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Complement activation, a key component of neuro-
inflammation, has been reported in both Parkinson’s
disease (PD) and Alzheimer’s disease (AD). However, it
is unclear whether complement activation and neuro-
inflammation in general are distinctly different from
each another in major neurodegenerative disorders. In
the present study, cerebrospinal fluid complement 3
(C3) and factor H (FH) were measured and evaluated
together with amyloid-f3,, (AB,.), which in recent in-
vestigations was decreased in patients with PD, in par-
ticular those with cognitive impairment. The study in-

cluded 345 participants: 126 patients with PD at various
stages with or without cognitive impairment, 50 with
AD, and 32 with multiple-system atrophy, and 137
healthy control individuals. In addition to changes in
AB,, concentrations, there were clear differences in the
patterns of complement profiles among neurodegen-
erative disorders. The C3/FH ratio demonstrated high
sensitivity and specificity in differentiating patients
with multiple-system atrophy from those with AD or PD
and control individuals. In addition, the C3/Af,, and
FH/AB,, ratios not only correlated with PD severity ap-
proximated using the Unified Parkinson’s Disease Rat-
ing Scale but also with the presence of cognitive impair-
ment or dementia in PD. Both C3 and FH correlated
with the severity of impairment in AD as indicated using
Mini-Mental State Examination scores. (4m J Pathol
2011, 178:1509-1516; DOI: 10.1016/j.ajpath.2011.01.006)

The primary synthesis site for complement proteins is the
liver, and for many years, the brain was considered an
immune-privileged organ. However, recent studies have
demonstrated that a complete and functional set of com-
plement system components are synthesized in the cen-
tral nervous system (CNS)'™3 and in human neuronal
cells in vitro.* Accumulating evidence suggests that ac-
tivation of the complement system, a pivotal process of
neuroinflammation, occurs in almost all major neurode-
generative disorders including both Parkinson’s disease
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(PD) and Alzheimer’s disease (AD). Complement 3 (C3)
has a central role in the complement cascade, and its
proteolytic fragments aid in stimulation of proinflamma-
tory responses. In conjunction with other complement
proteins, C3 acts as a C5 convertase, whereas the pri-
mary action of factor H (FH) is regulation of C3 activity.®

Alterations in several components of the complement
system in human cerebrospinal fluid (CSF) have been
reported in both PD and AD; however, few studies have
demonstrated consistent results. Most investigations
have been performed in small cohorts without controlling
for major variables such as age, sex, and potential con-
tamination of CSF by blood, a major source of comple-
ment components.®~® None of these previous studies
have determined whether complement activation is asso-
ciated with disease severity or progression of PD and AD
or whether complement activation is the same or different
among various neurodegenerative diseases.

A decrease in CSF amyloid-B (AB) species, including
AB,,, which is thought to be especially toxic, along with an
increase in total tau and/or phosphorylated tau, is tradition-
ally considered a defining feature of amyloidopathy and
tauopathy associated with AD.®'° The significance of ab-
normalities in AB has not been recognized in PD until re-
cently, when several groups reported independently that
CSF AB,, tended to decrease in the absence of increased
tau or phosphorylated tau in patients with PD, especially
those with cognitive impairment.”''* AB,,, deposition in the
CNS, with a resulting decrease in CSF AB,,, is Clearly as-
sociated with increased neuroinflammation in AD.'®"¢
Thus, it was hypothesized that complement profile and its
activation in the CNS may differ in synucleinopathy such as
PD and multiple-system atrophy (MSA) versus amyloidopa-
thy and tauopathy in AD. To test this hypothesis, in the
present investigation, both C3 and FH, as indices of com-
plement regulation at key control points in this system, were
measured in human CSF using established robust assays,
with three major goals: (1) to address some of the problems
associated with complement profile and its activation in PD
and AD, (2) to further understand specific mechanisms of
inflammation in various neurodegenerative disorders, and
(3) to evaluate the usefulness of CSF C3 and FH, with and
without considering CSF AB,, concentration, as biomarkers
for differentiation of these disorders or for determination of
disease severity or progression.

