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Diagnosis and monitoring of primary brain tumours, brain metastasis and acute ischaemic stroke all require invasive, burdensome

and costly diagnostics, frequently lacking adequate sensitivity, particularly during disease monitoring. Monocytes are known to mi-

grate to damaged tissues, where they act as tissue macrophages, continuously scavenging, phagocytizing and digesting apoptotic

cells and other tissue debris. We hypothesize that upon completion of their tissue-cleaning task, these tissue macrophages might mi-

grate via the lymph system to the bloodstream, where they can be detected and evaluated for their phagolysosomal contents. We

discovered a blood monocyte subpopulation carrying the brain-specific glial fibrillary acidic protein in glioma patients and in

patients with brain metastasis and evaluated the diagnostic potential of this finding. Blood samples were collected in a

cross-sectional study before or during surgery from adult patients with brain lesions suspected of glioma. Together with blood sam-

ples from healthy controls, these samples were flowing cytometrically evaluated for intracellular glial fibrillary acidic protein in

monocyte subsets. Acute ischaemic stroke patients were tested at multiple time points after onset to evaluate the presence of glial fi-

brillary acidic protein-carrying monocytes in other forms of brain tissue damage. Clinical data were collected retrospectively.

High-grade gliomas (N¼ 145), brain metastasis (N¼ 21) and large stroke patients (>100 cm3) (N¼3 versus 6; multiple time

points) had significantly increased frequencies of glial fibrillary acidic proteinþCD16þ monocytes compared to healthy controls.

Based on both a training and validation set, a cut-off value of 0.6% glial fibrillary acidic proteinþCD16þ monocytes was estab-

lished, with 81% sensitivity (95% CI 75–87%) and 85% specificity (95% CI 80–90%) for brain lesion detection. Acute ischaemic

strokes of >100 cm3 reached >0.6% of glial fibrillary acidic proteinþCD16þ monocytes within the first 2–8 h after hospitalization

and subsided within 48 h. Glioblastoma patients with >20% glial fibrillary acidic proteinþCD16þ non-classical monocytes had a

significantly shorter median overall survival (8.1 versus 12.1 months). Our results and the available literature, support the hypoth-

esis of a tissue-origin of these glial fibrillary acidic protein-carrying monocytes. Blood monocytes carrying glial fibrillary acidic pro-

tein have a high sensitivity and specificity for the detection of brain lesions and for glioblastoma patients with a decreased overall

survival. Furthermore, their very rapid response to acute tissue damage identifies large areas of ischaemic tissue damage within 8 h

after an ischaemic event. These studies are the first to report the clinical applicability for brain tissue damage detection through a

minimally invasive diagnostic method, based on blood monocytes and not serum markers, with direct consequences for disease

monitoring in future (therapeutic) studies and clinical decision making in glioma and acute ischaemic stroke patients.
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Introduction
Improving diagnosis and monitoring of disease is an im-

portant goal in medicine. In brain tumour diagnostics,

modern imaging techniques often lack sufficient sensitivity

and specificity whereas tissue diagnosis requires invasive

surgery with associated risks. Gliomas are aggressive

brain tumours with a median survival of �12–15 months

(Stupp et al., 2009; Johnson and O’Neill, 2012).

Diagnosis and staging depend on histopathological and

molecular analysis of the tumour tissue (Louis et al.,

2016), which requires surgical resection or tumour
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biopsy. MRI imaging lacks grading capabilities and has

limited use in disease monitoring (Jackson et al., 2001;

Boonzaier et al., 2015; Thust et al., 2018). Therefore,

approaches using blood or cerebrospinal fluid, i.e., ‘liquid

biopsies’ are considered as potentially more attractive

methods because they are less invasive, less expensive,

and can be applied more frequently. Promising techniques

like spectrometry, circulating tumour cells, extracellular

vesicles and serum markers have been demonstrated to be

potentially useful tools in diagnostics, but they have not

yet delivered broadly applicable methods to support clin-

ical decision making in glioma and brain metastasis

(Verheul et al., 2017; Zachariah et al., 2018; Butler

et al., 2019).

