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Summary

Background Cerebral Cavernous Malformation (CCM) is a rare cerebrovascular disease, characterized by the
presence of multiple vascular malformations that may result in intracerebral hemorrhages (ICHs), seizure(s), or
focal neurological deficits (FND). Familial CCM (fCCM) is due to loss of function mutations in one of the three
independent genes KRIT1 (CCM1), Malcavernin (CCMz2), or Programmed Cell death 10 (PDCD10/CCM3). The aim of
this study was to identify plasma protein biomarkers of f{CCM to assess the severity of the disease and predict its
progression.

Methods Here, we have investigated plasma samples derived from n = 71 symptomatic fCCM patients (40 female/31
male) and n = 17 healthy donors (HD) (9 female/8 male) of the Phase 1/2 Treat_CCM trial, using multiplexed protein
profiling approaches.

Findings Biomarkers as sCD14 (p = 0.00409), LBP (p = 0.02911), CXCL4 (p = 0.038), ICAM-1 (p = 0.02013), ANG2
(p = 0.026), CCL5 (p = 0.00403), THBS1 (p = 0.0043), CRP (p = 0.0092), and HDL (p = 0.027), were significantly
different in f{CCM compared to HDs. Of note, SENG (p = o.011), THBS1 (p = o0.011) and CXCL4 (p = o.011), were
correlated to CCM genotype. SROBO4 (p = o0.014), TM (p = 0.026) and CRP (p = 0.040) were able to predict
incident adverse clinical events, such as ICH, FND or seizure. GDF-15, FLT3L, CXCL9, FGF-21 and CDCP1, were
identified as predictors of the formation of new MRI-detectable lesions over 2-year follow-up. Furthermore, the
functional relevance of angz2, thbsi, robo4 and cdcp1 markers was validated by zebrafish pre-clinical model of f{CCM.

Interpretation Overall, our study identifies a set of biochemical parameters to predict CCM progression, suggesting
biological interpretations and potential therapeutic approaches to CCM disease.

*Corresponding author. Hematology Department, Fondazione IRCCS Ca Granda Ospedale Maggiore Policlinico, Via Francesco Sforza 35, 20122,
Milan, Italy.
E-mail addresses: francy.la84 @hotmail.it, francesca.lazzaroni@policlinico.mi.it (F. Lazzaroni).
*Present address: Hematology Department, Fondazione IRCCS Ca Granda Ospedale Maggiore Policlinico, Milan, Italy.
The Treat_CCM trial is registered at EudraCT (2017-003595-30) and ClinicalTrials.gov (NCT03589014) and has been closed by December 2021.
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Research in context

Evidence before this study

We searched PubMed from inception to 20 July 2023, for
“cerebral cavernous malformations and biomarkers” without
language restriction. We found three articles by citation
matching, published in a period 2014-2018. Moreover, we
have extended our research using the search terms “cerebral
cavernous malformations biomarkers”: 113 publications were
retrieved in a period 1995-2023, focused on different type of
biomarkers such as miRNAs, proteins, metabolites and
imaging criteria. Regarding protein plasma biomarkers,
different key studies have pointed out that blood levels of
proteins involved in inflammation and angiogenesis were
significantly deregulated in patients affected by cavernous
angiomas symptomatic hemorrhage (CASH). Although certain
biomarkers of inflammation are well documented in CCM
with a cavernous angiomas symptomatic hemorrhage (CASH),
there is still a significant gap in knowledge regarding
inflammatory circulating biomarkers with predictive and
prognostic role in CCM.

To our knowledge, the evaluation of the role of circulating
biomarkers in a on a non-selected cohort of patients affected
by familial cavernous malformation (fCCM), followed up to
two years, and on matched healthy controls, is not yet
documented.