Materials and Methods
Study Participants

The study was approved by the institutional review boards
of Baylor College of Medicine, Oregon Health and Science
University, the University of California at San Diego, Veter-
ans Affairs Puget Sound Health Care System at Seattle and
the University of Washington, and the National Institutes of
Health. The 345 participants included 126 patients with PD,
50 with AD, and 32 with MSA, and 137 healthy control
individuals. All CSF samples were obtained with in-
formed patient consent, and all patients underwent

evaluations consisting of medical history, physical and
neurologic examinations, laboratory tests, and neuro-
psychologic assessment. Inclusion and exclusion cri-
teria for patients with AD or PD and for healthy controls
have been described previously for this cohort.’”

MSA was diagnosed according to generally accepted
clinical criteria.'®'® The parkinsonian form of MSA was
identified by the presence of symptoms or signs of auto-
nomic failure coupled with rigidity and bradykinesia with or
without clinical evidence of cerebellar failure, and the cer-
ebellar form by the presence of autonomic and cerebellar
failure without parkinsonism. All patients underwent testing
while receiving their usual medications. To ensure that treat-
ment with levodopa or carbidopa did not influence neuro-
chemical findings, CSF data were included only for patients
in whom the plasma dopamine concentration was less than
2500 pg/mL (<12.7 nmol/L) during supine rest. Orthostatic
hypotension was defined as a decrease in systolic blood
pressure of at least 20 mm Hg and in diastolic pressure of
at least 10 mm Hg between supine rest for at least 15
minutes and upright posture for 5 minutes, unless symp-
tomatic or rapid hypotension necessitated return to the su-
pine position before 5 minutes of upright posture. Ortho-
static hypotension was determined to be neurogenic by
abnormal beat-to-beat blood pressure associated with per-
formance of the Valsalva maneuver. The finding of normal
6-[18F]fluorodopamine—derived radioactivity in the left ven-
tricular myocardium was also used to differentiate MSA
from PD with orthostatic hypotension because all PD pa-
tients with orthostatic hypotension demonstrate neuroimag-
ing evidence of cardiac sympathetic denervation. All pa-
tients with MSA included in the study underwent formal
evaluation of orthostatic hypotension at tilt table testing. All
patients also underwent 6-[18F]fluorodopamine PET scan-
ning to evaluate cardiac sympathetic innervation, and all
had evidence of intact innervation.

PD was staged using the Unified Parkinson’s Disease
Rating Scale (UPDRS).2° In addition, patients with PD were
classified on the basis of extent of cognitive impairment, that
is, PD with no cognitive impairment (PD-NCI; n = 49), PD
with cognitive impairment but no dementia (PD-CIND; n =
65), and PD with dementia (PD-D; n = 11). The diagnosis of
PD-D was determined using published criteria.?" Core fea-
tures of these criteria include a diagnosis of PD,?? dementia
syndrome in the context of established PD, impairment in
more than one cognitive domain, a decline from premorbid
level of cognitive function, and deficit severe enough to
impair daily life. These criteria also include the “1-year” rule
for differentiation from dementia with Lewy bodies; that is,
dementia must occur 1 year after the onset of motor parkin-
sonism. The diagnosis of PD-CIND was made in patients
with a diagnosis of PD,?? a clinical dementia rating of 0.5,2%
and in the absence of dementia as determined using PD-D
criteria.

Collection of CSF and Quality Control

All CSF samples were obtained via lumbar puncture in
the morning. As much as 25 mL of CSF was taken from
each individual, and every 5 mL was pooled into one
fraction. Samples were aliquoted and stored at —80°C.



Before analysis, all CSF samples were only thawed once
when 10% protease inhibitor cocktail (Sigma, St Louis,
MQO) was added and samples were further aliquoted;
details have been described previously.’” The hemoglo-
bin (Hb) concentration in CSF samples was chosen as an
index of the degree of red blood cell contamination, and
was measured as previously described.”

Bead-Based Luminex Assays

CSF C3 and FH concentrations were measured using a
kit (Millipore Corp, Billerica, MA), following the manufac-
turer’s instructions with minor modifications. In brief, CSF
samples were treated with an equal volume of 2X radio-
immunoprecipitation assay buffer for 1 hour, diluted with
0.1% bovine serum albumin and PBS (pH 7.2) to a final
dilution of 1:400, and incubated with capturing antibody-
coupled beads overnight (18 hours) at 600 rom on a plate
shaker. The total initial volume in each well was 75 ulL.
CSF samples were analyzed using a LiquiChip Luminex
200 Workstation (Qiagen Corp., Valencia, CA). All CSF
incubation was performed in 96-well MultiScreen Filter
plates (Millipore Corp.). CSF AB,, also was measured
using a Luminex assay, and the data have been pub-
lished recently.’®