A similar need for blood-based biomarkers exists for

Acute Ischemic Strokes (AIS), where diagnostic proce-

dures are based on radiological imaging. Blood-based

diagnostics for early size-estimation and treatment effect

evaluation applicable in the acute phase (<24 h after

onset) are lacking (Ahmad et al., 2012; Hasan et al.,
2012). Various serum biomarkers have been explored,

but clinicians and researchers remain dependent on the

low sensitivity of CT or the time-consuming and rarely

immediately available MRI imaging (Mullins et al., 2002;

Vilela and Rowley, 2017; Zhang and Liang, 2019).

We here report a novel blood monocyte-based diagnos-

tic strategy, discovered while studying monocyte-macro-

phage trafficking in gliomas. Blood monocytes are

patrolling myeloid cells that are assumed to migrate to

sites of tissue damage such as in glioma and AIS in re-

sponse to brain tissue damage; they act in addition to the

brain-resident yolk-sac derived microglia (Yang et al.,
2011; Ritzel et al., 2015). Several blood monocyte subpo-

pulations can be distinguished, based on CD14 and

CD16 expression, including classical (CD14þCD16�),

intermediate (CD14þCD16þ) and non-classical

(CD14�CD16þ) monocytes (Ziegler-Heitbrock et al.,

2010). CD16þ monocytes significantly increase in the

bloodstream upon disrupted tissue homeostasis such as in

inflammation, sepsis and cancer (Fingerle et al., 1993;

Wong et al., 2012). Monocyte-derived macrophages

(CD68þ) (Micklem et al., 1989; Uhlen et al., 2015) can

be detected in almost all tissues and are the assumed

end-stage cells in the monocyte-macrophage lineage.

However, they can also be detected in lymph vessels

(Almeida et al., 2001) as well as in the thoracic duct dur-

ing inflammation, from where lymph drains into the

bloodstream (Bell and Botham, 1982; Lemaire et al.,
1998). Furthermore, tissue macrophages (TiMas) have

been described to contain tissue-specific proteins in tu-

mour tissues and in draining lymph nodes in various dis-

eases (Bell and Botham, 1982; van Zwam et al., 2009;

Faber et al., 2012). These TiMas continuously phagocyt-

ize and digest apoptotic cells and tissue debris. We hy-

pothesize that when these TiMas have fulfilled their local

tissue-cleaning task, they migrate via lymph vessels to

draining lymph nodes and, consequently, at least in part

they recirculate to the bloodstream, where they can be

detected by flow cytometry and evaluated for the con-

tents of their phagolysosomes. If this recirculation con-

cept is correct, a potential protein for detection in these

recirculated TiMas is a glial fibrillary acidic protein

(GFAP), which is primarily expressed in astrocytes and

gliomas (Jacque et al., 1978; Uhlen et al., 2015). It can

be found as a soluble protein in serum but with limited

sensitivity and specificity for disease detection, and it has

not been described to be present in blood leukocytes

(Wunderlich et al., 2006; Jung et al., 2007).

The myelin-specific proteolipid protein (PLP1) and gli-

oma-specific mutated proteins EGFRvIII and IDH1R132H,

have not been found in serum but are other highly tissue-

or tumour-specific proteins (Moscatello et al., 1995;

Klugmann et al., 1997; Yan et al., 2009; Uhlen et al.,

2015). Here, we describe for the first time a large-scale pro-

spective study evaluating the applicability of a novel diag-

nostic strategy based on the detection of blood monocytes,

carrying brain-specific proteins intracellularly in glioma,

brain metastases and AIS.

