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Abstract

Background—Disease-modifying therapies for Alzheimer’s disease (AD) would be most
beneficial if applied during the ‘preclinical’ stage (pathology present with cognition intact) before
significant neuronal loss occurs. Therefore, biomarkers that can detect AD pathology in its early
stages and predict dementia onset and progression will be invaluable for patient care and efficient
clinical trial design.

Methods—2D-difference gel electrophoresis and liquid chromatography tandem mass
spectrometry were used to measure AD-associated changes in cerebrospinal fluid (CSF).
Concentrations of CSF YKL-40 were further evaluated by enzyme-linked immunosorbent assay in
the discovery cohort (N=47), an independent sample set (N=292) with paired plasma samples
(N=237), frontotemporal lobar degeneration (N=9), and progressive supranuclear palsy (PSP,
N=6). Human AD brain was studied immunohistochemically to identify potential source(s) of
YKL-40.

Results—In the discovery and validation cohorts, mean CSF YKL-40 was higher in very mild
and mild AD-type dementia (Clinical Dementia Rating [CDR] 0.5 and 1) vs. controls (CDR 0) and
PSP. Importantly, CSF YKL-40/AB42 ratio predicted risk of developing cognitive impairment
(CDR 0 to CDR>0 conversion) as well as the best CSF biomarkers identified to date, tau/AB42
and p-taul81/Ap42. Mean plasma YKL-40 was higher in CDR 0.5 and 1 vs. CDR 0 groups, and
correlated with CSF levels. YKL-40 immunoreactivity was observed within astrocytes near a
subset of amyloid plaques, implicating YKL-40 in the neuroinflammatory response to Ap
deposition.

Conclusions—These data demonstrate that YKL-40, a putative indicator of neuroinflammation,
is elevated in AD, and that, together with ApB42, has potential prognostic utility as a biomarker for
preclinical AD.

Keywords
YKL-40; Alzheimer’s disease; biomarkers; cerebrospinal fluid; chitinase-3 like-1; inflammation

Introduction

Clinicopathological studies suggest that the pathological hallmarks of AD, amyloid plaques
and neurofibrillary tangles, begin to appear ~10-20 years before the synaptic and neuronal
loss that accompany dementia onset (1-3). Identifying and treating individuals during this
preclinical stage will maximize benefit from disease-modifying therapies. By definition, this
preclinical phase of AD will elude detection by conventional clinical examination, and will
therefore require the use of biomarkers for diagnosis. Beyond diagnosis, biomarkers may
also provide prognostic information and facilitate the monitoring of disease progression and
response to treatment. In addition, novel biomarkers may advance our understanding of AD
pathophysiology, and thereby inform future treatment strategies.

Because many proteins expressed in the brain are present in the cerebrospinal fluid (CSF),
the CSF proteome is a logical source for potential AD biomarkers. Indeed, CSF amyloid-B42
(AP42), tau, and phosphorylated forms of tau (p-tau) have already shown great promise for
use in AD diagnosis and prognosis (4-7). Nevertheless, there remains a need for
supplemental biomarkers that represent different aspects of AD pathophysiology and can
improve diagnosis and prognosis at early disease stages.

Biol Psychiatry. Author manuscript; available in PMC 2011 November 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Craig-Schapiro et al.

Page 3

To discover additional CSF biomarkers for early AD, we have used two-dimensional
difference gel electrophoresis in conjunction with tandem mass spectrometry (2-D DIGE
LC-MS/MS) to identify proteins that increase or decrease in the setting of early AD relative
to age-matched cognitively normal controls. One protein found to be significantly more
abundant in AD CSF, YKL-40 (chitinase-3 like-1 [CHI3L1], human cartilage
glycoprotein-39 [HC-gp39], and chondrex) is a secreted 40-kDa glycoprotein with sequence
homology to bacterial and fungal chitinases and chitin binding ability, but no chitinase
activity (8). Reports suggest a role in inflammation and tissue remodeling, and an
upregulation in AD brain (9), but its physiological function remains unclear (10,11).
Nevertheless, plasma/serum and/or CSF levels of YKL-40 have been proposed as a
candidate biomarker for arthritis, asthma, multiple sclerosis, and myriad cancers (10-12).

In this study, we evaluate the potential of CSF and plasma YKL-40 to serve as diagnostic
and prognostic biomarkers for AD; additionally, using immunohistochemistry, we
investigate the source(s) of YKL-40 in the brain in the setting of AD. Our data suggest that
CSF YKL-40 is produced by astrocytes, is significantly elevated in very mild and mild AD,
and predicts conversion from cognitive normalcy to very mild cognitive impairment.