Statistical Analysis

All analyses were performed with commercially avail-
able software (Prism 4.0, GraphPad Software, Inc., San
Diego, CA, and SPSS version 18.0, SPSS, Inc., Chi-
cago, IL). Linear regression analysis was used to de-
termine the relationships between age, Hb, and C3 or
FH. One-way analysis of variance followed by the
Tukey test was used to compare differences between
groups to determine age cutoff. One-way analysis of
covariance (ANCOVA) also was performed on disease
groups using Hb, age, and sex as covariates, with the
exception of comparisons between sexes, in which Hb
and age were used as covariates, followed by simple
contrasts between disease groups to compare differ-
ences between groups. In addition, relationships be-
tween the analytes (C3 and FH) and Hb, age, sex,
UPDRS (a clinical measure of PD motor severity), and
Mini-Mental State Examination (MMSE; a clinical mea-
sure of dementia severity) were analyzed at bivariate
correlation using the Pearson correlation coefficients.
A receiver operating characteristic (ROC) curve was
used to calculate the relationship between sensitivity
and specificity for the disease groups versus healthy
controls, and hence to evaluate the diagnostic perfor-
mance of the analytes. The C3 and FH values were
log-transformed (log 10) to induce a gaussian distribu-
tion, and Hb values were root-transformed to reduce
heteroscedasticity. P < 0.05 was considered statisti-
cally significant.
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Results

Effects of Age, Sex, and Blood Contamination

Linear regression analysis revealed an age-dependent
effect for both C3 and FH (see Supplemental Figure S1, A
and B, at http.//ajp.amjpathol.org) in the control (C3, r =
0.43, P < 0.0001; and FH, r = 0.51, P < 0.0001) and PD
(C3, r =0.18, P < 0.05; and FH, r = 0.27, P < 0.01)
groups. This effect seems to be primarily due to a larger
age range in these two groups (21 to 90 years in the
control group, and 37 to 84 years in the PD groups).
There was no significant difference in age among any
groups when individuals younger than 50 years were
excluded (analysis of variance, data not shown).

A previous study demonstrated that blood contamina-
tion of CSF, which occasionally occurs during collection
via lumbar puncture, could significantly affect CSF con-
centrations of certain proteins, namely, a-synuclein and
DJ-1."" To control for this variable, the Hb concentration
was evaluated in all CSF samples to determine the extent
of contamination. Using linear regression analysis of CSF
concentrations, there was an appreciable increase in C3
and FH concentrations at higher Hb concentrations (Fig-
ure S1, C and D). This increase was significant for C3
when all individuals were included (r = 0.17, P < 0.01),
and in the control (r = 0.18, P < 0.05), PD (r = 0.27, P <
0.01), and AD (r = 0.34, P < 0.05) groups. Similarly, a
statistically significant increase was observed for FH in all
individuals (r = 0.19, P < 0.001) and in each group
(control, r = 0.24, P < 0.01; PD, r = 0.26, P < 0.01; AD,
r=0.29, P < 0.05; and MSA, r = 0.36, P < 0.05). No
significant association was observed between Hb and C3
or FH in any of the groups when samples with Hb con-
centrations of 200 ng/mL or greater were excluded.

Analysis also was conducted to determine whether
there was sex dependence for either of the CSF analytes
(Figure 1). Significant correlations were observed be-
tween sex and C3 concentration when all groups were
included (P < 0.001) or when PD (P < 0.0001), AD (P <
0.05), and MSA (P < 0.05) groups were analyzed sepa-
rately. This sex dependence was also found when com-
paring FH and sex, whether all groups were included
(P < 0.0001) or when the control (P < 0.01), PD (P <
0.0001), AD (P < 0.01), and MSA (P < 0.05) groups were
analyzed independently. When the C3/FH ratio was ana-
lyzed, no significant sex dependence was observed for
any of the groups studied. After eliminating individuals
younger than 50 years and/or in whom the Hb concen-
tration was greater than 200 ng/mL, an association be-
tween C3 concentration and sex remained, whether all
groups were included (P < 0.0001) or when the control
(P < 0.05), PD (P < 0.001), AD (P < 0.05), and MSA
(P < 0.01) groups were analyzed separately. Similarly,
FH sex dependence persisted when all groups were an-
alyzed together (P < 0.0001) or when the control (P <
0.0001), PD (P < 0.001), AD (P < 0.05), and MSA (P <
0.05) groups were analyzed individually. Significant sex
dependence was also observed for the C3/FH ratio, but
only in the control group (P < 0.01).
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Figure 1. Cross-sectional examination of CSF C3 and FH using a Luminex assay. Concentrations of C3 and FH in CSF were measured using a Luminex assay, and
were log-transformed (log 10) before further analysis. Comparisons of the mean concentrations of C3 (A), FH (B), and C3/FH (C) in patients with AD, PD, or MSA
and in age-matched healthy control individuals were performed using ANCOVA, with Hb and age as covariates in male and female participants. Sex was also
considered a covariate when data for male and female (TotaD) participants were analyzed together. Samples with high blood contamination (cutoff value =200
ng/mL) were eliminated from these analyses. Case numbers included in each group are given in Table 1. Data are given as mean (SD). *P < 0.01. **P < 0.001.