Added value of this study
This is an exploratory study analysing circulating biomarkers
over two years, to characterize CCM patients and to define

Introduction

Cerebral Cavernous Malformations (CCMs), also known
as cavernomas, are capillary-venous malformations,
characterized by mulberry-like lesions located in the
central nervous system as brain and spinal cord."” CCM
lesions are leaky and prone to rupture, leading to
epileptic seizures, intracerebral hemorrhages (ICHs) and
focal neurological deficits (FNDs). This neurovascular
disease occurs in sporadic and familial forms. The fa-
milial form of CCM (fCCM) is inherited in an autosomal
dominant manner with an overall prevalence of 1:10,000,
and is characterized by multifocal lesions that increase in
number and size during a patients’ lifetime.’ In contrast,
sporadic CCM, with a prevalence of 1:100-1:200, occurs
in the majority of cases as a single vascular lesion. FCCM
has been demonstrated to be caused by germline het-
erozygous loss of function mutations in one of three

subjects prone to clinical events, such as of symptomatic
intracerebral hemorrhage (ICH), focal neurological deficit
(FND) and epileptic seizures, in a on a non-selected cohort of
patients affected by familial cavernous malformation (fCCM).
In details, we found that: i) patients with fCCM have higher
levels of circulating biomarkers that are associated with
inflammation and angiogenesis in comparison with healthy
donors; ii) there is a panel of biomarkers able to subclassify
patients by CCM genotype; iii) there is a panel of proteins
useful to predict adverse clinical events; iv) the formation of
new-MRI detectable lesions over a two year follow-up is
detectable by a pool of proteins. Furthermore, we also tested
candidate genes in CCM models in zebrafish to provide further
evidence for an evolutionary-conservation of particular
biomarkers, which lends further importance to their relevance.
Finally, deep proteomics profiling of plasma samples was
performed using multiple platforms and high-plex proteomics
innovative technologies as the Proximity Extension Assay
(PEA).

Implications of all the available evidence

Altogether, the findings from other studies and the present

analysis, suggest that peripheral levels of inflammatory and

angiogenic molecules may be used as potential diagnostic and
predictive biomarkers in CCM disease, paving the way for the
identification of actionable targets and overall promoting an
improvement in CCM clinical management.

CCM proteins, that form a trimeric complex linked to
endothelial cell (EC) adherens junctions. This CCM
signaling complex comprises CCM1 (KRITI),
CCM2(OSM) and CCM3(PDCDI10).® Remarkably,
PDCD10/CCM3 is a multifaceted gene that is functional
in the canonical CCM1 and CCM2 complex and in other
biological processes such as the regulation of cell cycle,
neuronal cell migration and tumorigenesis. In murine
CCM models as well as in human patients, ECs lining the
cavernomas, present with an endothelial-to-mesenchymal
transition (EndMT) phenotype,” characterized by a loss of
EC junctions, increased proliferation, and an acquisition
of mesenchymal-like properties. Cavernomas arise when
a loss of CCM genes causes a few endothelial progenitor
cells to undergo an uncontrolled clonal expansion, break-
down of mural cell association and recruitment of healthy
neighboring ECs.*?
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At present, the available curative treatment to this
disease is limited to surgical resection, while the role of
radiosurgery is debated. Surgery is an invasive approach
and can carry significant complications, particularly
when the lesion is located in deep brain structures like
the brainstem. Hence, an effective pharmacological
therapy for this disease is urgently missing.”'*"" Treat-
ment of CCM patients and preclinical studies with
different murine CCM models have pointed at pro-
pranolol, a non-selective B-adrenergic receptor blocker,
in reducing and stabilizing vascular lesions, which
reduced the risk of intracerebral hemorrhages.'> '
Recently, we have conducted, a randomized, open-
label, blinded-endpoint phase 1/2 pilot trial, entitled
“Treat_CCM”. We found that propranolol was safe and
well-tolerated in familial CCM patients. It suggested that
propranolol might be beneficial for reducing the inci-
dence of clinical events."*'¢

Currently, the diagnosis of CCM severity and pro-
gression is mainly based on MRI. Because of the
recurring nature of this pathology, patients may live
with high levels of anxiety and would benefit from
measurable plasma biomarkers to help guide thera-
peutic decision making and predict clinical outcomes.
However, the low prevalence of the disease and the
incidence of CCM-related clinical adverse events
consistently reported in the range of 2-4%,'"'*'* mark-
edly limits the accuracy of prediction.

