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Abstract

Background: Cerebrospinal fluid (CSF) platelet-derived growth factor receptor-β
(PDGFRβ) has been proposed as a biomarker of blood–brain barrier (BBB) breakdown.

We studied PDGFRβ levels as a biomarker for cerebral amyloid angiopathy (CAA),

amnestic mild cognitive impairment (aMCI), or Alzheimer’s disease (AD).

Methods: CSFPDGFRβ levelswere quantified by enzyme-linked immunosorbent assay

in patients with CAA, patients with aMCI/AD, and inmatched controls. In aMCI/ADwe

evaluated CSF PDGFRβ both by clinical phenotype and by using the AT(N) biomarker

classification system defined by CSF amyloid (A), tau (T), and neurodegeneration (N)

biomarkers.

Results: PDGFRβ levels were similar in CAA patients and controls (P = .78) and in

aMCI/AD clinical phenotype and controls (P = .91). aMCI/AD patients with an AD+

biomarker profile (A+T+[N+]) had increased PDGFRβ levels compared to (A–T–[N–])

controls (P= .006).

Conclusion: Our findings indicate that PDGFRβ levels are associated with an AD+

biomarker profile but are not a suitable biomarker for CAA or aMCI/AD clinical syn-

drome.
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1 INTRODUCTION

Cerebral amyloid angiopathy (CAA) is characterized by amyloid beta

(Aβ) deposition in the adventitia and media of the small arteries and

arterioles and in the basement membrane of capillaries, probably due

to impaired Aβ clearance.1 In more advanced cases, the vascular accu-

mulation of Aβ leads to complete degeneration of the mural vascu-
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lar cells. As a result, the vessel wall weakens, which leads to compro-

mised integrity of the blood–brain barrier (BBB)2 and to extravasation

of blood into the parenchyma in the form of lobar cerebralmicrobleeds

(CMBs) and intracerebral hemorrhages (ICHs).1 Currently, the diagno-

sis of CAA during life is based on the modified Boston criteria,3 using

magnetic resonance imaging (MRI) markers of the hemorrhagic mani-

festations of CAA. However, these are indirect signs of relatively late
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stages of CAA and they do not provide definitive proof of the disease.

Cerebrospinal fluid (CSF) markersmay provide an opportunity to iden-

tify CAA at an earlier stage andmay enable the use of such biomarkers

tomonitor the progression of cerebral vascular Aβ pathology.
CSF platelet-derived growth factor receptor-beta (PDGFRβ) is a

potential biomarker for CAA. PDGFRβ has been suggested as a

biomarker of pericytes4,5 and cerebral pericytes have a critical role in

thematurationand themaintenanceof theBBB.4 In addition, increased

PDGFRβ levels in CSF were associated with increased BBB permeabil-

ity using dynamic contrast-enhanced MRI (DCE-MRI) in patients with

mild cognitive impairment (MCI).6,7

Also, CSF PDGFRβ concentrations were increased in individuals

with MCI (defined as a clinical dementia rating [CDR] score of 0.5),6–9

and increased to yet a higher level in dementia patients (CDR of 1.0).7,9

Moreover, increasedCSFPDGFRβ levelswere observed in participants
with an AD+ biomarker profile (defined as abnormal CSF Aβ42, phos-
phorylated tau [p-tau], and total tau [t-tau] levels; cognitive status was

unknown) compared to controls without such a biomarker profile.10

The aim of this study was: (1) to investigate whether CSF PDGFRβ
levels are elevated in CAA patients compared to controls, and (2) to

verify previously described results on CSF PDGFRβ levels in amnes-

tic MCI (aMCI) patients (CDR 0.5), AD patients with mild dementia

(CDR 1.0) andwithmoderate dementia (CDR 2.0) whowere diagnosed

according to clinical criteria, and controls (3) to verifyCSFPDGFRβ lev-
els in aMCI/AD patients with an AD+ biomarker profile11 compared to

controls without such profile.

2 METHODS

2.1 Western blot

Sodium dodecyl sulfate polyacrylamide gel electrophoresis/western

blot analysis was performed to demonstrate the presence and molec-

ular size of PDGFRβ in CSF. See supporting information for a detailed

description of themethodology.