P < 0.0001.

Diagnostic Usefulness of C3 and FH

Samples from individuals younger than 50 years or with
an Hb concentration of 200 ng/mL or greater were
eliminated when determining diagnostic usefulness, to
minimize the effects of age and blood contamination.
ANCOVA, with age, sex, and CSF Hb concentration as
covariables, revealed no difference between the PD and
control groups, but a significant decrease in C3 concen-
tration in the MSA group compared with the control and
PD groups (MSA versus control, P < 0.0001; MSA versus
PD, P < 0.001), and a significant increase in AD when

comparing it with all other groups studied (AD versus
control, P < 0.01; AD versus MSA, P < 0.0001; AD versus
PD, P < 0.0001) (Figure 1A and Table 1). In contrast, FH
concentration, although not altered significantly in pa-
tients with PD, tended to increase in both the MSA and
AD groups compared with the control and PD groups,
and statistical significance was achieved when differen-
tiating AD from control (P < 0.0001) and from PD (P <
0.0001) after adjustment for age, sex, and Hb. Significant
differences also were observed when data for male and
female participants were analyzed separately (Figure 1B

Table 1. Summary of Demographic Data and CSF Marker Values of Donors*

Control PD AD MSA
No. of participants 137 126 50 32
Age = 50 and Hgb < 200 ng/mL only 91 86 38 20
Sex, FIM 0.8 0.35 0.61 0.52
Age = 50 and Hgb < 200 ng/mL only 1.17 0.37 0.58 0.82
Age, years 58.61(18.59) 63.84 (10.42) 68.12 (9.512) 60.34 (9.008)
Age = 50 and Hgb < 200 ng/mL only 67.34 (10.62) 64.33 (8.80) 67.47 (9.27) 61.95 (6.93)
C3, ng/mL"
AlFFSTlbe 3917 (1638) 4111 (2029) 5842 (3269) 2718 (1510)
Female*" 3704 (1781) 3026 (1293) 4046 (1071) 1884 (967.4)
MaleSit 4166 (1433) 4508 (2111) 6890 (3665) 3400 (1563)
FH, n%;/mL’r
AllS! 1645 (524.7) 1751 (634.9) 2228 (818.1) 1833 (585.3)
FemaleS! 1471 (510.9) 1376 (444.0) 1851 (291.5) 1527 (606.8)
MaleS! 1847 (469.7) 1887 (641.6) 2448 (944.1) 2085 (449.8)
C3/FHT
AlFT 2.384 (0.5790) 2.314 (0.5703) 2.501 (0.6841) 1.411(0.4681)
Female*™* 2.502 (0.6128) 2.213(0.5524) 2.187 (0.5053) 1.224 (0.3871)
Male* 1™ 2.246 (0.5100) 2.351(0.5766) 2.685 (0.7164) 1.564 (0.4890)
C3/AB,,"
ATl 11.48 (7.35) 14.54 (9.71) 32.61(27.24) 78.40 (50.04)
Femalegt#STll 10.39 (6.82) 10.43 (4.30) 22.61(13.78) 43.15(18.44)
Malet+8lk= 12.76 (7.82) 16.04 (10.70) 38.45 (31.46) 107.24 (49.53)
FH/AB,L"
Al 0.0030 (0.0015) 0.0035 (0.0015) 0.0054 (0.0021) 0.0297 (0.011)
Female*S$Tl 0.0028 (0.0011) 0.0036 (0.0015) 0.0055 (0.0023) 0.0246 (0.0072)
Malg#STlk 0.0032 (0.0018) 0.0035 (0.0015) 0.0054 (0.0021) 0.0339 (0.0120)

AD, Alzheimer’s disease; C3, complement 3; CSF, cerebrospinal fluid; FH, factor H; Hgb, hemoglobin; MSA, multiple-system atrophy; PD, Parkinson’s

disease.
*Unless otherwise indicated, data are given as mean (SD).