Plasma biomarkers would facilitate the surveillance
of CCM disease and complement MRI-based di-
agnostics. So far, only few published studies addressed
the clinical value of circulating biomarkers in CCM."*
This highlighted the need to further investigate bio-
markers in human liquid biopsies from patients.'**"*

We have explored circulating peptides using targeted
and untargeted approaches in parallel. Firstly, based
upon systematic review of the literature, 17 circulating
biomarker candidates were identified as proteomic sig-
natures of CCM for analysis: roundabout guidance re-
ceptor 4 (ROBO4), thrombospondin 1 (THBS1), platelet
factor 4/PF4 (CXCL-4), thrombomodulin (TM), pen-
traxin 3 (PTX3), cluster of differentiation 14 (sCD14),
vascular cell adhesion molecule 1 (VCAM-1), intercel-
lular adhesion molecule 1 (ICAM1/CD54), endoglin/
CD105 (ENG), lipopolysaccharide binding protein
(LBP)" chemokine (C-C motif) ligand 5 (CCL5), C
reactive protein (CRP), angiopoietin-2 (ANG2), tissue
factor, total cholesterol, HDL (high-density lipoprotein)
cholesterol and triglycerides. In addition, a large num-
ber of peptides were assayed in plasma by Olink protein
biomarker panels, based on a proximity extension assay
technology (PEA). Given that, zebrafish are being seen
as a powerful model of genetic human diseases with
increasing utility in translational research, we also tested
candidate genes in CCM models in zebrafish to provide
further evidence for an evolutionary-conservation of
particular biomarkers, which lends further importance
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to their relevance. We find that a combination of plasma
biomarkers could improve the prediction of CCM clin-
ical events.

Materials and methods

Study design

Treat_CCM was a phase 1/2, randomized, open-label
clinical trial conducted in six Italian hospitals*'® (Fon-
dazione IRCCS Ca’Granda Ospedale Maggiore Policlinico
(Milano), Fondazione Policlinico Universitario A. Gemelli
(Roma), ASST Grande Ospedale Metropolitano Niguarda
(Milano), Fondazione IRCCS Istituto Neurologico Carlo
Besta (Milano), Fondazione IRCCS Casa Sollievo della
Sofferenza (San Giovanni Rotondo), IRCCS Centro Neu-
rolesi “Bonino Pulejo”, Messina)). The study protocol and
clinical trial have been published,>'° EudraCT, 2017-
003595-30, and ClinicalTrials.gov, NCT03589014. In
short, patients with symptomatic familial CCM aged
>18 years were randomized 2:1 to propranolol (20 up to
320 mg daily) on top of standard care or standard care
alone for two years (Supplementary Table S1). Patients
underwent brain MRI and clinical visit at baseline, 12
and 24 months. New occurrence of symptomatic intra-
cerebral hemorrhage (ICH) or focal neurological deficit
(FND) were evaluated as primary outcomes of the study.

Ethics statement

The Treat_CCM trial is registered with EudraCT, 2017-
003595-30, and ClinicalTrials.gov, NCT03589014.
Written informed consent was obtained from all par-
ticipants and the study was approved by local research
ethics committees for each study site in accordance
with the Declaration of Helsinki. The study was
approved by AIFA (Agenzia Italiana del Farmaco,
AIFA/SC/P/19831).