2.2 Study populations

We defined a “CAA control group,” for which we included 11 patients

with CAA from the Radboud University Medical Center (RUMC),

Nijmegen, the Netherlands, and 14 patients with CAA from the Mas-

sachusettsGeneralHospital (MGH), Boston,United States, and27 con-

trols from the RUMC. Patients could be included if they had a diagno-

sis of probable or definite CAA based on the modified Boston criteria3

CAA was categorized and patients were assigned to the following

groupings of certainty: definite CAA (autopsy confirmed, n= 2), proba-

ble CAAwith supporting pathology (n= 6), and probable CAA (n= 17;

Table 1). Controls all underwent lumbar puncture as part of the diag-

nostic workup of neurologic symptoms or to exclude central nervous

system involvement of a systemic disease. They neither had the sus-

pected neurological disease, nor a neurodegenerative disease, known

HIGHLIGHTS

∙ An amyloid/tau/neurodegeneration–positive (A+T+N+)

biomarker profile correlated with significantly higher

cerebrospinal fluid (CSF) platelet-derived growth factor

receptor-β (PDGFRβ) levels.
∙ CSF PDGFRβ levels were similar in cerebral amyloid

angiopathy (CAA) patients and controls.

∙ CSF PDGFRβ levels were similar in clinically diagnosed

amnestic mild cognitive impairment/Alzheimer’s disease

patients and controls.

∙ We cannot confirm previous results on PDGFRβ as a

biomarker of blood–brain barrier dysfunction.

RESEARCH INCONTEXT

1. Systematic review: Cerebrospinal fluid (CSF) platelet-

derived growth factor receptor-β (PDGFRβ) levels have
been described as biomarkers of blood–brain barrier

dysfunction and early cognitive decline. We aimed to

explore this biomarker potential in a unique population of

patients with cerebral amyloid angiopathy (CAA) and of

patients with amnestic mild cognitive impairment (aMCI)

and Alzheimer’s disease (AD).

2. Interpretation: We found similar CSF PDGFRβ levels in

CAA patients versus controls as well as in clinically diag-

nosed aMCI/AD patients versus controls. However, CSF

PDGFRβ was strongly associated with a positive AD

biomarker profile in aMCI/AD patients.

3. Future directions: CSF PDGFRβ as a biomarker of AD

pathology should be investigated in more independent

laboratories and patient cohorts.

cognitive impairment, sepsis, a recent stroke (< 6 months), or a malig-

nancy in the central nervous system.

We also defined an “AD control group.” Of these, 19 patients had

aMCI (CDR = 0.5), 28 patients had mild dementia (CDR = 1.0), and

12 patients had moderate dementia (CDR = 2.0) and 32 controls, all

from the RUMC. Patients could be included if they either had a clinical

diagnosis of aMCI at the moment of the lumbar puncture followed by

a diagnosis of probable AD in a later stage, or a diagnosis of probable

AD. Diagnosis was established during multidisciplinary memory clinic

meetings, according to the Petersen12 andNational Institute ofNeuro-

logical and Communicative Disorders and Stroke–Alzheimer’s Disease

and Related Disorders Association criteria.13 The controls fulfilled the

criteria as mentioned above. The CDR score14 was defined by a cer-

tified geriatrician after a comprehensive assessment of the patient,

including information from a knowledgeable informant. Mini-Mental
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TABLE 1 Characteristics of the CAA control group

Controls; n= 27 CAA; n= 25 P-value

Age (years) 62.9±10.0 66.1± 10.1 P= 0.25a

Sex, M/F 12/15 14/11 P= 0.41b

CSF total protein (mg/mL) 0.83 [0.78-1.03] 0.93 [0.86–1.01] P= 0.045c

CSF Aβ40 (pg/mL) 6338± 2351 3830± 1890 P< 0.0001a

CSF PDGFRβ (ng/mL) 3.35± 0.94 3.39± 1.10 P= 0.88a

Abbreviation: Aβ40, amyloid beta 40; CAA, cerebral amyloid angiopathy; CSF, cerebrospinal fluid; F, female;M,male; PDGFRβ, platelet-derived growth factor
receptor β.
aStudent’s t-test.
bChi-square test.
cMann-Whitney U test.

Unadjusted p values are stated.

Note: Means and standard deviation are depicted for age, CSF Aβ40 levels, and CSF PDGFRβ levels, because they had a Gaussian distribution. Medians and

interquartile range are depicted for total protein levels because these had a non-Gaussian distribution.