Materials and methods

Study design

Blood (10 mL) was drawn from adult (>18 years) glioma-

suspected patients at the outpatient clinic and/or during

surgical resection of the tumour before surgery was fin-

ished and before the formal pathology diagnosis was

made as well as from AIS patients at various time points

in the emergency department and during hospitalization.

Flow cytometric data analysis was performed blinded to

clinical information. The clinical characteristics were

retrospectively and independently assessed. As no com-

parable diagnostic reference standard exists, flow cyto-

metric results were compared to pathological diagnosis,

radiological characteristics and survival data. Tumour

size was based on the average of the broadest diameter

of the tumour in three directions on MRI or CT with

contrast. IDH1 and EGFR status were determined by the

Department of Pathology. Because of its novelty, this

study was performed as an initial exploratory study. Our

aim was to include 300 glioma patients, because of the

incidence of lower-grade gliomas and brain metastasis

among glioma-suspected patients in our hospital, aiming

for a minimum of 25 patients per histopathological grade

(grades II, III and IV gliomas and brain metastasis; with

exception of the rare WHO grade I gliomas).

Blood was taken at multiple time points from adult

AIS patients within 6 h after stroke onset, admitted to the

Erasmus MC. We aimed to evaluate nine AIS patients,

based on the established sensitivity and specificity in the

first series of glioma-suspect patients.
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Participants

Patients with suspicion of primary glioma at the Erasmus

MC Neurosurgery outpatient clinic between April 2011

and March 2018, were randomly asked written participa-

tion consent. The histopathological grade was defined

according to the 2016 WHO classification of tumours of

the Central Nervous System criteria (Louis et al., 2016).

Grading performed prior to 2016 was updated if genetic

tumour data were available. Progression-free survival was

calculated using the blood sampling date and first radio-

logical confirmation of disease progression based on

established criteria (Wen et al., 2010).

For adult AIS patients admitted to the Erasmus MC

with clinical and radiological diagnosis of AIS who were

within 6 h from the onset, were retrospectively asked for

written consent. Patients were excluded if there were con-

traindications for MRI, in case of cerebral bleeding dur-

ing revascularization, or when they used prior

immunosuppressive medication. Blood was drawn at sev-

eral time points. The infarct size was assessed on Day 5

or at discharge if earlier, using a dedicated MRI protocol

(DWI, T2w and 3 D FLAIR).

All participating patients provided written informed

consent for study participation. Both studies were

approved by the local Medical Ethics Committee of

Erasmus MC Rotterdam in compliance with the

Declaration of Helsinki (Glioma study MEC 221.520/

2002/262 and Acute ischaemic stroke-study

NL48968.078.14).

Tumour dissociation and
immunocytochemistry

Patient-derived tumour tissue was dissociated as described

previously (Balvers et al., 2013). After dissociation, tu-

mour cells were treated with erythrocyte lysis buffer,

cytospins were prepared using a Shandon Centrifuge and

fixed in �20
�
C acetone. Samples were treated with

Protein Block (Dako, Glostrup, Denmark) before staining

with anti-CD68 (mouse clone KP-1, Dako) and anti-

GFAP (rabbit polyclonal, Dako). ALEXA-488 rabbit-anti-

mouse and ALEXA-546 goat-anti-rabbit IgG (HþL)(Life

Technologies Europe, Bleiswijk, Netherlands) were added

as secondary antibodies. Slides were then stained with

DAPI (Vectashield, Vector Laboratories, Burlingame, CA).

Imaging was performed at room temperature on a Leica

DMRB Binocular microscope, with a Hamamatsu Orca-

ER camera. ImageJ software (Rasband, W.S., ImageJ,

U.S. National Institute of Health, Bethesda, MD) was

used for image processing.