Cohort of study

The current work is based on an analysis of peripheral
blood samples from n = 71 patients with f{CCM collected
at baseline and 2 years of follow-up. In addition, 17
samples from healthy controls, balanced for age and sex,
were collected at the Neurology Department of Fonda-
zione IRCCS Ca’ Granda, Ospedale Maggiore
Policlinico-Milano (Italy) (Supplementary Table S2).
After collection, blood samples were centrifuged within
60 min at 4 °C for 15 min at 2000xg, EDTA plasma was
stored at —70 °C in a certified ISO 9001:2015 biobank
(SATURNE, Institute for Pharmacological Research
Mario Negri IRCCS, Milano, Italy), until described an-
alyses were performed.

Cytokine measurements

Quantification of soluble inflammatory mediators in the
plasma (ELLA)

Cytokines were assayed in plasma by the multi-analyte
microfluidic ProteinSimple Ella detection system
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(product no. 600-100, ProteinSimple, Bio-Techne, MN,
USA), by adding 50 pL of each sample and running chip
within cartridges in triplicate following the manufac-
turer’s instructions. Briefly, plasma samples were
thawed on ice and then diluted 1:50 (ANG2, ENG, CCL5
and THBST; kit #174393), 1:200 (VCAM-1 and ICAM-1;
kit: #174379) and 1:2000 (sCD14, LBP; kit: 174383).
Simple Plex Runner Software and the Simple Plex Ex-
plorer software were used for analysis.

Quantification of soluble inflammatory mediators in plasma
(Luminex)

Custom panels SROBO4 (1:2; Kit# L141254), TM (1:2),
CXCIL4 (1:200; Kit# L141255) and Tissue Factor (1:2;
Kit# 1L141254) were quantified, according to manufac-
turer recommendations, using a bead-based multiplexed
ELISA assay (R&D System Inc., MN) on a Luminex 200
platform (Luminex, TX) available at the Istituto Europeo
di Oncologia, Milan (Italy). Details of the assay are re-
ported in the Supplement.

Quantification of soluble PTX3 in plasma (ELISA)

PTX3 plasma levels were measured by a sandwich
enzyme-linked immunosorbent assay (ELISA) devel-
oped in Humanitas Research Hospital, in according to
previously described protocol.”* Details of the assay are
reported in the Supplement.

Olink multiplex proteomics assay

Olink® assay and clinical chemistry assays are described
in the Supplement. The Inflammation (#95302 Olink
Proteomics, Sweden) and Cardiovascular IIT (#95611
Olink Proteomics, Sweden) Olink® Target 96 protein
biomarker panels were used to quantify proteins by the
Proximity Extension Assay (PEA) technology, which use
qPCR to measure the relative changes in protein
expression. The expression data is normalized by
Olink® using inter-plate controls as reported in (https://
olink.com/application/data-normalization-and-standardi
zation/) and output as “Normalized Protein Expression”
(NPX) in Log2 scale.

Clinical chemistry

Plasma samples were analysed on Cobas pro analyser
(Roche Diagnostics) in the Hospital PIO XI Laboratory,
Desio, Italy. Total cholesterol, HDL cholesterol and tri-
glycerides were analysed by enzymatic-colorimetric
methods. CRP was assayed using immunoturbidimetric
method.

Statistical analysis

Differences in biomarker concentration between groups
of patients were assessed with Kruskal-Wallis test and
adjusted for FDR. The correlations between circulating
biomarkers were analysed with Spearman’s rank corre-
lation coefficient. The discriminatory value of each
biomarker with clinical variables was assessed on the