TABLE 2 Patient characteristics, MRImarkers, and CSF biomarker levels of the AD control group

Controls; n= 32 aMCI (CDR 0.5); n= 19 AD (CDR 1); n= 28 AD (CDR 2); n= 12 P-value

Age (years) 61 [56-67] 72 [70-78] 74 [66-77] 73 [64-77] P< .0001a

Sex, M/F 15/17 7/12 8/20 3/9 P= .46b

MMSE score n.a. 26± 2 22± 3 15± 5 P< .0001a

APOE genotype n.a. ε3/ε3 (n= 3);

ε3/ε4 (n= 7);

ε4/ε4 (n= 3);

n.a. (n= 6)

ε2/ε4 (n= 1);

ε3/ε3 (n= 4);

ε3/ε4 (n= 18);

ε4/ε4 (n= 3);

n.a. (n= 2)

ε2/ε4 (n= 1);

ε3/ε3 (n= 4);

ε3/ε4 (n= 6);

ε4/ε4 (n= 1)

P= .64d

CSF total protein (mg/mL) 0.91 [0.79–.02] 0.87 [0.79–0.93] 0.86 [0.79–0.97] 0.78 [0.73–0.95] P= .46c

CSF t-tau (pg/mL) 267 [179–386] 504 [419–691] 661 [468–1060] 530 [334–874] P< .0001c

CSF p-tau (pg/mL) 47.5 [32.3–56.8] 91.0 [71.0–114.0] 98.5 [85.3–130.8] 85.0 [65.8–106.5] P< .0001c

CSF Aβ42 (pg/mL) 864 [664–1142] 459 [404–516] 461 [394–538] 505 [388– 699] P< .0001c

CSF PDGFRβ (ng/mL) 3.36 [2.58–3.93] 3.01 [2.55–3.58] 3.44 [2.90–4.61] 2.93 [2.39–3.50] P= .29c

Abbreviations: Aβ42, amyloid beta 42; AD, Alzheimer’s disease; APOE, apolipoprotein E; CSF, cerebrospinal fluid; F, female; M, male; MCI, mild cognitive

impairment; MMSE,Mini-Mental State Examination; MRI, magnetic resonance imaging; n.a., not available; PDGFRβ, platelet-derived growth factor receptor
β; p-tau, phosphorylated tau; t-tau, total tau.
aAnalysis of variance.
bChi-square test.
cKruskall-Wallis test.
dFisher’s exact test.

Notes: Means ± standard deviations are reported for MMSE scores, because they had a Gaussian distribution. Medians and interquartile range are depicted

for age and CSF biomarkers, because they had a non-Gaussian distribution. Unadjusted P-values are stated. Sex was compared using a Chi-square test.

State Examination (MMSE) scores15 were available for all AD patients

(Table 2).

We categorized this AD-control group also into “AD biomarker

positive” aMCI/AD patients and “AD biomarker negative” controls

according toAT(N) criteria,11 based onpredefined cutoff values16 (CSF

Aβ42 [A]+: < 500 pg/mL; CSF phosphorylated tau [T]+: > 85 pg/mL;

CSF total tau [N]+:> 350 pg/mL).

2.3 CSF analysis

For all patients and controlsCSFwas obtained via lumbar puncture and

collected in polypropylene tubes, centrifuged 10 minutes at 800 x g,

aliquoted, and stored in polypropylene tubes at−80◦C.

We quantified PDGFRβ levels using the Human Total PDGFRβ
DuoSet IC enzyme-linked immunosorbent assay (ELISA; R&D Systems

Europe). The ELISA was adapted and validated for quantification

of PDGFRβ in CSF and serum. The manufacturers’ instructions were

followed, except for the following steps. Standards and patient samples

were diluted in 20 mM Tris buffer (pH 7.3), containing 137 mM NaCl,

0.05% Tween-20, and 0.1% bovine serum albumin. CSF samples were

diluted four times. A 2-fold serial diluted standard curve, ranging from

125 to 8000 pg/mL, was used. The lower limit of quantification was

44.1 pg/mL. The mean intra-assay coefficient of variation (CV) was

8.4% ± 5.2 and the mean inter-assay CV was 18.7% ± 2.1 for CSF

samples (PDGFRβ concentration range 1,800–4,100 pg/mL). Themean

recovery of recombinant protein spiked in CSF was 81 ± 17% and the
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TABLE 3 Characteristics of a subset of the AD control groupwith both CSF and serum available

Controls; n= 10 aMCI; n= 13 ADCDR 1.0; n= 17 aMCI/AD (all) P-valued

Age (years) 63± 10 72± 5 71± 8 71± 7 P= .008a

Sex, M/F 5/5 7/6 8/9 15/15 P= 1b

CSF total protein (mg/mL) 0.92± 0.14 0.91± 0.17 0.88± 0.11 0.89± 0.14 P= .62a

CSF PDGFRβ (ng/mL) 3.04

[2.44–6.61]

2.58

[2.43–3.74]

3.16

[2.86–4.32]