Flow cytometry studies

For immunophenotypic studies, our TiMaScan flow

cytometry antibody panel (for details see: Supplementary

Table 1) was used. Blood was collected in EDTA tubes

and was processed within 8 h after drawing. The material

was first processed with bulk lysis (NH4CL lysis buffer)

to reduce the amount of erythrocytes and then directly

stained for membrane markers. Intracellular staining was

performed using Fix&Perm (Nordic Mubio, Susteren,

NL), sample acquisition was performed on FACSCanto II

instruments (BD Biosciences, San José, CA) and Infinicyt

software v1.8 (Cytognos, Salamanca, Spain) was used for

data analysis. Samples were processed and analysed fresh-

ly within 8 h; they were not frozen/thawed or stored in

between the various steps of the flow cytometry proto-

cols. Debris and doublets were identified based on FSC-

Area plus FSC-Height and FSC-Area plus SSC-Area.

Monocytes were identified by consecutive gating steps

using SSC plus FSC-Area, SSC-Area plus CD45, HLA-DR

plus CD300e, CD300e plus CD14 and CD14 plus CD16;

subsequent monocyte subsetting was performed based on

CD14 plusCD16 and HLA-DR plus CD14 (for gating

strategy, see: Supplementary Fig. 1). GFAP- and PLP1-

positivity in monocyte subsets was evaluated, based on

the fluorescent background in lymphocytes. All the above

protocols and related quality control were performed

according to EuroFlow protocols (www.EuroFlow.org)

(Kalina et al., 2012; van Dongen et al., 2012).

Serum GFAP

Fresh blood was centrifuged (10 000 rpm, 5 min, room

temperature) and serum was then stored at �20
�
C.

Measurements were performed after the collection of all

samples was completed. GFAP serum levels were eval-

uated twice in two separately stored samples per patient,

according to the manufacturer’s instructions with the

GFAP Human Elisa-kit (Biovendor, Brno, CZ).

Statistical analysis

All statistical analyses were performed using SPSS

Statistics v24 (IBM, Armonk, NY). Patients with missing

data were excluded from analyses. Data with normal dis-

tribution were analysed using one-way ANOVA followed

by Tukey’s multiple comparison test. The Mann–Whitney

U test was used for non-Gaussian distributed data.

Differences were considered statistically significant when

P < 0.05. The Bonferroni correction was applied to

repeated analyses.

Receiver operating characteristic curves were built

based on a training dataset, consisting of randomly

selected patients (33%). Cut-off (CO) values were deter-

mined with the training set using a method by Unal

(2017) identifying the CO-point at which sensitivity and

specificity are closest. These CO-values were then applied

to the validation dataset (remaining 66% of patients) and

all healthy controls. The v2 test for independence was

then used to assess test performance.

Cox-regression was used to evaluate continuous values

and overall survival (OS) and progression-free survival. If
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significant (P < 0.05), the median survival at each CO-

point for both the test-positive and test-negative group

was calculated and compared. The CO-points were set

when the maximum difference between median survival

in each patient group was reached and were then eval-

uated by log-rank test.

Data availability

The data that support the findings of this manuscript are

available from the corresponding author, upon reasonable

request.

Results

Patient characteristics

Between June 2011 and March 2018, 260 blood samples

from 228 glioma-suspect patients that met the inclusion

criteria and test-quality, were evaluated for GFAPþ
monocytes (Supplementary Fig. 2A, Patient flow chart).

Most patients were men (62%) and histopathological

diagnoses included glioma WHO grade I, oligodendrogli-

oma, diffuse astrocytoma, glioblastoma (GBM) and brain

metastasis (Table 1). Blinded clinical evaluation was per-

formed at least 6 months after flow cytometric evaluation

of GFAPþ monocytes.

Additionally, nine AIS patients (Table 2) were eval-

uated between July 2014 and August 2015 with subse-

quent GFAPþCD16þ monocyte measurements from

presentation until hospital discharge. No adverse events

due to blood drawing were reported (Supplementary Fig.

2B, Patient flow chart).

Monocytes and macrophages
carrying brain-specific proteins

Immunocytochemical staining of dissociated gliomas

revealed GFAP-carrying (GFAPþ) CD68þ cells (Fig. 1A).

