, the drugs examined can exert a hormetic
response. Hormesis is a dose-response phenomenon charac-
terized by low-dose stimulation and high-dose inhibition
[190], meaning that every drug has a dual effect on cells de-
pending on its dose. For example, mitochondrial ROS at
high levels are toxic to cells, but at low levels, they perform
physiological cellular functions [189]. The same may be true
for protective compounds and inflammatory factors, as they
can be beneficial at low levels but may contribute to neuro-
degeneration at high levels.

Immune activation and brain inflammation are important
characteristics of HD. Since they can be detected in preman-
ifest HD, they can be targeted early in disease therapy. In
recent years, astrocyte and microglia participation in neu-
roinflammation and HD pathogenesis has been investigated,
and studies reflect glial involvement in the course of the dis-
ease. Glial dysfunction as well as glial reactivity can con-
tribute to the neurodegenerative process. However, the exact
mechanisms whereby neuroinflammation contributes to HD
are still unclear. It is also unclear whether immune activation
is a pathological mechanism of HD in itself or the conse-
quence of neuronal/glial dysfunction. Although we now
know much more about neuroinflammation in HD, we still
lack information to help us direct efforts to slow or prevent
this fatal disease. Nevertheless, targeting detrimental effects
of neuroinflammation could have a beneficial outcome for
HD. In addition, clarifying the role of immune factors as
biomarkers of the disease is another challenge for the scien-
tific community. Several issues should be addressed in the
future to collaborate in the pursuit of effective treatments.
Can glial cells become therapeutic targets for HD? Can we
aim to modify one single pathway in HD? Would this be
sufficient to modify the course of the disease? Could a com-
bination of therapeutic strategies increase the success of HD
treatments? Hopefully, in the near future, we will find an-
swers to some of these questions.

LIST OF ABBREVIATIONS

GABA = 7y-gamma aminobutyric acid
240HC = 24S-hydroxycholesterol

3NP = 3-nitropropionic acid

AAV = Adeno-associated virus

ASO = Antisense oligonucleotides
BAC = Bacterial artificial chromosome
BBB = Blood-brain barrier

BDNF = Brain-derived neurotrophic factor
CNS = Central nervous system

CSF = Cerebral spinal fluid

YKL-40 = Chitinase 3-like protein-1
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COX2
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GFAP
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GLT1
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Hsp
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iNOS
IFN-y
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Glutamate transporter 1
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Heat shock response
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Inducible nitric oxide synthase
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Reactive oxygen species
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Toll-like receptors
Transforming growth factor-3
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