3.09

[2.54–3.98]

P= .61c

Serum PDGFRβ (ng/mL) 30.13

[22.37–41.48]

34.84

[26.60–37.43]

35.75

[26.73–41.73]

34.96

[27.3–39.0]

P= .59c

Q-Albumin 7.26± 2.43 7.37± 2.62 6.34± 1.94 6.79± 2.28 P= .58a

Q- PDGFRβ 105.43± 43.35 98.66± 28.17 109.75± 31.32 104.94± 30.01 P= .97a

PGDFRβ index 13.32

[9.67–21.17]

13.94

[9.28–22.63]

17.49

[12.65–20.83]

14.39

[11.66–27.82]

P= .61c

Abbreviations: AD, Alzheimer’s disease; aMCI, amnestic mild cognitive impairment; CDR, Clinical Dementia Rating; CSF, cerebrospinal fluid;

PDGFRβ, platelet-derived growth factor receptor β; Q-albumin, CSF/serum albumin ratio; Q-PDGFRβ, CSF/serum PDGFRβ ratio; PDGFRβ index, Q-

PDGFRβ/Q-albumin ratio.
aStudent’s t-test.
bChi-square test.
cMannWhitney U test.
dThis column depicts the P-value of the comparison between controls and aMCI/AD (all).

Notes: Medians and interquartile range are depicted for CSF PDGFRβ, serumPDGFRβ, and the PDGFRβ index, because they had a non-Gaussian distribution.
Means and standard deviations are depicted for age, CSF total protein, andQ-albumin, because they had a Gaussian distribution.

linearity of dilution was 100% to 125% for 2* to 16* CSF dilutions;

these are acceptable results.17

Total protein levels in CSF were determined using Pierce BCA pro-

tein assay kit (Thermo Fisher Scientific).

In all PDGFRβ and total protein CSF analyses, five quality controls

were analyzedoneachplate to check and correct,whendeemedneces-

sary, any variations between plates. These controls consisted of pooled

CSF samples that were stored in aliquots at –80◦C. For each analysis a

fresh aliquot was used.

Aβ42, p-tau, and t-tau levels in CSF from the AD control groupwere

analyzed using INNOTEST ELISAs (Fujirebio). Aβ42, p-tau, and t-tau

levels in CSF from the CAA control group were analyzing using auto-

mated versions using a Lumipulse apparatus (Fuijrebio). For the com-

parison of CSF Aβ40 between CAA patients and controls, we analyzed

these levels using an Euroimmun ELISA.

2.4 Serum analysis

For all patients and controls serum was obtained via venipunc-

ture and collected in polypropylene tubes, centrifuged 10 min-

utes at 800 x g, aliquoted, and stored in polypropylene tubes at

−80◦C.

We quantified PDGFRβ levels in serum by ELISA as described above

for CSF analysis, except that serum sampleswere diluted 25 times. The

mean intra-assay CV was 2.9 ± 1.7% and the mean inter-assay CV was

14.4± 4.9% for serum samples (PDGFRβ concentration range 26,200–
40,500 pg/mL). The mean recovery of recombinant protein spiked in

serum was 60 ± 10% and the linearity of dilution was 100% to 125%

for 8* to 64* serum dilutions. Apolipoprotein E (APOE) genotyping was

performed as described earlier.18

We studied the relation of PDGFRβ with blood–CSF barrier

integrity in a subset of the aMCI/AD patients and controls. Both the

CSF/serum albumin ratio (Q-albumin) and CSF total protein levels are

an indicator of the integrity of the blood–CSF barrier. Although Q-

albumin is often interpreted as amarker of BBB disruption, instead it is

a reflection of the integrity of the blood–CSF barrier.19–23 We selected

30 aMCI/AD patients and 10 controls for whom paired CSF/serum

samples and albumin concentrations in both fluids were available

and calculated Q-albumin (Table 3). To correct for possible transport

of PDGFRβ across the blood–CSF barrier, which may be advanced

in the case of impaired blood–CSF barrier function, we calculated

the PDGFRβ index ([Q-PDGFRβ: CSF PDGFRβ/serum PDGFRβ]/Q-

albumin).

2.5 MRI analysis

MRI analysis included axial T1 weighted, T2 weighted, coronal fluid

attenuated inversion recovery (FLAIR) sequences and either a gradient

echo (GRE) T2* weighted or a susceptibility weighted (SWI) sequence.

See supporting information for a detailed description.