Also, flow cytometric analysis of glioma patients’ blood

revealed a small population of GFAPþ intermediate

monocytes and GFAPþ non-classical monocytes (Fig. 1B),

while relatively very limited GFAPþ classical monocytes

were found in the blood of healthy controls (Fig. 1C).

The intermediate and non-classical monocyte populations,

both expressing CD16 (CD16þ monocytes), have a sig-

nificantly larger fraction of GFAPþ cells in 228 brain tu-

mour patients than in healthy controls (P < 0.001)

(Supplementary Fig. 3A). Absolute numbers of

GFAPþCD16þ monocytes per millilitre were also signifi-

cantly increased but to a lesser extent than the relative

numbers (Supplementary Fig. 3B). Many glioma patients

receive dexamethasone to decrease peri-tumoral oedema

and tumour mass effect. In patients using dexamethasone

absolute leukocyte numbers were increased (P < 0.001)

(Supplementary Fig. 4A), while absolute numbers of non-

classical (P < 0.005) and CD16þ (P < 0.01) monocytes,

lymphocytes (P < 0.01) and dendritic cells (P < 0.01)

were significantly decreased compared to patients without

dexamethasone (Supplementary Fig. 4B); no significant

differences were found in relative numbers of

GFAPþCD16þ monocytes (P ¼ 0.070) (Supplementary

Fig. 4C).

Soluble GFAP has been previously described to be ele-

vated in the plasma of GBM patients (Jung et al., 2007;

Kiviniemi et al., 2015) and possibly applicable in a clinic-

al setting with a sensitivity of 86% and 85% for these

high-grade tumours. As soluble GFAP might be taken up

by monocytes from plasma through pinocytosis, plasma

GFAP might be the origin of the GFAP present in

CD16þ monocytes. Therefore, we evaluated whether a

relationship existed between plasma GFAP levels and

GFAPþCD16þ monocytes. No correlation was found be-

tween these parameters (astrocytoma P ¼ 0.892, oligo-

dendroglioma P ¼ 0.636, GBM P ¼ 0.065)

(Supplementary Fig. 5). In our series, we found that

plasma GFAP had a sensitivity of 18.2%, 35.3% and

57.5% for astrocytoma (N¼ 11), oligodendroglioma

(N¼ 17) and GBM (N¼ 40), respectively. Additionally,

we compared the mean fluorescence intensity of GFAP-

PE in the classical monocytes of patients with a low

(<0.001 mg/l) and high (>0.22 mg/l) plasma GFAP concen-

tration. There was no difference in GFAP mean fluores-

cence intensity between high and low plasma GFAP

patients (P¼ 0.143).

The GFAP-positivity of the tumour and the timing of

the blood sampling, before or during surgery

(Supplementary Fig. 6A and B) did not affect

GFAPþCD16þ monocytes. However, tumour volume

correlated to the percentage of GFAPþCD16þ monocytes

for both GBM (r ¼ 0.215; P ¼ 0.010) and brain metas-

tasis (r ¼ 0.504; P ¼ 0.010) (Supplementary Fig. 6C).

The myelin-specific protein PLP1 was also detected in

CD16þ monocytes and was significantly increased in

GBM patients (P ¼ 0.003) (Supplementary Fig. 7A and

B). We also found CD16þ monocytes carrying both

GFAP and PLP1 (0.0–3.4%; N¼ 65) (Supplementary Fig.

7C). Moreover, a significant correlation between the rela-

tive presence of GFAPþ and PLP1þCD16þ monocytes in

GBM patients was found (r ¼ 0.516, P < 0.001)

(Supplementary Fig. 7D). However, both the degree and

frequency of PLP1 expression were less prominent com-

pared to GFAP and were only significantly increased in

GBM (Supplementary Fig. 7B). Consequently, we focused

on using GFAP as a diagnostic marker in our TiMaScan

assay (Supplementary Table 1).