Methods and Materials

Subjects

Discovery cohort—Subjects (N=48), community-dwelling volunteers from University of
Washington [N=18], Oregon Health and Science University [N=11], University of
Pennsylvania [N=11], and University of California San Diego [N=8], were 51-87 years of
age and in good general health, having no other neurological, psychiatric, or major medical
diagnoses that could contribute importantly to dementia, nor use of exclusionary
medications within 1-3 months of lumbar puncture (LP) (e.g. neuroleptics, anticonvulsants,
anticoagulants). Study protocols at each institution were approved by their respective
Institutional Review Boards and written informed consent was obtained from each
participant. Cognitive status was evaluated based on criteria from the National Institute of
Neurological and Communicative Diseases and Stroke-Alzheimer’s Disease and Related
Disorders Association (13). CSF was collected in the morning by LP after overnight fasting
and immediately frozen at —80°C. Subjects with a clinical dementia rating (CDR) of 0
(N=24), indicating no dementia, and CDR 1 (N=24), indicating mild dementia, were
selected from a larger group of 120 samples on the basis of CSF AB42 (relatively high and
low values, respectively), and, when possible, CSF tau (relatively low and high values,
respectively) to increase the likelihood of CDR 1 subjects having and CDR 0 subjects not
having AD pathology. CSF AB42 and tau levels were measured in a single laboratory using
well-established ELISAs ((14) and Innotest, Innogenetics, respectively). Quantitative
thresholds were not defined prior to sample selection; the lowest CDR 0 and highest CDR 1
CSF ApB42 value were 572 and 399 pg/mL, respectively; CSF tau ranges were CDR 0: 141-
448 pg/mL, CDR 1: 216-1965 pg/mL

Validation cohort—Subjects (N=292), community-dwelling volunteers enrolled in
longitudinal studies of healthy aging and dementia at the Washington University Alzheimer
Disease Research Center (WU-ADRC), were >60 years of age and met the same exclusion
criteria as the discovery cohort. The study protocol was approved by the Human Studies
Committee at WU, and we obtained written and verbal informed consent from participants
at enrollment. CDR status was determined as with the discovery cohort, with an additional
category of CDR 0.5, indicating very mild dementia; some of these met criteria for MCI and
some were more mildly impaired, or “pre-MCI” (15). A subset of subjects (N=159)
underwent positron emission tomography (PET) imaging with Pittsburgh Compound-B

Biol Psychiatry. Author manuscript; available in PMC 2011 November 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Craig-Schapiro et al.

Page 4

(PIB) for assessment of in vivo amyloid burden (16-18). Apolipoprotein E (APOE)
genotypes were determined by the WU-ADRC Genetics Core. Fasted CSF was collected,
mixed, centrifuged, and frozen at —80°C in polypropylene tubes; blood was collected at the
time of LP, and plasma prepared by centrifugation and stored at —80°C (19).

FTLD/PSP Cohort

Volunteer subjects were diagnosed with frontotemporal lobar degeneration (FTLD) (N=9) or
progressive supranuclear palsy (PSP) (N=6) at the University of California San Francisco
(UCSF) Memory and Aging Center using published criteria (20,21). Subjects in the FTLD
group met criteria for one of the three clinical syndromes that comprise FTLD:
frontotemporal dementia (FTD) (N=6), semantic dementia (SD) (N=1), and progressive non-
fluent aphasia (PNFA) (N=2) (20). The study protocol was approved by the UCSF
Committee on Human Research, and informed consent was obtained from all participants.
CSF was collected by LP and immediately frozen at —80°C.

2-D DIGE LC-MS/MS Proteomic Analysis

Samples were processed and analyzed as described previously (22,23) (see Supplement).

Enzyme Linked Immunosorbent Assays (ELISAS)

CSF and plasma samples were analyzed by ELISA for Ap42, total tau, and phospho-tau181
(Innotest, Innogenetics) after one freeze-thaw, and for YKL-40 (Quidel) after two freeze-
thaw cycles. Intra- and inter-assay coefficient of variation for CSF YKL-40 were 5.27% and
6.03%, respectively; for plasma, 5.73% and 11.26%.