Subjects younger than 50 years or with CSF Hgb =200 ng/mL were excluded. Group comparisons were made using ANCOVA, with Hgb and age as
covariates in male and female subjects, respectively. Sex was also considered a covariate when male and female (All) subjects were analyzed together.
P < 0.05 for PD versus Control™, MSA versus Control*, AD versus Control$, PD versus MSAT, PD versus AD!, and MSA versus AD**.
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Figure 2. Receiver operating characteristic evaluation of C3/FH as a biomarker of MSA. A: MSA versus control. B: MSA versus AD. C: MSA versus PD.

and Table 1). However, none of the ROC calculations
yielded acceptable (<60%) sensitivity and/or specificity
for classifying any diseases when C3 or FH was used
alone (data not shown).

Because C3 and FH represent two different mecha-
nisms for complement activation, potential application of
the C3/FH ratio was evaluated as a diagnostic marker.
This ratio enabled differentiation of MSA from control, AD,
and PD (P < 0.0001 for all individuals, or when data for
male and female participants were analyzed separately
(Figure 1C and Table 1). ROC analysis revealed high
sensitivity and specificity (MSA versus control, sensitivity
85% and specificity 81%; MSA versus PD, sensitivity 80%
and specificity 87%; and MSA versus AD, sensitivity 70%
and specificity 95%) after eliminating individuals younger
than 50 years or in whom the CSF Hb concentration was
200 ng/mL or higher (Figure 2). The cut-off values used to
calculate sensitivity and specificity were 1.87, 1.78, and
1.62, respectively, for the control, PD, and AD groups.

Given that CSF AB,. is significantly reduced in patients
with AD and tends to decrease in patients with PD, in
particular those with cognitive impairment,’'='* the value
of C3/AB,, and FH/AB,, was also evaluated as a function
of disease diagnosis. The results demonstrated that C3/
AB,- and FH/AB,, were altered significantly between all
pairs of diagnostic groups except for FH/AB,, in the PD
group versus the control group (Table 1). However, the
diagnostic usefulness of the ratios as determined at ROC
analysis did not improve significantly over those of C3 or
FH alone. The only exception was AD versus control,
where high sensitivity and specificity were achieved (C3/
AB,5, sensitivity 92.1% and specificity 76.9%; FH/AB,,.
sensitivity 92.1% and specificity 80.2%).

Disease Severity or Progression Correlations

Because diagnostic and prognostic markers can be dif-
ferent,’” the usefulness of C3 and FH was examined, as
well as their ratios, as markers of PD severity approxi-
mated using the UPDRS score. When age, Hb, and sex
were controlled for, an increase was observed in both C3
and FH levels in PD samples, with an increasing UPDRS
score; however, it was not statistically significant for ei-
ther analyte (data not shown). Furthermore, no statistical
significance was achieved when correlating AB4,
alone with UPDRS score (data not shown). When either
C3/AB.4, or FH/AB,, was analyzed, a statistically sig-

nificant correlation with UPDRS scores was observed
(C3/AB,u, r = 0.26, P < 0.01; FH/AB,,, r = 0.27, P <
0.01) (Figure 3,A and B).

The same ratios were analyzed based on the cogni-
tive state of patients with PD stratified as having PD-
NCI, PD-CIND, or PD-D. Both analysis of variance and
ANCOVA (adjustment for age, sex, and CSF Hb) re-
vealed a significant increase in C3/AB,, in the PD-D
group compared with the PD-NCI or PD-CIND groups
(PD-D versus PD-NCI, P < 0.001; PD-D versus PD-CIND,
P < 0.001) (Figure 3, C and D). Similarly, a statistically
significant increase was observed for FH/AB,, in the
PD-D group compared with the PD-NCI or PD-CIND
groups (PD-D versus PD-NCI, P < 0.001; PD-D versus
PD-CIND, P < 0.001). Although the ratios (C3/AB,, or
FH/AB,,) provided more robust results, a significant de-
crease in AB,, alone was also observed in the PD-D
group compared with the PD-NCI or PD-CIND groups
(PD-D versus PD-NCI, P < 0.05; PD-D versus PD-CIND,
P < 0.05; analysis of variance and ANCOVA), an obser-
vation recently reported in several studies."’"* Further-
more, neither tau, phosphorylated tau, or either species/
AB,, provided better results than C3/AB,, or FH/AB,, in
terms of correlating with the presence of cognitive impair-
ment or dementia in PD. C3/B,, and FH/AB,, did not
seem to enhance the performance of each other (data not
shown).