In contrast to GFAP and PLP1, the mutated proteins

IDH1R132H and EGFRvIII were not reliably detected

with the applied antibodies in blood monocytes, as we

found no relationship with the absence or presence of

these mutations in the evaluated tumours (Supplementary

Fig. 7E and F).
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Per histopathological grade a significantly increased

relative number of GFAPþCD16þ monocytes was found

compared to healthy controls in diffuse astrocytoma (P <

0.005), oligodendroglioma (P < 0.001), GBM (P <

0.001) and brain metastasis (P < 0.001) (Fig. 2A). re-

ceiver operating characteristic-curve analyses of randomly

selected patients (33%; N¼ 82) of various glioma grades

and brain metastasis, showed a high accuracy area under

the curve of 90% for the percentage CD16þGFAPþ
monocytes predicting for a brain lesion. A validation set

(N¼ 157) showed a very similar accuracy (area under the

curve of 87%) (Fig. 2B). Based on the training dataset an

optimal CO-value of 0.6% GFAPþCD16þ monocytes

were established to predict for the presence of a brain le-

sion. This was then applied to the validation set and

showed a sensitivity of 81% (95% CI 75–87%) and spe-

cificity of 85% (95% CI 80–90%) (Pearson’s chi-

square(1) ¼ 42.83, P < 0.001) (Supplementary Fig. 9A

for cross-tabulation of the test results).

Impact of GFAP1 monocyte
frequencies on patient overall
survival

GFAPþCD16þ monocyte relative numbers were eval-

uated for their relationship with OS and progression-free

survival in glioma patients. Survival of the glioma

patients in our cohort matched with those reported in the

literature (Supplementary Fig. 8) (Johnson and O’Neill,

2012). Overall, no direct association was found between

progression-free survival and GFAPþ monocyte subset

counts. However, in patients with GBM, there was a sig-

nificant inverse association with OS. Patients with >20%

GFAPþCD16þCD14� monocytes had significantly

decreased median OS, 8.8 months (N¼ 25) versus

11.8 months (N¼ 112) (Mantel–Cox: Chi-square

10.62(1), P ¼ 0.001) (Fig. 2C). After adjustment for pos-

sible confounding factors as gender, age and Karnofsky

Performance Score at sampling and tumour size, the

statistical difference between the two groups remained

significant (Cox-regression: chi-square 29.24(5), hazard

ratio ¼ 1.967, P ¼ 0.018), Moreover, also brain metasta-

sis, albeit not significant, demonstrated a decreased OS in

case of high GFAPþCD16þ monocytes frequencies (log-

rank test chi-square ¼ 3.218, P ¼ 0.73) (Supplementary

Fig. 9B).

Acute brain damage and
GFAP1CD161 monocytes

In AIS patients, we also found GFAPþCD16þ monocytes

increased, while PLP1þCD16þ monocytes remained

below 0.3% within the first 48 h. Patients with lesions

over 100 cm3 (AIS005, AIS013 and AIS014) demon-

strated at multiple time points above 0.6%

GFAPþCD16þ monocytes, all within 8 h after onset. In

patient AIS008 (96.1 cm3) and AIS001 (0.1 cm3), only

one-time point reached above 0.6% GFAPþCD16þ
monocytes, but remained below 1%. All other patients

with lesions ranging from 0 cm3 to 33.2 cm3 did not

reach 0.6%. After 8 h, only one sample reached over

0.6% (Fig. 3).

Discussion
Our results demonstrate brain tissue-specific proteins such

as GFAP and PLP1 to be present in both TiMas and sub-

sets of blood monocytes, especially in diseases with brain

tissue-damage such as glioma, brain metastases and AIS.

The here used, 8-colour flow cytometry assay to detect

these tissue-specific protein-carrying monocytes, is rela-

tively cheap, fast (processing and analysis within 3 h)

and can thereby be easily applied in most hospitals.