Statistical Analyses

Correlations were evaluated using the Pearson rho correlation coefficient (¢=0.05). Survival
analyses assessed the ability of baseline biomarkers and biomarker ratios to predict time to
conversion from cognitive normalcy (CDR 0) to very mild or mild dementia (CDR 0.5, 1)
and time to progression from very mild dementia (CDR 0.5) to more severe dementia
(CDR>0.5). Data from subjects who did not convert/progress were statistically censored at
the date of last assessment. Biomarker measurements were converted to standard Z-scores to
allow comparison of hazard ratios between different biomarkers. Cox proportional hazard
models adjusted for age and gender were conducted treating the CSF biomarkers as
continuous and categorical variables. Categorical analyses compared subjects within the
highest tertile of baseline values to those within the lowest two tertiles; this tertile-based
assessment was applied because Kaplan-Meier curves illustrating the unadjusted time to
CDR>0 for each tertile of each biomarker suggested similar outcomes for the lower two
tertiles. The difference between the survival curves reflecting the upper tertile versus the
lower tertiles of each biomarker was tested using the log-rank test. Survival analyses were
conducted using baseline CDR scores determined at clinical assessment prior to LP;
analyses using scores determined at clinical assessment closest to LP yielded almost
identical results. Similar survival analyses were carried out for plasma YKL-40.

Immunohistochemistry

Six-pum-thick sections of formalin-fixed, paraffin-embedded human postmortem brain tissue
(middle frontal gyrus, post mortem interval <6 hrs) from the WU-ADRC Neuropathology
Core were double-labeled using rabbit anti-human Y KL-40 antibody (Quidel) in series with
either goat anti-human GFAP (Santa Cruz), mouse anti-human HLA Class Il antigen, LN-3
(Novocastra), RCA-1 (Vector), or mouse anti-human PHF-1 (gift of Dr. Peter Davies),
followed by staining with the ImmPress kit (Vector). In control experiments, the primary
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antibody was omitted and replaced with 1% bovine serum albumin-PBS. Thioflavin S stain
(1% aqueous) was applied for 20 minutes and destained with 50% ethanol.

Results

Proteomic Analysis Identifies YKL-40 as Increased in AD CSF

To identify new candidate biomarkers for AD, we utilized an unbiased proteomics approach,
2-D DIGE LC-MS/MS (22,23), to compare the concentrations of CSF proteins in
individuals with mild dementia (CDR 1, N=24) of the Alzheimer's type to those in
individuals without dementia (CDR 0, N=24). The two groups differed with respect to age at
LP and gender (CDR 0: 64.8 yrs, 38% female; CDR 1: 72.8 yrs, 54% female). From this
proteomic analysis, we identified 47 proteins that differed in abundance between the CDR 0
and CDR 1 groups (unpublished data); one of the most promising, in terms of fold-change
and novelty, was YKL-40. Interestingly, in a smaller, previous study, we identified YKL-40
as being significantly more abundant in CSF from CDR 0.5 relative to CDR 0 subjects (23).
YKL-40 appeared in four gel features that were more abundant in the CDR 1 group (Figure
1A). Tryptic peptides from these spots collectively provide amino acid sequence coverage of
52% and span virtually the full length of the protein (Figure 1B), suggesting that these spots
represent full-length secreted YKL-40. We hypothesize that this pattern of four spots may be
due to allelic differences, post-translational modifications, or both.

ELISA Confirms Increased CSF YKL-40 in AD in Original and Independent Cohorts

To validate our 2-D DIGE findings, we applied a YKL-40 ELISA to the original ‘discovery’
cohort samples (one sample was unavailable for re-evaluation, N=47). Mean CSF YKL-40
was increased 43% in the CDR 1 vs CDR 0 group (p=.0016) (Figure 2A), consistent with
the fold-changes measured by 2-D DIGE. We next assayed a larger, independent set of CDR
0, 0.5, and 1 CSF samples collected at the WU-ADRC (N=292) that was not preselected on
the basis of CSF AB42 and tau values (characteristics at baseline assessment in Table 1). In
this validation cohort, mean CSF YKL-40 was significantly (27%) higher in the CDR 0.5
and CDR 1 groups vs. CDR 0 (p<.0001 and p=.004, respectively) (Figure 2B). An analysis
of covariance (ANCOVA) revealed that this increase remained significant after adjusting for
age, F(2, 288) = 9.075, p<.0001.

CSF YKL-40 is Increased in FTLD and Decreased in PSP

In an effort to determine whether CSF YKL-40 might have potential to distinguish AD from
other dementing illnesses, we evaluated levels in two other neurodegenerative diseases:
frontotemporal lobar degeneration (FTLD, N=9) and progressive supranuclear palsy (PSP,
N=6). Mean CSF YKL-40 was increased in FTLD relative to AD, although a wide range of
values was observed, possibly reflecting the pathological heterogeneity of FTLD; in
contrast, PSP cases showed relatively low levels and range of CSF YKL-40 (Figure 3A).
Although this study does not evaluate the complete differential diagnosis for mild cognitive
impairment or mild dementia, these data suggest that CSF YKL-40 may be useful to
distinguish AD from some other forms of neurodegenerative disease.

