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Figure 10.

Immune activation, induced by mutant huntingtin, occurs both peripherally and centrally in HD. A cell-autonomous effect of the

mutant protein may be responsible for the innate immune response. The NF-«B signaling pathway that triggers IL-6 release is known to be up-regulated
by mutant huntingtin (reference 7), and microglia-derived toxicity can influence disease progression (references 7 and 28). We find that the innate im-
mune response detectable in plasma very early in the disease is strongly linked to disease progression and recapitulated in HD striatum, that human
monocytes express mutant huntingtin, and that monocytes, macrophages, and microglia overexpress IL-6 when stimulated. Early innate immune activa-

tion could be a target in the development of disease-modifying therapies.

cells (monocytes/macrophages and microglia, respectively)
suggests that parallel disease-related derangements in the pe-
riphery and CNS are the simplest explanation for these CSF—
plasma correlations.

Microglia have previously been implicated in the patho-
genesis of HD (10-12) and are increasingly seen as key players
in the pathogenesis of neurodegenerative diseases (27). The
increased cytokine production we observe in the CNS and
peripherally could be caused by dysfunction of microglia and
their counterparts, monocytes and macrophages. We show
that monocytes from HD patients express mutant huntingtin.
Further, we demonstrate that microglia, monocytes, and
macrophages in HD are all hyperactive when stimulated. The
NF-kB signaling pathway that triggers IL-6 release is known
to be up-regulated by mutant huntingtin (7), and the microg-
lial kynurenine monooxygenase pathway has been identified
as a potential therapeutic target in HD, establishing immune
dysfunction as a possible pathogenic pathway in HD (28).

The functional overactivity of macrophages from 12-mo
YAC128 mice, corresponding to early human HD, was not seen
in macrophages from YAC18 mice, which are identical to
YAC128 animals except for the length of the polyglutamine
tract. This suggests that the presence of mutant huntingtin alone
is sufficient to cause derangement of monocytes/macrophages.

Interestingly, although IL-6 is undetectable in the super-
natant of isolated human monocytes, levels of IL-6 in plasma
are not zero in control subjects and HD patients. The same is
true of mouse macrophages and serum. Thus, there is low-
level background cytokine production in vivo, perhaps due
to normal cell turnover or environmental immune chal-
lenges, that is absent in vitro. A primary dysfunction of mon-
ocytes is sufficient to explain the increased plasma cytokine
levels in HD, as hyperactive HD monocytes will respond ex-
cessively to this physiological background stimulation. How-
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ever, it is possible that HD also causes differences in the level
of background immune stimulation, which could contribute
to the later up-regulation of the adaptive immune response
cytokines IL-4 and IL-10.

There is a need for markers of progression (“state bio-
markers”) in HD and other neurodegenerative diseases (29).
Our results suggest that inflammatory changes detected in pe-
ripheral plasma may be biologically relevant and mirror the
neurodegenerative process occurring in the CNS (Fig. 10).
Indeed, combined peripheral markers of inflammation were
recently suggested to be biomarkers for diagnosis and pro-
gression in Alzheimer’s disease (29). Remarkably, peripheral
inflammatory changes may also reveal early pathogenic events
in HD, occurring more than 15 yr before the onset of neuro-
logical manifestations. The inflammatory changes seen in pa-
tients are echoed in mouse models of HD. Importantly, they
may therefore provide translational biomarkers for the use of
HD mouse models in the development of therapeutic inter-
ventions. Finally, the mechanism of early innate immune ac-
tivation in HD warrants further study as a potential source of
targets for disease-modifying therapies.

MATERIALS AND METHODS

Ethical approval. All human experiments were performed in accordance
with the declaration of Helsinki and approved by University of British
Columbia (UBC) Clinical Research Ethics Board (Canadian patients) or
University College London (UCL)/UCL Hospitals Joint Research Ethics
Committee (UK patients), as appropriate. All subjects gave informed written
consent. All animal experiments were performed in accordance with rele-
vant legislation and approved by local and national regulatory authorities
(Institutional Review Board of the University of Washington, King’s Col-
lege London Animal Care and Use Committee, or UBC Committee on
Animal Care and the Canadian Council on Animal Care, as appropriate).

Collection and processing of human plasma samples. Blood samples
were obtained from control subjects and genetically diagnosed HD patients
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and processed as described previously (6). Subjects with inflammatory or in-
fective conditions were excluded. A subset of subjects was assessed on the
UHDRS (16) by a neurologist experienced in assessment of HD patients.
Subjects’” demographic and clinical data are given in Table S1.