basis of the area under the curve (AUC) of ROC
(receiver operating characteristic curve) analysis. Olink®
Target 96 protein biomarkers of the Inflammation and
Cardiovascular III panels were applied for identification
of predictive protein biomarkers for CCM progression.
OLINK Target 96 protein biomarkers of the Inflamma-
tion and Cardiovascular III panels were applied for
identification of predictive protein biomarkers for CCM
progression. We leveraged the information from two
time points, baseline and 2-years follow-up, and hy-
pothesized that predictive protein biomarkers were
differentially expressed at both time points. A 2-fold
identification strategy, therefore, was designed for pre-
dictive protein biomarker discovery. In first phase of
biomarker discovery, we compared two groups between
at least and less than five new CCM lesion at both
baseline and 2-year follow-up respectively, the protein
biomarkers which were differentially expressed (p
value < 0.05) at both time points were taken as pre-
dictors in the subsequently predictive modelling. Lo-
gistic regression modelling was then applied to develop
a predictive model for discrimination between at least
and less than five new CCM lesions, and to identify a
predictive protein biomarker or a predictive protein
biomarker panel consisting of a small number of pre-
dictors using baseline data. To jointly evaluate the pre-
diction performance, the following cross-validation
strategy was applied: the samples were randomly
divided into one training set (80% of samples) to train
the model and one test set (20% of samples) used for
prediction performance assessment. This process was
repeated for 10 random partitions of the samples into
training and test sets. The final prediction accuracy was
calculated as the percentage of correctly classified sam-
ples across the 10 cross-validation rounds. For best
predictor(s) selection, we firstly identified significant
predictor variable(s) (p < 0.05) associated outcome in
multiple logistic regression model. Then, we fit logistic
regression models sequentially for at least one signifi-
cant predictor and each possible combination of all
other predictors with it, and prediction performance
were evaluated using cross-validation as mentioned
above. The final model with best variable(s) was the one
which gave the highest predictive accuracy and sensi-
tivity. Analysis was performed in the R software (version
4.2.1). AUCs under the ROC curves were calculated
using the pROC package (version 1.18.0) and violinplot
were produced using ggplot2 package (version: 3.4.0).

Transcriptomic analysis of zebrafish models of CCM
A previously published ccm?2 mutant zebrafish dataset*
was data mined for misregulation of the identified bio-
markers. The dataset is based on ccm2™®' zebrafish
whole heart tissue at 72hpf. For identification of enriched
biological processes, a functional annotation clustering
analysis using DAVID was performed.”>” Terms and
genes were considered significant with p < 0.05.

www.thelancet.com Vol 99 January, 2024
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Role of funders

This study is independent from funding in terms of
study design, data collection, experimental workflow,
interpretation and writing manuscript.

Results

Baseline and two years patients’ characteristics
Overall, 71 patients with genetically confirmed fCCM
participated in the Treat_CCM trial'*'® and were enrolled
and randomly assigned to receive propranolol plus
standard care (n = 48; intervention group) or standard
care alone (n = 23; control group) (Supplementary
Table S1). The mean age of participants was 45.5 years
(SD 14.9) and 40 (56%) were female. Patients had a
history of CCM-related recurrent headache (n = 54,
76%), intracerebral hemorrhage (n = 46, 65%), focal
neurological deficit (n = 34, 48%), and epileptic seizures
(n = 30, 42%), see Table 1. The median duration of
follow-up was 764 days (IQR 736-808).

Patients with fCCM have higher levels of circulating
biomarkers that are associated with inflammation
and angiogenesis

To gain insight into the proteome landscape of CCM,
high-throughput automated ELISA assays were per-
formed on plasma samples. We compared such samples

Clinical parameters fCCM N =71
Age (year) 455 + 14.9
Sex (female) 40 (56%)
BMI (kg/m?) 24.0 + 3.6
Systolic blood pressure (mmHg) 122 + 14
Diastolic blood pressure (mmHg) 798
Heart rate (bpm) 71 £ 12
Intra cerebral hemorrhages 46 (65%)
Focal Neurological deficit 34 (48%)
Seizure 30 (42%)
Headache 54 (76%)
Cutaneous angiomas 25 (35%)
Mutation
KRIT1/CCM1 54 (76%)
MGC4607/0SM/CCM2 12 (17%)
PDCD10/CCM3 5 (7%)
Hypertension N (%) 15 (21%)
Diabetes N (%) 1 (1%)
Hypercholesterolemia N (%) 10 (14%)
Ischemic heart disease N (%) 1 (1%)
Antiepileptic treatment 33 (47%)
NSAID treatment 1 (1%)
Antihypertensive treatment 16 (23%)
Antidepressant treatment 9 (13%)
Table 1: Baseline characteristics of 71 patients with fCCM included in
the analysis.
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that had been collected at the Treat_CCM clinical trial at
baseline (T0) and after 2 years (T2). Our study is sche-
matized in Fig. 1a.