Correlation of CSF YKL-40 With Demographic Features and Other Biomarker Values

Because the CDR 0, 0.5, and 1 groups show somewhat different distributions with regard to
age at LP, gender, and APOE genotype, levels of CSF YKL-40 were evaluated for potential
correlation with these variables. CSF YKL-40 levels did not vary based on gender (p=.8355)
or APOE genotype (not shown) but did correlate with increasing age (r=.3943, p<.0001)
(Figure 4). Next, seeking insight into the role of YKL-40 in AD pathology, we evaluated its
associations with CSF Ap42, CSF tau, and cortical amyloid burden measured by PIB-PET
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imaging. In this validation cohort, CSF YKL-40 did not correlate with CSF AB42 (r=—.
02463, p=6745), but did correlate with CSF tau (r=.6331, p<.0001), and p-taul81 (r=.5947,
p<.0001), and modestly with cortical amyloid burden (r=.2093, p=.0081) (Figure 4).
Interestingly, a similar correlation of CSF YKL-40 with tau was observed in FTLD (r=.
9109, p=.0006), but not in PSP (r=.2434, p=6422) (Figure 3B,C), suggesting that these two
biomarkers are not inextricably linked, and that they may reflect separate but interrelated
pathophysiological processes.

Ability of CSF YKL-40 To Predict Onset and Progression of Dementia

Recognizing the need for preclinical diagnosis and prognosis, we applied survival analyses
to evaluate whether CSF YKL-40 can predict risk of developing cognitive impairment
(conversion from CDR 0 to CDR>0) and of dementia progression (CDR 0.5 to CDR>0.5).
Of the 174 CDR 0 subjects with at least one follow-up clinical assessment, 26 received a
CDR>0 at follow-up, and thus were classified as “converters.” Since CSF tau/Ap42 and p-
taul81/AB42 ratios have been shown to predict cognitive decline in cognitively normal
(19,24) and MCI (25,26) cohorts, survival analyses were also conducted for these
biomarkers. Treated as categorical variables, subjects with high ratios (upper tertile) of CSF
YKL-40/AB42, tau/AB42, and p-taul81/AB42 were faster to convert to CDR>0 than were
subjects with lower ratios (lower tertiles) (Figure 5A), even after adjusting for age and
gender (Figure 6; see also Table S1 in the Supplement). Likewise, when treated as
continuous variables, CSF YKL-40/Ap42, tau/Ap42, and p-taul81/AB42 ratios again
predicted conversion from CDR 0 to CDR>0 (p=0.0003, p=0.0001, p<.0001, respectively)
after adjustment for age and gender (Figure 6; see also Table S1 in the Supplement).
Importantly, when evaluated individually, CSF YKL-40, Ap42, tau, and p-taul81 did not
perform as well as the YKL-40/AB42, tau/Ap42, and p-taul81/AB42 ratios at predicting
conversion from CDR 0 to CDR>0 (see Figure S1 and Table S2 in the Supplement). Thus,
the CSF YKL-40/Ap42 ratio, as a prognostic biomarker of future cognitive impairment in
normal individuals, is comparable to the best CSF biomarkers of this type to date, tau/AB42
and p-taul81/AB42.

Of the 59 CDR 0.5 subjects with at least one follow-up clinical assessment, 24 received a
CDR>0.5 at follow-up, and thus were classified as “progressors.” Kaplan-Meier estimates of
the rate of progression suggest that those with high CSF YKL-40/AB42 ratios (upper tertile)
were faster to progress to CDR>0.5 than those with lower CSF YKL-40/AB42 ratios (lower
two tertiles) (p=.0648) (Figure 5B). The tau/AB42 and p-taul81/Ap42 ratios showed similar
patterns (Figure 5B). After adjustment for age and gender, similar results were found for all
three categorical biomarker variables (Figure 6, see also Table S1 in the Supplement).
Treated as a continuous variable and adjusted for age and gender, p-taul81/Ap42 and
YKL-40/AB42 ratios showed trends associated with time to progression that did not reach
statistical significance (Figure 6, see also Table S1 in the Supplement).