Although there is no established scale to stage MSA
clinically, CSF complement concentrations were ana-
lyzed against the concentrations of CSF DOPAC (3,4-
dihydroxyphenylacetic acid) and DHPG ([S]-3,5-dihy-
droxyphenylglycine), the major metabolites of dopamine
and norepinephrine, respectively. No significant correla-
tion was appreciated between C3, FH, or C3/FH with
DOPAC or DHPG. Furthermore, factoring in AB,, did not
improve the performance of C3, FH, or C3/FH (data not
shown).

The usefulness of C3 and FH was analyzed, as well
as C3/FH, against the MMSE score only in patients with
AD with CSF Hb concentration less than 200 ng/mL
(Figure 4,A and B). There was a statistically significant
correlation between lower MMSE score and increased
concentrations of both CSF C3 (r = 0.27; P < 0.001) and
FH (r = 0.31; P < 0.0001). However, like the MSA data,
factoring in AB,, did not improve the performance of C3,
FH, or C3/FH (data not shown).



1514 Wang et al
AJP April 2011, Vol. 178, No. 4

Figure 3. Correlation of C3/AB,, and/or FH/
AB,, with PD severity as approximated using
UPDRS motor scores and cognitive states. Log-
transformed C3/AB,, (A) or FH/AB,, (B) con-
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Discussion

In this relatively large cohort of patients, along with
healthy control individuals, use of total C3 and FH was
explored, with and without considering CSF AB,,, as
potential biomarkers for PD, AD, and MSA. It was ob-
served that although C3 or FH alone and their ratios
cannot be used as effective diagnostic markers for PD or
AD, C3/FH could be used to differentiate patients with
MSA from those with PD or AD and healthy controls, with
greater than 80% to 90% sensitivity and specificity. In
addition, C3/AB,, or FH/AB,, correlated well with PD
severity and the presence of cognitive impairment. A
significant correlation was also identified between the
MMSE score and C3 and FH concentrations in patients
with AD.

Recent reports have described a role for neuroinflam-
mation, including complement activation, in the develop-
ment and progression of neurodegenerative disor-
ders.?472% |n the present investigation, the pattern of
changes in complement concentration was apparently

PD-CIND

patients with PD-NCI [sex (F/M) ratio, 0.36;
mean (SD) age, 61.10 (11.26) years], 65 with
PD-CIND [sex (F/M) ratio, 0.38; age, 64.32 (9.23)
years], and 11 with PD-D [sex (F/M) ratio, 0.22;
age, 71.45 (8.12) years].

PD-D

different between the groups, with C3/FH as a marker that
can be used to differentiate patients with MSA from those
with PD or AD and healthy controls, with high sensitivity
and specificity. Although further validation is needed, this
finding could aid clinical practice substantially because,
aside from imperfect clinical evaluations even with expe-
rienced physicians, the best diagnostic test for differen-
tiating major forms of parkinsonism remains the structural
and functional neuroimaging techniques®”?® including
magnetic resonance imaging and positron emission to-
mography. However, most of these methods have not
proved reliable, cost-effective, or readily accessible even
in major medical centers in developed countries. In ad-
dition, although MSA and PD are both considered sy-
nucleinopathies, in MSA, a-synuclein aggregates (glial
cytoplasmic inclusions) are found largely in oligodendro-
cytes, whereas in PD, they are predominantly localized in
neurons.” Thus, the differential pattern of alterations in
complement concentration could potentially provide
clues leading to the discovery of novel mechanisms in-
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volved in the pathogenesis of the two distinct diseases.
C3is not only critically involved in the classical and lectin
pathways, but is also associated with the alternative path-
way, along with various cofactors including FH, which
serves as a negative regulator in the alternative pathway.
Thus, C3/FH may indicate the overall activation of both
classical and alternative pathways.