Collection of matched CSF and blood samples. CSF donors were re-
cruited through the UBC HD Medical Clinic. 20 HD patients and 10 con-
trol subjects, age-matched and lacking the HD mutation, were recruited
(Table S1). Mutation-positive subjects were staged early or moderate ac-
cording to independence score. CSF and matched blood samples were ob-
tained within 1 h and plasma was extracted as described previously (6).

Collection of mouse serum samples. For the present experiments,
HAhQ3/Q130 knock-in and R6/2 exon 1 models that develop comparable
and widespread molecular phenotypes (19) were used. R6/2 (18) and
HdhQBYQ50 mice (original nomenclature, CHL2) (30) were bred and serum
samples were collected as described previously (19). All animals had unlim-
ited access to water and breeding chow (Special Diet Services) under a 12-h
light—12-h dark cycle. YAC128 mice were maintained on the FVB/N strain
background (21). Numbers and ages of animals are shown in Table S4 (avail-
able at http://www.jem.org/cgi/content/full/jem.20080178/DC1).

Serum and plasma analyses. Cytokine levels were quantified using Meso
Scale Discovery (MSD) assays as per the manufacturer’s protocol and ana-
lyzed on a SECTOR 2400 instrument (MSD). The operator was unaware of
the disease state of each sample during processing, and statistical analysis was
performed independently. Serum levels of Igs (IgG, IgM, and IgA) were
determined by single radial immunodiffusion assays (The Binding Site Ltd)
according to the manufacturer’s protocol.

Human monocyte huntingtin expression study. Whole blood was col-
lected from HD patients, and controls were matched for age and sex (Table S5,
available at http://www jem.org/cgi/content/full/jem.20080178/DC1).
Leukocytes were isolated by density gradient centrifugation over Lympho-
prep solution (Axis-Shield). Monocytes were obtained by flow cytometry.
In brief, mononuclear cell suspensions were labeled with anti-CD45 FITC
and anti-CD14 PE (Becton Dickinson), and viable monocytes were sorted
flow cytometrically by immunophenotype (CD45"/CD14") and forward
angle light scatter signals (FACSAria high speed cell sorter; Becton Dickin-
son) to at least 95% purity (Fig. S1 A).

RNA was prepared from pellets of 5 X 10° cells using an RNeasy mini
kit (QIAGEN) according to the manufacturer’s instructions. Quality and
quantity of RINA was assessed using the RNA nanochip method on a Bio-
Analyzer (Agilent Technologies). RT of 1 pg of total RNA was performed
in 50 mM KCl, 10 mM Tris—HCI, pH 9.0, 0.1% Triton X-100, 6.5 mM
MgCI2, 10 mM DTT, 1 mM dNTPs, 10 ng/ul random hexamers with 0.35
U/pl RNasin (Promega), and MMLYV reverse transcription (Invitrogen) for
10 min at 23°C and then 40 min at 37°C. The RT reaction was diluted
10-fold in nuclease-free water (Sigma-Aldrich), and 5 pl was used in a 25-pl
reaction containing Precision Mastermix (PrimerDesign), 300 nM primers,
and a 200-nM probe. Cycling conditions were as follows: 2 min at 50°C,
15 min at 95°C, 44 cycles (1 min at 94°C, 1 min at 60°C) using the Opticon
2 real-time PCR machine (MJ] Research). The threshold used for the analysis
was set at 0.05, and reactions were performed in triplicate for each sample.
Primer and probe sequences are listed in Table S6 (available at http://www
Jjem.org/cgi/content/full/jem.20080178/DC1). Expression of huntingtin
was calculated using 2724€T with B-2-microglobulin (B2M) as the reference
(31). Positive control samples with known B2M expression levels produced
consistent results under these experimental conditions.

CAG repeats were measured in RNA using an ABI3730 automated
sequencer, and all instruments and materials were obtained from Applied
Biosystems unless indicated. The p4G6E4.0 plasmid, which expresses exon 1 of
huntingtin with 18 CAG repeats, was used as a positive control. PCR. was
performed in AM bufter, 10% DMSO, 200 uM dNTPs, 10 ng/ul of primer
with 0.5 U/pl Taq polymerase (PerkinElmer). Cycling conditions were 90 s
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at 94°C, 25 cycles (30 s at 94°C, 30 s at 68°C, 90 s at 72°C), and 10 min at
72°C. The FAM-tagged PCR product (1 pl) together with MegaBACE
ET900 (GE Healthcare) internal size standard (0.04 pl) were denatured at
94°C for 5 min in 9 pl of HiDi formamide. The run conditions were as fol-
lows: capillary size, 36 cm, Polymer-PoP-7. The run module was oven tem-
perature, 66°C; buffer temperature, 35°C; prerun voltage, 15 kV; prerun
time, 180 s; injection voltage, 3 kV; injection time, 20 s; first readout time,
200 msec; second readout time, 200 msec; run voltage, 10 kV; voltage num-
ber of steps, 10; voltage step interval, 20 s; voltage tolerance, 0.6 kV; current
stability, 10 pA; ramp delay, 1 s; data delay, 120 s; run time, 2,700 s. Data
analysis was performed using the plate manager application GeneMapper
v5.2-3730XL.