In our large series of glioma suspect patients, we found

a significant increase in the percentage of GFAP-carrying

CD16þ monocytes in all glioma grades and brain meta-

stases. Since no significant differences between pathologic-

al grades were observed, the measurement of GFAP-

Table 2: Summary of clinical characteristics of AIS study participants

Gender Age Hemisphere

of lesion

NIHSS Infarct

size (cm3)

Thrombolysis

IV

Thrombectomy Infarct

type

AIS001 M 39 Left 1 16.7 Yes No PACI

AIS002 F 75 Left 22 25.2 Yes No TACI

AIS004 M 66 N.A. 0 0.1 Yes Noa LACI

AIS005 F 79 Right 18 191.2 No Yes TACI

AIS007 M 75 N.A. 0 0 Yes No LACI

AIS008 M 63 N.A. 4 96.1 No Yesb PACI

AIS010 F 73 Left 7 33.2 No Yesb PACI

AIS013 M 68 N.A. 24 219.1 Yes No TACI

AIS014 M 69 N.A. 13 120 Yes Yesb TACI

Total 67% M Median

69 years

67% 44%

aReperfusion not obtained.
bReperfusion obtained.

LACI ¼ lacunar infarction; NIHSS ¼ NIH Stroke Scale; PACI ¼ partial anterior circulation infarct; TACI ¼ total anterior circulation infarct.
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carrying CD16þ monocytes cannot be used to stratify for

glioma grades. However, it demonstrates its sensitivity

for detection and quantitation of brain tissue damage in

general. The absolute counts of GFAPþCD16þ mono-

cytes in the blood, also showed an increase in glioma

and brain metastasis patients, but these absolute counts

are relatively low and quit variable (median 31 cells/ml,

range 0.6–1439 cells/ml), most likely because these counts

are affected by confounding factors such as, immune cell

kinetics, sample processing and medication. For instance,

dexamethasone, often prescribed to brain tumour

patients, decreases monocyte numbers (Schuld et al.,

2001) but had no significant effect on the relative pres-

ence of GFAPþCD16þ monocytes, supporting the ro-

bustness and translatability of the here presented novel

diagnostic strategy for the detection of brain tissue dam-

age as caused by glioma, brain metastasis and AIS.

A large-scale evaluation of these cells in 228 glioma-

suspect patients demonstrated that for the detection of a

cerebral lesion sensitivity of 81% and specificity of 85%

can be reached with a CO of 0.6% GFAPþCD16þ
monocytes. Although there was no direct association with

the tumours positivity for GFAP and there only was an

association with size in GBM, these results suggest that

the GFAP in these monocytes is derived from both the

tumour and the surrounding damaged brain tissue. We

also found an inverse correlation with GBM patients’ OS

and possibly brain metastasis patients’ OS, although the

numbers of metastasis patients were too low to reach a

conclusion. This suggests that GFAPþ monocyte numbers

might reflect various tumour factors, such as size and

speed of growth. Moreover, we also demonstrated that

multiple different tissue-specific proteins can be detected

in a single analysis as we found both PLP1 and GFAP in
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single CD16þ monocytes in GBM patients. Although

PLP1 did not improve sensitivity and specificity, GFAP

and PLP1 levels were directly associated, as they prob-

ably originate from the same source. Consequently, our

results combined with the available literature, make it

hypothetically possible to evaluate the primary tumour of

metastases with a primary-tumour-specific protein in

GFAPþCD16þ monocytes.