2.6 Data analysis

The data analysis of this study was done using IBM SPSS forWindows,

version 25.0 (IBM Corp) and GraphPad Prism 5.03. If parameters had

aGaussian distribution, parameterswere depicted asmean± standard

deviation and group differences were analyzed with a Student’s t-test

or an analysis of variance. Otherwise, parameters were stated asmedi-

ans with interquartile ranges and aMann-Whitney U test or a Kruskal-

Wallis test was used. The Shapiro–Wilk test was used to analyze the
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normality of the data. Sex was analyzed by a Chi-square test. Global

atrophy score (GCA), medial temporal lobe atrophy (MTA) score, and

Fazekas scores were compared using Fisher’s exact test. Spearman

rank correlation was used to evaluate correlation between two vari-

ables. We corrected for age and sex by performing multiple regres-

sion with age and sex as independent variables. In a second model, we

adjusted for age, sex, and total protein levels. PDGFRβ levels were log
transformed for the multiple regression analysis when necessary. Sta-

tistical outliers were identified using Grubbs’ outlier test (P < .01) and

excluded from themultiple regression analysis when appropriate.

To explore potential specific relationships between PDGFRβ and

AD pathology, we performed a subgroup analysis of aMCI/AD patients

who were “AD biomarker positive” (i.e., A+T+[N]+) compared to “AD

biomarker negative” (i.e., A–T–[N]–) controls.

We also performed a subgroup analysis in which we compared CSF

PDGFRβ levels from controls without or with only mild white matter

hyperintensities (WMH) to aMCI/AD patients with a similar Fazekas

score. This was necessary to be able to compare results to previous

studies in which patients with neuroimaging signs of neurovascular

damage were excluded.7–9 We definedWMHwith no or mildWMH as

a Fazekas score 0 or 1, and we pooled six controls from the CAA con-

trol group with four from the AD control group to increase group size.

Moderate to severeWMHwas defined as a Fazekas score of 2 or 3.

2.7 Ethical statement

Lumbar punctures and venipunctures were performed after informed

consent from the patients themselves or from the patients’ legal repre-

sentatives. See supporting information for further details.

3 RESULTS

3.1 PDGFRβ analysis by western blotting

Western blot analysis showed PDGFRβ expression by cultured human

brain pericytes (Figure S1A in supporting information). We observed

a 190 kDa band, which corresponds to the full length of the protein.

Recombinant human PDGFRβ standards (recPDGFRβ) was detected
as a band of 150 kDa with a concentration-dependent intensity, and

with a detection limit of 0.25 ng protein (Figure S1B). In CSF, we con-

sistently observed a band stained for PDGFRβwith amolecular weight

of 120 kDa (Figure S1B).

3.2 CSF PDGFRβ levels in CAA patients

CSFPDGFRβ levels in patientswithCAA (3.39±1.10 ng/mL)were sim-

ilar to those in controls (3.35 ± 0.94 ng/mL; P = .88, Table 1 and Fig-

ure 1A). Adjustment for age and sex (difference in CSF PDGFRβ levels,
P = .95), and adding CSF total protein to this analysis did not change

the results (P = .67). Furthermore, CSF PDGFRβ levels were similar

between CAA patients from RUMC and MGH (P = .87) and between

CAA patients and controls from RUMC (P = .87). We found no corre-

lation between CSF PDGFRβ and age (P = .091, spearman rank coef-

ficient [rsp]= 0.218). As expected, Aβ40 levels in CAA patients were

lower than in controls (P< .0001, Table 1).

We found similar CSF PDGFRβ levels in CAA patients with differ-

ent APOE genotypes (P= .78; Table S1 in supporting information), sim-

ilar levels in APOE ε4 carriers and APOE ε4 non-carriers (P= .93), and in

APOE ε2 carriers and APOE ε2 non-carriers (P= .31).

We have categorized the CAA patients according to the number of

CMB (n=2–4, n=5–25, n=26–40, n>40). In each of these subgroups

we found similar levels of CSF PDGFRβ ( P = .26). There was neither

a correlation between CSF PDGFRβ concentration and the scores on

the cortical superficial sideoris (CSS) scale (rSP = 0.24; P = .29), and

the number of intracerebral hemorrhages (ICHs) (rSP = 0.04; P = .87),

nor between the number of days between themost recent ICH and the

time of lumbar puncture (rSP = –0.116; P= .72), or days between most

recentMRI and the time of lumbar puncture (rSP =0.050;P= .84; Table

S1).

CSF PDGFRβ correlated with CSF t-tau levels (rSP= 0.47, P = .007)

and CSF p-tau levels (rSP = 0.51, P = .003), with CSF Aβ42 levels

(rSP =0.401,P= .025) andwithCSFAβ40 levels (rSP=0.485,P< .0001;

Table S1).