Functional study of human monocytes. Whole blood was collected in
heparin (CP Pharmaceuticals). Leukocytes were isolated by density gradient
centrifugation over Histopaque 1077 solution (Sigma-Aldrich). Monocytes
were obtained by magnetic sorting to increase yield and minimize handling
time. Mononuclear cell suspensions were labeled with anti-CD14 micro-
beads and sorted through magnetic cell separation columns (Miltenyi Biotec)
to at least 95% purity (Fig. S1 B). Monocytes were counted, and 5 X 10° cells
per well seeded into 24-well culture plates in RPMI culture medium supple-
mented with 5% FBS, 2 mM r-glutamine, and 1% penicillin/streptomycin
(Invitrogen). Cells were incubated for 16 h before stimulation. The medium
was then changed to fresh cell culture medium with or without 10 ng/ml
IFN-y (R&D Systems). For LPS stimulation, 2 pg/ml LPS was added to the
medium (Sigma-Aldrich). After 24 h, supernatants were harvested from two
separate wells for each subject/condition. The cells remaining were lysed in
50 mM Tris, pH 8, 150 mmol NaCl, 0.5% sodium deoxycholate, and 0.5%
Triton X-100 and assayed for total protein concentration using a protein as-
say kit according to the manufacturer’s instructions (Bio-Rad Laboratories).
IL-6 concentrations in supernatants were determined using the MSD assay
and adjusted for total protein concentration.

Functional study of tissue macrophages. Alveolar macrophages were
isolated from 12-mo-old WT, YAC18, and YAC128 mice, all maintained
on a pure FVB/N strain background. The YAC128 (line 53) mouse line ex-
presses high levels of full-length human huntingtin with ~128 polygluta-
mine repeats and is a well-established model of HD. These mice develop an
age-dependent phenotype similar to that seen in HD patients, including cog-
nitive deficits, motor dysfunction, and selective neurodegeneration; 12-mo
mice are equivalent to early human HD (21). YAC18 mice (line 212) ex-
press transgenic human WT huntingtin and do not exhibit any disease phe-
notype relative to their WT littermates. They differ from YAC128 mice
only in the length of the polyglutamine tract.

Animals were killed using 10 mg avertine via i.p. injection. Blood was
drawn from the inferior vena cava, and serum samples were obtained by
two-stage centrifugation. Alveolar macrophages were extracted by intratra-
cheal infusion of ice-cold PBS (Invitrogen) followed by centrifugation and
resuspension of extracted cells. Cells were counted and seeded at 1.5 X 10°
cells/ml onto 96-well gelatin-coated plates and incubated in culture media
containing 5% medium (RPMI 1640 [Invitrogen], 5% FBS [Cansera], and
1% penicillin/streptomycin [Invitrogen]). After 24 h this was changed to 1%
medium (RPMI 1640, 1% FBS, and 1% penicillin/streptomycin). Func-
tional studies were performed after an additional 24 h. The medium was
changed to fresh 1% medium or 1% medium containing 10 pg/L IFN-y
(R&D Systems) with or without 100 pg/L control standard endotoxin (As-
sociates of Cape Cod). After 24 h, IL-6 concentrations were measured in su-
pernatants from two independent wells from each animal for each condition,
using a commercial mouse IL-6 ELISA kit according to the manufacturer’s
instructions (eBioscience). Numbers of animals used in each experiment are
given in Table S4.

Functional study of microglia. Mixed primary glial cultures were pre-
pared from single brains of R6/2 mice (B6CBA-Tg(HDexon1)62Gpb/3]J;

Jackson ImmunoResearch Laboratories) as described previously (32). In
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brief, 4-d-old mice were decapitated. The brains were removed and sub-
merged in ice-cold Hank’s saline. The meninges and blood vessels were re-
moved before the tissue was trypsinized, carefully dissociated with a 5-ml
pipette, resuspended, and filtered twice (100-pum diameter Falcon filter; Bec-
ton Dickinson) before seeding the cells in 5 ml of medium per flask (one
brain/flask). Cells were cultured in poly-ornithine—coated 25-cm? flasks in
DME and supplemented with 10% FBS (D10F).