Plasma YKL-40 Demonstrates Limited Utility as AD Biomarker

To evaluate plasma YKL-40 as a potential AD biomarker, we applied the ELISA to 237
plasma samples from the validation cohort. Mean plasma Y KL-40 was significantly higher
in the CDR 0.5 and CDR 1 vs CDR 0 group (p=.046, p=.031, respectively, One-way
ANOVA, Tukey post-hoc), with percent increases similar to those observed in CSF (Figure
7A). Plasma and CSF YKL-40 levels correlated modestly (r=.2376, p=.0002) (Figure 7B),
with levels roughly 5-fold higher in CSF. Plasma YKL-40 also correlated with increasing
age (r=2284, p=.0004), but not with gender (p=.6558), CSF AB42 (r=-.07902, p=.2255),
CSF tau (r=.03769, p=.5637), CSF p-taul81 (r=—02738, p=.6749), or cortical amyloid load
(r=.01789, p=.8576) (see Figure S2 in the Supplement). Plasma Y KL-40 did not
demonstrate utility for predicting cognitive decline (not shown).

Biol Psychiatry. Author manuscript; available in PMC 2011 November 15.
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YKL-40 is Expressed in Astrocytes in Vicinity of Plagues and in Rare White

Matter Neurons

To investigate potential source(s) of YKL-40 in AD, we performed single and double-label
immunohistochemistry on human frontal cortex. YKL-40 immunoreactivity was observed in
the vicinity of a subset of thioflavin S-positive amyloid plaques (Figure 8A,B,C) within
GFAP-positive astrocytes (Figure 8D), and not within microglia stained with LN-3 (Figure
8E,F) or lectin RCA-1 (not shown). YKL-40 immunoreactivity was also present in plaque-
associated cell processes (Figure 8G) that lacked reactivity for dystrophic neurite marker
PHF-1 (Figure 8H) and microglial marker LN-3 (Figure 8J,K,L representing adjacent focal
planes), and that may represent astrocytic processes (suggested in Figure 81 by the plaque-
associated YKL-40-positive astrocyte in lower left quadrant). YKL-40 immunoreactivity
was also observed within the superficial cortical white matter in rare neurons (Figure
8M,N,O) with occasional PHF-1-positive neurofibrillary tangles (Figure 8N,O). These
neurons may represent cells of multiform layer VI and/or ‘interstitial neurons’ of the white
matter (27).

Discussion

This study suggests that CSF YKL-40, a novel inflammatory biomarker for AD, is increased
in AD, and, together with AB42, will assist in prognosis of patients and clinical trial
participants who are under examination for the preclinical and early clinical stages of AD.

Having identified CSF YKL-40 as a potential AD biomarker through non-biased
proteomics, we verified this finding using a commercially available ELISA, and more
importantly, validated the results in a much larger, independent cohort. By including very
mildly impaired (CDR 0.5) individuals who may be classified at some other institutions as
having MCI, or even “pre-MCI,” as some were insufficiently impaired to meet MCI criteria,
this validation cohort revealed the promise of CSF YKL-40 as a biomarker for very early
stage AD. By including individuals with FTLD and PSP, albeit in small numbers, we also
demonstrated that CSF YKL-40 shows promise for distinguishing AD from PSP.

By including individuals who were cognitively normal at the time of CSF collection, but
subsequently developed cognitive impairment, this validation cohort also revealed the
potential utility of YKL-40, coupled with Ap42, to predict cognitive decline. It has
previously been shown that ratios of CSF tau/Ap42 and p-taul81/Ap42 can predict
conversion from cognitively normal to cognitively impaired over a 2—4 year period (19,24).
Here we confirm those findings in a cohort of twice the size, and show that CSF YKL-40/
AP42 has predictive value comparable to that of these best current CSF measures. This
finding is particularly notable because, whereas CSF tau is derived principally from neurons,
YKL-40 appears to be secreted predominantly from astrocytes. To our knowledge, YKL-40
is the first astrocyte-derived marker shown to be useful in such a way. CSF YKL-40/AB42
also showed promise in predicting progression of dementia from CDR 0.5 to CDR>0.5.
However, tau/AB42 and p-taul81/AB42 appear to show greater utility for predicting
progression.

We also evaluated plasma YKL-40 as a potential AD biomarker. While plasma YKL-40
levels displayed a pattern of elevation in the CDR 0.5 and 1 groups similar to that observed
for CSF, and plasma and CSF levels were modestly correlated, plasma Y KL-40 did not
show similar prognostic utility. Whether this increase in plasma YKL-40 reflects passive or
active export of central nervous system (CNS)-derived YKL-40 or coincident peripheral
production in response to a systemic inflammatory signal is unclear. Similar coincident
elevations of CSF and serum YKL-40 levels have been reported with aneurysmal
subarachnoid hemorrhage (28) and multiple sclerosis (12). However, in the setting of CNS
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infection, CSF levels of YKL-40 appear to rise without a concomitant increase in serum
levels (29,30), suggesting that YKL-40 produced in the brain does not influence serum/
plasma levels. Data to address the converse- whether YKL-40 produced in the periphery can
influence CSF levels- have not yet been reported. This issue is important to assess in future
studies because peripheral inflammatory and neoplastic conditions are hot uncommon within
populations most likely to be screened for AD.