We found no differences in the baseline character-
istics due to study treatment. In addition, there was no
effect of propranolol treatment on biomarker concen-
trations after 2 years of follow-up, allowing us to study
the 71 patients as a single cohort, independent of the
treatment. The measured levels of plasma biomarkers
are listed in Table 2. Concentrations of circulating bio-
markers in patients and healthy controls at baseline are
shown in Table 3. Interestingly, molecules involved both
in inflammation and angiogenesis, such as sCD14
(p = 0.004), LBP (p = 0.029), ICAM-1 (p = 0.020), CCL5
(p = 0.004), THBS1 (p = 0.004) and CRP (p = 0.009) were
significantly higher in fCCM patients in comparison
with healthy donors. On the other hand, ANG-2
(p = 0.026) was higher in the healthy control group
(Fig. 1b). As can be seen in the heat-map (Fig. 1c), most
of the candidate biomarkers were independent from
each other. At baseline, a strong correlation was found
for sCD14 and LBP (r = 0.77, 95% CI: 0.65-0.85) and for
THBS1 with CXCL4 (r = 0.60, 95% CI: 0.41-0.74) and
CCLS (r = 0.85, 95% CI: 0.77-0.91). In addition, a cor-
relation was also found between ICAM-1 and VCAM-1
(r = 0.52, 95% CI: 0.32-0.68) and CCL5 and CXCL4
(r = 0.55, 95% CI: 0.34-0.70).

These findings were consistent with previous reports
on increased angiogenesis signaling and inflammation
associated with CCM.” In zebrafish ccm2™?°! mutants,
expression levels of ang2 mRNA were increased
compared with wild-type controls (Supplementary
Table S3).22

Expression levels of THBS1, CXCL4 and ENG by CCM
genotype

We wondered whether the biomarkers were differen-
tially expressed according to the genetic background of
fCCM patients. Among 71 patients of this cohort, 76%
carried a mutation in CCM1, 17% in CCM2 and 7% in
CCM3. Despite the long-standing notion that a loss of
any single one of the three proteins CCM1, CCM2 or
CCM3 results in the development of CCM, we found
that several biomarkers strictly correlated with the CCM
genotype. CCM2 patients were characterized by lower
levels of THBS1 (p = 0.011), CXCL4 (p = 0.011) and
SENG (p = 0.011) (Table 4 and Fig. 2a—c). Of note, a
downregulation of thbsib, thbs2b, and thbs3a/b gene
expression was also detected in com2™®' mutant
zebrafish (Supplementary Table S3). Patients with high
blood levels of THBS1 tended also to have high levels of
CXCL4 (Fig. 1b). This suggested that inflammation and
matrix mechano-transduction is involved in the process
of CCM formation. Most importantly, these findings
might indicate that specific signaling pathways are dis-
regulated in distinct f{CCM genotypes.
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Fig. 1: Workflow, sample information and expression of inflammatory proteins in fCCM patients (a) A schema depicting the workflow of
this study. 71 fCCM patients were enroled in Treat_CCM clinical trial. In addition, 17 healthy subjects were enrolled. Selected biomarkers and
circulating proteins of Inflammation and Cardiovascular Ill Olink biomarker panels were analysed. (b) Box and whisker plots (box represent the
interquartile range and outliers are 1.5 box lengths rom median) of the concentrations of plasma biomarkers. Among the 17 plasma molecules
(n = 3 technical replicates), fCCM patients showed upper plasma levels of CCL5, CRP, ICAM1, LBP, sCD14, THBS1 and a lower level of ANG2. fCCM
are represented by red box, and HDs by green box. p-values were calculated by means of Kruskall-Wallis test and account for false discovery rate
(FDR). CCL5, Chemokine (C-C motif) ligand 5; CRP, C reactive protein; ICAM1, intercellular adhesion molecule 1; LBP, lipopolysaccharide binding
protein; sCD14, cluster of differentiation 14; THBS1, thrombospondin1; ANG2, angiopoietin2. (c) Colored heatmap of the pair-wise Spearman'’s
rank correlation coefficients computed for circulating plasma molecules. The colors refer to the correlation coefficient direction and magnitude,
ranging from -1 (blue) to 1 (red).
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Biomarker Visit N Mean Std dev Median Q1 Q3 Min Max Sensitivity Assay range