Littermate heterozygote R6/2 and WT mice were used. Each brain was
processed and cultured individually to prevent cross-contamination between
animals. Genotype and CAG repeat length were determined by PCR from
tail samples taken at the time of CNS culture preparation (Laragen). Once
astrocytes reached confluence (5-7 d), D10F medium was supplemented
with 2 ng/ml GM-CSEF. Microglial cells were collected, pooled according to
genotype, and seeded in 96-well Primaria plates (2.5 X 10* cells in 250 pl
D10F per well; Becton Dickinson). Cultures were >95% pure as assessed by
CD11b immunostaining. For each experiment, WT and R6/2 microglial
cells were processed in parallel.

24 h after plating, the cells were serum starved (MSFM, 0.2 ng/ml GM-
CSF) for an additional 24 h. They were then stimulated with 10 U IFN-y +
10 ng/ml LPS or carrier control. After 24 h of stimulation, supernatant was
collected and stored at —80°C for further analysis.

IL-6 concentration was measured by Luminex bead array system (QIA-
GEN). 60 pl of supernatant of three representative experiments (n = 4 for
each condition) was thawed and processed using the BioPlex platform
(Bio-Rad Laboratories).

Striatal gene expression study. Total RNA was isolated and purified
from striatal samples obtained from The New Zealand Neurological Foun-
dation Human Brain Bank and the New York Brain Bank at Columbia
University (6 controls and 17 patients with pathological grades as shown in
Table S3, which is available at http://www jem.org/cgi/content/full/jem
.20080178/DC1) with the RNeasy mini kit (QIAGEN). mRNA was tran-
scribed into cDNA with SuperScript III (Invitrogen). RT-QPCR was per-
formed in triplicate with target-specific Roche Universal Library probes
(FAM) and Roche universal master mix (Roche Diagnostics), and analyzed
with an ABI PRISM 7500 RT-QPCR System. Mitochondrial ribosomal
protein S35 (MRPS35) expression was determined by duplex PCR (VIC)
in the same sample to normalize target expression to a housekeeping gene.
MRPS35 was chosen based on gene array data showing it not to be regulated
in HD striatum (Strand, A., personal communication). The target/MRPS35
ratio was used to compare the relative target expression using the modified
AACt method (33). Purity of mRNA was checked by performing QPCR
without prior RT. Stability of expression of the housekeeping gene MRPS35
was confirmed by comparison with a second housekeeping gene, hypoxan-
thine-guanine phosphoribosyltransferase.

Statistical analysis. For the human plasma cytokine and Ig data, intergroup
differences were identified by one-way ANOVA with post-hoc Tukey HSD
testing to allow for multiple comparisons. Linear regression analysis using
coded variables for each subject group (1, control; 2, premanifest; 3, early; 4,
moderate), using age and sex as covariates, was used to identify significant
change with advancing disease (6).

Calculations of estimated time to onset in premanifest subjects were
made using the age- and CAG-dependent conditional onset probability for-
mula of Langbehn et al. (14).

Correlations with clinical variables were examined using linear regres-
sion analysis and partial correlations. Because the distribution of UHDRS
and TFC data were not Gaussian, bootstrapping with 1,000 replications was
used to enable linear regression analysis and the use of age as a covariate. This
analysis inevitably involved the use of multiple statistical tests, but because
the associations under investigation were of independent scientific interest,
p-values were not corrected for multiple comparisons (34).

To examine for the ability of combinations of plasma cytokines to dis-
tinguish between different subject groups, stepwise logistic regression was
used (35). The model tested the six cytokines with statistically significant
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correlations across disease stage in order of diminishing R-value (IL-6, IL-8,
IL-4, IL-10, TNF-a, and IL-5; see Fig. 1 B); variables were removed from
the model when P < 0.05 for the logistic regression. The comparisons
assessed were as follows: controls versus premanifest HD; controls versus all
HD expansion—positive subjects; and premanifest versus manifest HD.

Unpaired two-tailed ¢ tests were used to identify significantly different
serum levels for each cytokine in mouse serum and to compare mRNA lev-
els (expressed as 2724CT) between controls and HD patients in the two gene
expression studies. Unpaired one-tailed f tests were used to test the hypothe-
ses that monocytes, macrophages, and microglia produce more IL-6 than
‘WT animals when stimulated with LPS.

Online supplemental material. Fig. S1 shows representative flow cy-
tometry plots demonstrating purity of cells obtained by flow cytometry
and magnetic sorting. Table S1 shows the characteristics of subjects in each
human biofluid study. Table S2 shows plasma cytokine levels by disease
stage measured by multiplex ELISA assay. Table S3 shows characteristics
of subjects in the postmortem striatal expression study. Table S4 shows details
of animals used for mouse experiments. Table S5 shows details of the sub-
jects whose blood was used for the monocyte huntingtin expression study.
Table S6 shows the primers used for the human monocyte expression
study. The online supplemental material is available at http://www . jem
.org/cgi/content/full/jem.20080178/DC1.
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