In a previous study in which complement components
including FH and the proteolytic cleavage fragment of C3
(C3b) were examined in CSF from a relatively small co-
hort of patients with PD, AD, multiple sclerosis, and neu-
rosyphilis using 2-dimensional gel electrophoresis, com-
pared with healthy controls, patients with PD exhibited a
significant decrease in concentrations of total C3b or its
2-dimensional isoform 2 and concentrations of FH iso-
form 1.7 A decrease in C3, C4a, and three 2-dimensional
isoforms of haptoglobin in CSF from patients with PD
compared with healthy controls has also been reported
recently.?® In the present study, no decrease in C3 was
observed. Other than a difference in cohort size, an im-
portant variable is that only total C3 and FH concentra-
tions were measured. In addition, in the two previous
investigations,”?° it seemed that blood contamination, a
factor that could contribute significantly to CSF comple-
ment concentration (Figure S1, C and D), was not con-
trolled for.

The second major observation of the present study is
that C3/AB,, or FH/AB,, correlated well with PD motor
severity and with the presence of cognitive impairment in
patients with PD. To fully understand the meaning of
these ratios, first consider patients with AD, in which both
C3 and FH increased with advancing AD severity (MMSE
score), with or without the adjustment for CSF AB,, con-
centration (Figure 4). Inasmuch as complement activa-
tion is a key component of neuroinflammation, it is not
surprising to observe increased C3 and FH levels in AD
and their association with MMSE score. The observed
increase in CSF C3 and FH in patients with AD is also
consistent with a previous report of up-regulation of C3
mRNA and protein concentrations in the brain of patients
with AD compared with healthy controls.” In addition, with
2-dimensional gel electrophoresis, two isoforms of the
C4b protein (isoforms 2 and 3) were increased in AD.?°
Thus, it is possible that an increase in CSF C3 and FH
might reflect the extent of complement activation as dis-
ease progresses. In contrast, it is well-recognized that AB
deposition, with enhanced neuroinflammation in the CNS,
in patients with AD is correlated with a significant de-
crease in CSF AB,..%° However, AB,, alone does not
correlate with AD severity, probably because of “floor
effects.”®'~23 This phenomenon likely explains the obser-
vation that C3/AB,, or FH/AB,, did not improve the per-
formance of C3 or FH alone related to AD severity. It
should be stressed that there was a clear difference in
CSF complement proteins in AD compared with PD or
MSA, which suggests that it is likely that a different path-
way (e.g., classical versus alternate complement activa-
tion) might be involved in AD.

A decrease in CSF AB,, in patients with PD, in par-
ticular those with cognitive impairment, in the absence
of increased CSF tau or phosphorylated tau, is a rela-
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tively new observation made by several independent
groups. 714 34738 |t hag also been demonstrated that
a-synuclein is decreased in patients with PD compared
with healthy controls; however, CSF a-synuclein did not
correlate with PD motor severity,’” again potentially ow-
ing to floor effects, as observed in AB in AD. Although it
was suggested that a-synuclein and AB might interact
with each other,®” it is unclear whether AB pathology
interacts directly with a-synuclein pathology in PD, which
is an area for future investigation. It is also uncertain
whether a decrease in CSF AB,, in PD represents depo-
sition of this peptide in the CNS, a process mimicking
early stages of AD. Nonetheless, the fact that a combi-
nation of increased CSF C3 or FH with decreased AB,,
correlated with PD motor severity and cognitive impair-
ment seems to suggest that PD progression is intimately
associated with enhanced neuroinflammation and altered
metabolism of AB,,, but in a way that may be different
from AD. This also warrants further investigation, not only
in terms of biomarker validation but also for the patho-
genesis of PD and AD initiation and progression.

In summary, in this primarily discovery investigation, it
was demonstrated that CSF C3 and FH can enable dif-
ferentiation of patients with MSA from those with PD or AD
and healthy controls, with high sensitivity and specificity,
and, thus, has potential as a useful and cost-effective
marker of MSA. In addition, C3/AB,, and FH/AB,, corre-
lated well with PD severity and with the presence of
cognitive impairment. C3 and FH concentrations, when
used independently, correlated with AD severity, and
could be useful as potential AD progression markers,
which are urgently needed. In addition to validating these
observations in a large and independent cohort, future
areas of investigation should include examining other
complement components and complement proteolytic
fragments directly involved in complement activation. In
addition, further characterization of the complement sys-
tem might aid in elucidating mechanisms underlying PD,
AD, and MSA; developing therapies targeted at modulat-
ing inflammation; and determining response to treatment.
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