sCD14 (ng/mL) BL 71 1623 1016 1418 910 1864 107 6048 16.9 pg/mL 16.9-4130 pg/mL
24 M 68 1920 923 1842 1235 2414 310 4605

LBP (ng/mL) BL 71 14,093 8565 12,457 7816 17,690 1306 53,279 98.3 pg/mL 98.3-150,000 pg/mL
24 M 68 17,534 10,371 15,477 11,485 21,339 2407 66,179

ICAM-1 (ng/mL) BL 71 335 112 319 268 399 97 649 4.1 pg/mL 4.1-15,630 pg/mL
24 M 68 365 178 354 268 437 44 923

VCAM-1 (ng/mL) BL 71 678 227 659 528 855 240 1154 53.7 pg/mL 137-83,490 pg/mL
24 M 68 762 355 719 536 966 97 1687

ANG2 (pg/mL) BL 71 1061 415 984 789 1234 318 2390 9.91 pg/mL 9.91-15,124 pg/mL
24 M 68 1128 505 1076 795 1478 111 2341

SENG (pg/mL) BL 71 3468 811 3454 2957 3787 1578 6374 15.4 pg/mL 15.4-147,150 pg/mL
24 M 67 3506 1246 3662 2664 3972 1002 7486

CCL5 (ng/mL) BL 71 75.5 80.5 49.7 21.8 96.5 1.0 372.4 0.296 pg/mL 0.68-2600 pg/mL
24 M 68 483 473 343 14.4 64.6 23 237.9

THBS1 (ng/mL) BL 71 3253 3090 2411 1421 4328 248 21,568 91.7 pg/mL 498-303,880 pg/mL
24 M 68 3071 3068 2343 1222 3614 153 17,044

CXCL4 (ng/mL) BL 64 4305 4628 2997 1937 5102 296 31,047 25.2 pg/mL 370-90,000 pg/mL
24 M 62 4351 3628 3357 1947 5582 17 18,747

sROBO4 (pg/mL) BL 71 41.9 36.5 28.8 187 50.5 3.6 191.6 1.5 pg/mL 53.5-13,000 pg/mL
24 M 67 515 30.5 43.5 318 66.7 7.9 162.4

TM (pg/mL) BL 71 4620 1388 4374 3595 5561 2184 8229 7.06 pg/mL 86.4-21,000 pg/mL
24 M 68 5365 1741 5235 3978 6568 2176 10,993

Tissue Factor (pg/mL) BL 71 26.9 8.5 243 19.8 322 9.8 61.9 0.237 pg/mL 4.94-1200 pg/mL
24 M 68 40.4 18.8 35.8 29.1 47.3 12.02 123.9

Cholesterol (mg/dL) BL 71 181.7 318 179.0 1615 201.0 112.0 271.0 3.86 mg/dL 3.86-800 mg/dL
24 M 68 182.9 335 186.0 156.2 211.2 104.0 255.0

HDL (mg/dL) BL 71 54.9 15.4 53.6 42.9 61.8 30.7 103.0 3.09 mg/dL 3.09-150 mg/dL
24 M 68 58.6 59.8 49.7 421 59.9 29.2 532.0

Triglycerides (mg/dL) BL 71 102.9 473 87.5 725 135.2 31.0 245.0 8.85 mg/dL 8.82-885 mg/dL
24 M 68 118.9 54.3 104.8 80.5 156.5 39.0 315.0