Our study did not evaluate the precise origin of

GFAPþCD16þ monocytes, but literature and the here

presented results suggest that GFAP within these blood

monocytes originates from brain tissue. While this is a

concept, evidence supporting this concept can be found

throughout the literature. For instance, other investigators

have demonstrated that tissue-specific proteins can be

found in macrophages in damaged tissue and draining

lymph nodes (Mariani-Costantini et al., 1991; van Zwam

et al., 2009; Faber et al., 2012). Also, CD16þ monocytes

are relatively increased in lymph vessels (Almeida et al.,
2001) and show delayed mobilization in tissue and blood

upon tissue damage (Nahrendorf et al., 2007; van den

Bossche et al., 2018). Tak et al. (2017) elegantly demon-

strated this delay in mobilization between monocyte pop-

ulations under homeostasis and suggest a gap in

monocyte maturation.

One might speculate that GFAP in blood monocytes

might have been taken up from the bloodstream, but no

relation was observed between plasma GFAP levels and

the frequency of GFAPþCD16þ monocytes and only a

small percentage of CD16þ monocytes contains GFAP,
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instead of the entire monocyte population. Moreover,

classical monocytes have previously been demonstrated to

have an increased phagocytic/oxidative activity over

CD16þ monocytes (Almeida et al., 2001). Nevertheless,

classical monocytes did not show an increased number of

GFAPþ cells and no generally increased GFAP-expression

(mean fluorescence intensity) in patients with increased

plasma GFAP. These results strongly suggest limited or

no uptake of plasma GFAP in any of the blood monocyte

populations. Instead, these data support the hypothesis of

TiMas carrying tissue-specific proteins and returning to

the circulation.

Other tumour-specific proteins (e.g. EGFRvIII and

IDH1R132H), which potentially could lead to pathologic-

al grading using CD16þ monocytes, were not detectable

with the applied antibodies. Either because of low-level

expression or over-digestion of the proteins after phago-

cytosis into such small protein fragments that they are

not detectable by the applied single-epitope monoclonal

antibodies (Delamarre et al., 2005). In this context, it

should be noted that the applied anti-GFAP antibody is a

(multi-epitope) polyclonal antibody, which increases the

chance of detection, even if part of the detected protein

epitopes are damaged by digestion in the

phagolysosomes.

The CO for GFAPþCD16þ monocytes as established

in glioma patients was applied to AIS patients and could

clearly discriminate between large (>100 cm3) and small

infarct sizes within the first 8 h upon arrival at the ER,

which is in contrast to other serum biomarkers, which

take 48 h to become detectable (Wunderlich et al., 2006).

Infarct size evaluation within this early timeframe can

only be performed using MRI DWI, which is rarely avail-

able on short notice and is difficult in non-cooperating

patients (Fiebach et al., 2002; Mullins et al., 2002;

Zhang and Liang, 2019). Therefore, GFAPþCD16þ
monocyte evaluation potentially is a candidate for patient

evaluation in future AIS studies. PLP1 was hardly

detected in AIS patients, as expected, since damage to the

myelin sheaths is not expected in the acute phase after

AIS in contrast to neuronal and astrocyte damage.

Unfortunately, due to the large number of time points

per patient directly after AIS onset, we were unable to

expand the numbers to a larger group and thereby estab-

lish more exact GFAPþCD16þmonocyte-values and kin-

etic patterns fitting with clinical outcome parameters.

Conclusion
Here, we report for the first time on a blood monocyte-

based strategy to detect brain tissue damage in both tu-

mour-related (slow/chronic damage) and ischaemic brain

lesions (acute damage). This method detects brain tissue

damage caused by primary brain tumours, brain metasta-

sis and large AIS and also predicts GBM patients’ OS at

an early stage. This novel, fast, relatively cheap and min-

imally invasive (blood-based) technique can detect brain

tissue damage, where current technologies lack accuracy

and efficiency (Boonzaier et al., 2015; Thust et al., 2018;

Zhang and Liang, 2019). Measurement of GFAP-carrying

monocytes could thus be applied in clinical trials and de-

cision making in glioma, brain metastases and AIS, there-

by significantly changing diagnostics in neurology and

oncology.

Supplementary material
Supplementary material is available at Brain

Communications online.
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