To examine its role in AD and to identify potential sources of CSF YKL-40, we
immunohistochemically double-labeled human AD brain tissue for YKL-40 and other cell-
specific markers, and observed YKL-40 in a subset of plaque-associated astrocytes and in
rare white matter neurons. These results should help to clarify the origins of CSF YKL-40,
which have been controversial among the small number of relevant studies (29,31,32).
Additionally, the pattern of expression within a subset of plaque-associated astrocytes may
account for the positive correlation we observe between CSF YKL-40 and cortical amyloid
load (Figure 4); as amyloid plaque burden increases, so does the amount of plaque
associated-astrocyte activation, and likely, the amount of CSF YKL-40. It may also account
for the lack of correlation we observe between CSF YKL-40 and CSF Ap42, and for the
relatively equal levels of CSF YKL-40 between CDR 0.5 and CDR 1 groups; once plaque
formation commences, which is estimated to occur ~15 years prior to cognitive decline
(4,5,7), CSF AB42 remains at a low steady state (17,33-35), so no correlation with YKL-40
would be expected. Likewise, amyloid burden appears close to its maximal extent once
cognitive decline begins (17,19,35), so plaque burden and CSF YKL-40 levels might be
expected to be similar in CDR 0.5 and CDR 1 groups. More importantly, these results
implicate YKL-40 in the astrocytic neuroinflammatory response to fibrillar AB deposition
that appears to play a role in AD pathogenesis (36—-38).

What induces YKL-40 expression in the presence of AD pathology, and how increased
YKL-40 expression may influence the disease process are unknown. In models of peripheral
inflammation such as asthma and arthritis, tumor necrosis factor-o. (TNF-a) and
interleukin-1p (IL-1pB) appear to stimulate YKL-40 synthesis in macrophages and
chondrocytes (39,40). Since TNF-a and IL-1p are implicated in AD neuroinflammation, it is
reasonable to hypothesize that astrocytic expression of YKL-40 may be similarly induced.
Given that TNF-o and IL-1f can cross the blood brain barrier, it is also reasonable to
hypothesize that YKL-40 levels in plasma and CSF might be modulated by systemic or
central inflammation. Defining the factors required to induce YKL-40 expression in
astrocytes will be an important first step in understanding the role of YKL-40 in AD and,
more generally, in the CNS.

Defining the targets of YKL-40 in the brain is also critically important for understanding its
role in AD. In the periphery, YKL-40 can reportedly stimulate connective tissue cell growth
(41,42); modulate the effects of inflammatory cytokines in fibroblasts (43); bind collagen
and influence its fibrillogenesis (44); stimulate endothelial cell migration (45); modulate
vascular smooth muscle cell adhesion and migration (46); support antigen-induced Th2
inflammatory responses (47); and stimulate alveolar macrophages to release
metalloproteinases and proinflammatory and fibrogenic chemokines (40). In the brain,
YKL-40 is reported to release extracellular matrix-bound bFGF (29). Clearly, further study
of YKL-40 in AD and, more generally, within the CNS and periphery, is warranted to define
its pathophysiological role(s).