3.3 CSF PDGFRβ levels in aMCI/AD patients

CSF PDGFRβ levels were similar in aMCI/AD patients (median

3.16 ng/mL, interquartile range [IQR]: 2.54–3.94) and controls (median

3.36 ng/mL, IQR: 2.58–3.93; P = .91). These levels were also simi-

lar when the various disease stages of aMCI/AD (CDR 0.5–1.0–2.0;

P = .29) were compared to each other and with controls (Figure 1B,

Table 2). Adjusting for age and sex did not change resultswhen compar-

ing CDR 0.5 patients and controls (P = .14), CDR 1.0 patients and con-

trols (P= .98), and CDR 2.0 patients and controls (P= .26). Adding CSF

total protein to the analysis did not change results. PDGFRβ weakly

correlated with age (rsp = 0.21, P= .046).

aMCI/AD patients who were “AD biomarker positive” (i.e.,

A+T+[N]+) had higher CSF PDGFRβ levels (mean 3.74 ± 1.08 ng/mL)

than “AD biomarker negative” (i.e., A–T–[N]–) controls (mean 2.92

± 0.79 ng/mL; P = .006; Figure 1C). The difference remained when

adjusted for age and sex (P = .01). CSF PDGFRβ correlated with CSF

t-tau levels (rSP = 0.47, P < .0001) and CSF p-tau levels (rSP = 0.43,

P< .0001), but not with CSF Aβ42 levels (rSP = 0.03, P= .776).

CSF PDGFRβ levels were similar in aMCI/AD patients with a

Fazekas score of 0/1, in aMCI/AD patients with a Fazekas score of 2/3,

and in controlswith a Fazekas score of 0/1 (P= .24; Table S2 and Figure

S2A in supporting information). Moreover, CSF PDGFRβ levels were

similar in aMCI/AD with different CDR scores (0, 0.5, 1.0, or 2.0) and

control groups but with a similar Fazekas score of 0 or 1 (P= .76; Table

S2 and Figure S2B).

We found similar CSF PDGFRβ levels in aMCI/AD patients with dif-

ferent APOE genotypes (P = .50; Table 2), and similar levels in APOE ε4
carriers and APOE ε4 non-carriers (P= .41).



DEKORT ET AL. 1793

F IGURE 1 CSF PDGFRβ levels in CAA and aMCI/AD patients compared to controls. Box- and scatterplots (depictingmedian, interquartile
range, and range) and scatter plot of CSF PDGFRβ levels in various groups. A, Comparison of CSF PDGFRβ levels in CAA patients versus controls.
White hexagons represent CAA patients from RUMC, black hexagons represent CAA patients fromMGH. The levels were similar (P= .88). B, CSF
PDGFRβ levels in controls, aMCI patients (ADCDR 0.5), AD patients withmild dementia (ADCDR 1.0) andwithmoderate dementia (ADCDR 2.0).
Levels were similar (P= .29). C, PDGFRβ levels in controls with normal AD biomarkers (A–T–[N–]) and aMCI/AD patients with positive AD
biomarkers (A+T+[N+]). The PDGFRβ levels differed significantly between groups, P= .006. AD, Alzheimer’s disease; aMCI, amnestic mild
cognitive impairment; CAA, cerebral amyloid angiopathy; CDR, Clinical Dementia Rating; CSF, cerebrospinal fluid, ns, on-significant; MGH,
Massachusetts General Hospital; PDGFRβ, platelet derived growth factor receptor-beta; RUMC, Radboud UniversityMedical Center

3.4 Correlation between PDGFRβ levels and
blood–CSF barrier integrity

In the AD control group, CSF PDGFRβ levels correlated with CSF total
protein levels (rSP = 0.46, P < .0001, Figure 2A), whereas in the CAA

control group, there was no such correlation (rSP = 0.17, P= .22).

In the subgroup of the AD control group with available CSF and

serum, serum PDGFRβ levels were similar in all groups (P = .59), and

CSF and serum PDGFRβ levels were correlated (rSP = 0.58, P< .0001).

However, neither CSF PDGFRβ levels (rSP = 0.14, P = .38) nor Q-

PDGFRβ (rSP = 0.15, P= .37) correlated with Q-Albumin (Figure 2B,C).

Last, we found a similar PDGFRβ index in the aMCI/AD patients and

controls (P= .61).