This study identifies YKL-40 as a novel astrocyte-derived CSF biomarker that can
distinguish groups of AD and control subjects and predict risk of developing dementia
among cognitively normal subjects. Nevertheless, like all AD biomarker candidates to date,
YKL-40 is likely to have less value when applied in isolation, and, alone, will be insufficient
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to provide definitive information for an individual patient. While significant differences in
mean CSF and plasma YKL-40 levels exist between CDR 0 and CDR 0.5, and CDR 0 and
CDR 1 groups, the ranges of YKL-40 values among the groups show considerable overlap.
This overlap may stem from several sources. The greatest contribution is likely due to the
inclusion of individuals with asymptomatic (preclinical) AD pathology in the CDR 0 group;
AD neuropathology is present in ~25% of non-demented individuals age >75 years (48,49).
It is also possible that different alleles of the CHI3L1 gene may influence baseline or
reactive levels of YKL-40 protein expression, or that members of this cohort may be
afflicted by other diseases that affect CSF YKL-40 levels. For example, elevated CSF
YKL-40 has been reported in the setting of other CNS pathologies (12,28-30); however,
most of these conditions would be easily distinguishable from early AD on the basis of
clinical assessment. It is important to note that the overlap observed for CSF YKL-40 is
comparable to that seen for the best biomarkers identified to date, CSF Ap42 and CSF tau
(Figure 2 D & E) (50). The best use of YKL-40 may be in a panel of biomarkers that
provide complementary information to guide diagnosis, prognosis, clinical trial design, and
treatment decisions. Indeed, in other work stemming from this 2-D DIGE study, stepwise
logistic regression analyses indicate that YKL-40, as part of a panel with other CSF
biomarkers, contributes additional sensitivity and specificity for discriminating mildly
demented individuals from cognitively normal individuals (Perrin RJ, Craig-Schapiro R,
Holtzman DM et al. 2010, in preparation). Additionally, YKL-40 may confer specificity to a
panel by distinguishing PSP or other illnesses from AD, as our early results suggest. It will
be of interest in future studies to confirm these results and to evaluate CSF YKL-40 levels in
the setting of additional dementing conditions. Perhaps more importantly, YKL-40, for its
own part, might contribute diagnostic sensitivity for early cognitive impairment, prognostic
information for risk of cognitive decline in normal and very mildly impaired individuals,
and, more fundamentally, a direct estimate of neuroinflammation, which tau and AB42 do
not provide.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) A representative 2-D DIGE image of CSF from the discovery cohort. Samples were
depleted of six highly abundant proteins, fluorescently labeled, and subjected to isoelectric
focusing followed by SDS-PAGE. YKL-40 is more abundant in four spots in the CDR 1
group (labeled 1-4 in the inset, with mean fold changes of 1.41, 1.50, 1.46, 1.32,
respectively). The near invisibility of spot 4 in this printed representation illustrates the great
sensitivity of 2-D DIGE to detect proteins of low abundance. (B) Sequence coverage of
human YKL-40 by mass spectrometry. Indicated in red is the compilation of peptides
identified in the four spots. The signal sequence is shown in green, and polymorphisms are

indicated by boxes.
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Figure 2.

Mean YKL-40 is increased in the CSF of CDR 0.5 and CDR 1 subjects. (A) CSF from the
discovery cohort (CDR 0, N= 24; CDR 1, N=23) was analyzed for YKL-40 by ELISA
(CDR 0=293.6 +/— 23.9; CDR 1= 422.2 +/— 30.0, ng/mL, mean +/— SEM). CSF YKL-40
was significantly higher in the CDR 1 group as compared to the CDR 0 group (p=.0016,
unpaired student’s t-test). (B) CSF from a larger, independent sample set (N=292) was
analyzed for YKL-40 by ELISA. Mean CSF YKL-40 was significantly higher in the CDR
0.5 and CDR 1 groups as compared to the CDR 0 group (** p=.004, *** p<.0001; One-way
ANOVA with Welch’s correction for unequal variances, Tukey post-hoc Test) (CDR 0=
282.1 +/- 6.7; CDR 0.5= 358.9 +/— 16.9; CDR 1=351.7 +/— 22.6, ng/mL, mean +/— SEM).
(C) Mean CSF YKL-40/AB42 was significantly higher in the CDR 0.5 and CDR 1 groups as
compared to the CDR 0 group (***p<.0001; One-way ANOVA with Welch’s correction for
unequal variances, Tukey post-hoc Test). (D & E) Mean CSF AB42 was significantly higher
while mean CSF tau was significantly lower in the CDR 0.5 and CDR 1 groups as compared
to the CDR 0 group (*** p<.0001; Oneway ANOVA with Welch’s correction for unequal
variances, Tukey post-hoc Test). The degree of overlap between clinical groups is
comparable for all biomarkers evaluated.
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Figure 3.

(A) CSF samples from subjects with FTLD (N=9) and PSP (N=6) were analyzed for
YKL-40 by ELISA, and levels were compared to those of the validation cohort (CDR 0 and
CDR>0 [CDR 0.5&1 combined], N=292). Because the groups differed with respect to mean
age at LP (FTLD: 59 yrs, PSP: 66 yrs, CDR 0: 71 yrs, CDR 0.5&1: 75 yrs), analyses were
adjusted for age. CSF YKL-40 was significantly higher in the FTLD group as compared to
the PSP, CDR 0, and CDR>0 groups (*** p<.0001; ANCOVA, LSD post-hoc Test). While
not reaching statistical significance (defined here as 04=0.05), CSF YKL-40 levels trended
lower in the PSP group as compared to the CDR>0 group. (B—C) CSF YKL-40 and CSF tau
values correlated strongly in the FTLD group, but did not correlate in the PSP group.
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In the validation cohort, CSF YKL-40 levels do not vary based on gender and are not
correlated with CSF Ap42. However, CSF YKL-40 levels are correlated with age, CSF tau,
CSF p-taul81, and mean cortical PIB binding potential.
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Figure 5.