4 DISCUSSION

This study shows that CSF PDGFRβ levels are neither altered in

CAA patients nor in clinically defined aMCI or AD patients. However,

CSF PDGFRβ levels are increased in aMCI/AD patients with an “AD

biomarker positive” phenotype (i.e., A+T+[N]+). In addition, we found

a strong correlation of CSF PDGFRβ levels with both t-tau and p-tau

levels, but not with Aβ42. CSF PDGFRβ levels did not correlate withQ-

albumin, a marker for blood–CSF barrier integrity.

Our finding that PDGFRβ levels were not increased in CAA patients

versus controls is striking because CAA is pre-eminently associated

with BBB dysfunction.24–26 The accumulation of Aβ as CAA may

lead to decreased perivascular Aβ clearance, more Aβ accumulation,

Aβ-associated cellular degeneration, loss of blood vessel function

and integrity, and subsequent ischemia and hemorrhagic manifesta-

tions including CMBs, cortical superficial siderosis, and large corti-

cal hemorrhages,3 all reflective of increased BBB dysfunction.26–29

In addition, immunohistochemical research has shown that capillary

CAA in AD patients is associated with morphologic and possibly

physiologic alterations of the neurovascular unit and increased BBB

permeability.24 It was also shown that Aβ leads to degeneration of

cultured human brain pericytes.30 Thus, our findings suggest that

although BBB dysfunction is tightly associated with CAA, this is not

reflected by increased PDGFRβ levels in CSF. It cannot be excluded,

however, that a potential increased release of PDGFRβ in CSF is
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F IGURE 2 Correlations between CSF PDGFRβ and total protein or the albumin ratio. Scatterplot with regression line and 95% confidence
interval of the relation of CSF PDGFRβ andQ-PDGFRβwithmeasures of blood–CSF barrier integrity. A, Correlation between CSF PDGFRβ and
total protein in the AD control group. Two outliers were removed for visual purposes (they were included in the correlation analysis). B,
Correlation of CSF PDGFRβ and the albumin ratio (Q-Albumin) in the CSF serum subgroup. C, Correlation of Q-PDGFRβ andQ-Albumin in the CSF
serum subgroup. AD, Alzheimer’s disease; CSF, cerebrospinal fluid; PDGFRβ, platelet-derived growth factor receptor beta; RSP, Spearman
correlation coefficient; Q-Albumin, ratio between CSF and serum albumin; Q-PDGFRβ, ratio between CSF and serum PDGFRβ

counterbalanced by pericyte degeneration in CAA patients, leading to

a net amount of PDGFRβ in the CSF similar to controls.

CSF PDGFRβ levels were also not associated with clinically diag-

nosed aMCI or AD. However, CSF PDGFRβ levels were increased in

“AD biomarker positive” patients compared to “AD biomarker nega-

tive” controls. These results are similar to those previously reported,10

but are in contrast to other studies in which an increase of PDGFRβ
in MCI and mild dementia patients, independent of p-tau status, was

described.6–9 Several differences between these studies and ours may

contribute to the disparate results. First, we included patients with

aMCI and AD dementia, whereas in the published studies patients

were includedwith themore heterogeneous diagnoses “MCI” andmild

dementia, but not necessarily with AD-related MCI or dementia. Sec-

ond, patients and controls with vascular brain injury were excluded

from those studies, as opposed toour study. Therefore,weperformeda

subgroup analysis limited to those aMCI andADpatientswithout cere-

bral small vessel disease, as quantified byWMH score. Here, however,

we did not find any evidence that an increased degree of WMH leads

to differences in CSF PDGFRβ levels, suggesting that the inclusion of

patients with cerebral vascular pathology in our studies, as opposed to

previous studies, does not provide an explanation for the discrepant

findings. It should be noted, however, that we had a relatively small

sample size available for this analysis, because an MRI scan was not

available for each patient. Third, unlike previous studies,6,7 we used

a sandwich ELISA instead of quantitative western blotting. It cannot

be excluded that the use of different quantification methods leads to

different results. However, using the same recombinant protein and

detection antibody as in these previous western blotting studies we

obtained the same sensitivity to detect PDGFRβ, and ourwestern blot-
ting yielded estimates of 8–25 ng/mL PDGFRβ in CSF, which is close to
the range of our ELISA results. These results suggest that our quantita-

tive ELISA results are robust. In contrast, in the previous western blot-

ting studies much higher CSF PDGFRβ levels were observed than we

(and others) obtained using sandwich immunoassays.9,10 Despite that

we aimed for using comparable methodology, we did not detect a band

in CSF at the reportedmolecular weight of> 150 kDa, but instead con-

sistently found an immunoreactive 120 kDa band, likely representing

the PDGFRβ ectodomain shed by the metalloproteinase ADAM10.31

Thus, it cannot be fully excluded that different PDGFRβ species are

measured in the different studies.

We found a strong correlation of PDGFRβ levels with both t-tau and
p-tau levels, but not with Aβ42, suggesting that CSF PDGFRβ is closely
related to tau pathology and neurodegeneration, but not to amyloid

pathology. There is evidence suggesting that BBB dysfunction is asso-

ciatedwith tau pathology in AD, and vice versa, that tau pathologymay

affect BBB function.32–34 However, because we found no association

of PDGFRβ levels in CSFwith the presumedBBBdysfunction in CAA, it

remains obscure what causes the relation with tau pathology.
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Wedid not observe an effect ofAPOE genotypeonCSFPDGFRβ lev-
els. The APOE ε4 allele is a major genetic risk factor for AD35 and APOE

ε4 carriers showed exacerbated pericyte loss and BBB breakdown.36

In line with this association, it was previously demonstrated that CSF

PDGFRβ levels are increased in APOE ε4 carriers with no or MCI com-

pared tomatchedAPOE ε3homozygotes.8 However,whenwestratified

our patients into APOE ε4 carriers versus non-carriers, we could not

confirm this difference in CSF PDGFRβ levels neither in CAA patients

nor in theMCI/AD patients, although our group sizes were limited.

We also studied the relationship of CSF PDGFRβ with serum

PDGFRβ, and with markers of blood–CSF barrier integrity, that

is, CSF total protein levels and the CSF/serum albumin ratio (Q-

albumin).19,21,22 We made contrasting observations with regard to

these correlations: in the AD control group we found a correlation

between CSF PDGFRβ and CSF total protein, whereas in the CAA con-

trol group we did not find such correlation. Although this discrepancy

is difficult to explain, it is in line with previous studies reporting either

a positive or absent correlation with Q-albumin.6,7,9,10 Furthermore,

it is important to note that, although Q-albumin (and CSF total pro-

tein) are often interpreted as a marker for BBB disruption, they are

reflections of the blood–CSF barrier instead.19–23 The positive corre-

lation of PDGFRβ with CSF total protein levels in a proportion of our

patients could be interpreted as that blood PDGFRβ contributes to

the observed CSF levels. In addition, we found a positive correlation

between CSF and serum PDGFRβ, which suggests that, at least in part,
the CSF PDGFRβ concentration is driven by the serum PDGFRβ con-
centrations. Using the PDGFRβ index we corrected for potential dif-

ferences in blood–CSF barrier function; an increased PDGFRβ index

in a population would implicate an intrathecal production of PDGFRβ
in that specific population. However, our data on the PDGFRβ indices
confirmed once more that PDGFRβ levels were not increased in clin-

ically diagnosed aMCI/AD patients, implying that previously reported

increases in CSF PDGFRβmay have been driven by an elevated contri-

bution of serum levels of PDGFRβ to the observed CSF concentrations
of PDGFRβ, and not by an intrathecal production of PDGFRβ in AD.

A limitation of this study is that we did not have the opportunity to

establish BBBbreakdownusingDCE-MRI. In addition, our sample sizes

were relatively small, although for many of our observations we also

did not even observe trends for statistical significance. Furthermore,

we did not have SWI or T2* scans available for our control group, so

we could not exclude CAA pathology in our controls. However, based

on our recent systematic review,37 we know that the prevalence of

probable CAA based on SWI or T2* MRI cognitively normal elderly

is approximately 5%, so chances that our findings are biased because

of the (undetected) occurrence of CAA in controls are low. However,

a strength of our study is the inclusion of aMCI/AD and control

subjects with thorough clinical evaluation, for many of whom imaging

and AD biomarker data were also available. Moreover, we studied

a unique group of CAA patients, a disease specifically associated

with BBB dysfunction, to evaluate the validity of CSF PDGFRβ as a

possible biomarker for BBB integrity, which we, however, could not

demonstrate.

5 CONCLUSIONS

This study demonstrated an increased CSF PDGFRβ level in patients

with an AD+ biomarker profile compared to controls without an AD+

biomarker profile, suggesting an association of CSF PDGFRβ levels

with tau pathology and neurodegeneration across AD and control

patients. However, CSF PDGFRβ levels were not different in clinically

diagnosed aMCI, AD, or CAA patients compared to controls. Thus, our

results do not confirm previous suggestions by other investigators that

CSF PDGFRβ is a biomarker of BBB dysfunction in AD or CAA.
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