CSF YKL-40/AB42, tau/AB42, and p-tau/AB42 as predictors of (A) conversion from CDR 0
to CDR>0 and (B) progression from CDR 0.5 to CDR>0.5. Kaplan-Meier estimates of rates
of conversion and progression are shown with red curves representing the upper tertile and
black curves representing the lower two tertiles. The bottom panel shows for the CSF
YKL-40/AB42 analyses the number of subjects in the upper and lower tertiles at baseline

and at each year of follow-up.
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Utility of CSF Biomarkers in Predicting Conversion from CDR 0 to CDR>0

Utility of CSF Biomarkers in Predicting Progression from CDR 0.5 to CDR>0.5

Figure 6.
Cox proportional hazards models were used to assess the ability of CSF YKL-40/Ap42, tau/
APB42, and ptau/AB42 to predict (top) conversion from cognitive normalcy (CDR 0) to
cognitive impairment (CDR>0) and (bottom) progression from very mild dementia (CDR
0.5) to mild or moderate dementia (CDR>0.5). Biomarker measures were analyzed as both
continuous and categorical variables, and were converted to standard Z-scores to allow
comparison of hazard ratios between different biomarkers. In evaluating risk, analyses were
adjusted for age and gender. Abbreviations: HR, hazard ratio; CI, confidence interval.

Hazard Ratio
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Correlation between CSF and Plasma YKL-40
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Figure 7.

200 400 600 800
CSF YKL-40 (ng/mL)

Plasma samples of the validation cohort (N=237) were evaluated for YKL-40 by ELISA.
(A) Mean plasma YKL-40 was significantly higher in the CDR 0.5 and CDR 1 groups as
compared to the CDR 0 group (+ p=.046, * p=.031; One-way ANOVA, Tukey post-hoc
Test) (CDR 0= 62.5 +/— 3.4; CDR 0.5=81.1 +/— 8.0; CDR 1=91.9 +/— 15.0, ng/mL, mean
+/— SEM). (B) CSF and plasma YKL-40 levels are significantly correlated (r =.2376, p=.

0002).
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Figure 8.

In AD neocortex, YKL-40 immunoreactivity is observed in the vicinity of thioflavin S-
positive fibrillar amyloid plaques (A,B,C). YKL-40 immunoreactivity is present within a
subset of GFAP-positive astrocytes (D) and not in LN-3-positive microglia (E,F). YKL-40 is
also observed in cell processes associated with plaques (G); these processes lack reactivity
for dystrophic neurite marker PHF-1 (H,l) and microglial marker LN-3 (J,K,L representing
adjacent focal planes), and may represent astrocytic processes. YKL-40 immunoreactivity is
also observed in occasional neurons in the superficial white matter (M,N,O), some of which
contain neurofibrillary tangles (evidenced by PHF-1 staining, N,O). These neurons may
represent cells of multiform layer V1 or “interstitial neurons’ of the white matter. Scale bars
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=50 um; scale bar in A applies to A-C; scale bar in D applies to D-O, with the exception of
N.
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Demographic, Clinical, and Genotypic Characteristics of Validation Cohort

Table 1

Characteristic CDRO CDRO05 | CDR1

n 198 65 29
Gender (% Female) 63% 54% 52%
APOE genotype, % &4+ 35% 51% 59%
Mean MMSE score (SD) 28.9(1.3) | 26.3(2.8) | 22.3(3.9)
Mean age at LP (SD), yrs 71.0(7.3) | 73.8(6.8) | 76.5(6.2)
Mean CSF AB42 (SD), pa/mL 605 (240) | 446 (230) | 351 (118)
Mean CSF tau (SD), pg/mL 304 (161) | 539 (276) | 552 (263)
Mean CSF ptaul81 (SD), pg/mL | 55 (25) 85 (44) 77 (38)
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Abbreviations: CDR, Clinical Dementia Rating; APOE, apolipoprotein E; MMSE, Mini-Mental State Examination; LP, lumbar puncture; SD,

standard deviation; CSF, cerebrospinal fluid; Ap-42, amyloid-beta peptide 1-42; ptau181, tau phosphorylated at threonine 181.
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