CRP (mg/L) BL 71 17 3.2 0.8 0.4 17 0.04 17.6 0.3 mg/L 06-350 mg/L
24 M 68 19 2.7 0.9 0.4 17 0.1 14.4

PTX3 (ng/mL) BL 71 2.9 16 27 18 37 0.8 9.55
24 M 68 2.9 1.9 23 1.8 4.0? 0.7 11.7 0.1 ng/mL 0.075-2.4 ng/mL

Table 2: Targeted circulating biomarkers at baseline and 24 months.

Blood levels of ROBO4, TM and CRP can predict
adverse clinical events

Circulating blood biomarkers would be particularly
useful when providing a means to predict disease pro-
gression and severity. To systematically assess such
possibility, we precisely monitored incident adverse
CCM-related clinical events that occurred among the
patient cohort during the 24-month trial period. We
considered the occurrence of new symptomatic ICH or
FND as the primary outcome, while epileptic seizures
were assessed as the secondary clinical outcome. These
events were validated by an independent Event Com-
mittee blind to study treatment and patients’ identity.
During that trial period, clinical outcomes linked to
CCM occurred in 7 out of 71 f{CCM patients (n = 2 ICH;
n = 2 FND; n = 3 seizures). Next, we investigated

www.thelancet.com Vol 99 January, 2024

whether circulating biomarkers could be correlated with
incident CCM-related adverse clinical outcomes. We
found that the baseline plasma levels of SROBO4 (p =
0.014) and TM (p = 0.026) were higher in subjects who
experienced clinical lesion events during the 24 months
trial period. It will be an important question for future
research whether this correlation is due to an involve-
ment in endothelial cell dysfunction. Interestingly,
sRobo4 homolog is also upregulated in ccm2™?°! mutant
zebrafish (Supplementary Table S3). We also identified
the blood biomarker CRP (p = 0.040) to have reduced
levels in patients who experienced CCM-related clinical
events over two years (Table 5). The AUC values for
ROC curve analysis were: 0.89 [0.79-0.98], 0.81
[0.69-0.94] and 0.85 [0.72-0.98] for SROBO4, CRP and
TM, respectively (Fig. 3a—c).
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Familial Healthy donors p* p°

N=71 N =17
sCD14 (ng/mL) 1418 [910-1864] 806 [575-1017] 0.0007 0.004
LBP (ng/mL) 12,492 [7816-17737] 7076 [5387-11566] 0.012 0.029
ICAM-1 (ng/mL) 335 + 112 319 [268-399] 255 + 87 266 [200-328] 0.006 0.020
VCAM-1 (ng/mL) 678 + 227 659 [528-854] 563 + 255 521 [372-669] 0.043 0.073
ANG2 (pg/mL) 984 [789-1234] 1367 [1016-1654] 0.009 0.026
SENG (pg/mL) 3454 [2957-3787] 3753 [3350-4029] 0.108 0.153
CCL5 (ng/mL) 49.7 [21.8-99.3] 15.9 [11.1-22.1] 0.0004 0.004
THBS1 (ng/mL) 2411 [1422-4328] 952 [445-1682] 0.0006 0.004
CXCL4 (ng/mL) 2997 [1917-5215] 1986 [1161-2930] 0.039 0.073
sROBO4 (pg/mL) 28.8 [18.7-50.5] 37.6 [27.8-55.6] 0.151 0.198
TM (pg/mL) 4620 + 1388 4375 [3595-5562] 4844 + 1099 4676 [3983-5579] 0.377 0.401
Tissue Factor (pg/mL) 24.3 [19.8-32.2] 27.3 [24.5-31.5] 0313 0.355
Cholesterol (mg/dL) 182 + 32 178 [160-202] 186 + 30 186 [162-201] 0.627 0.627
HDL (mg/dL) 53 [43-62] 64 [51-83] 0.028 0.060
Triglycerides (mg/dL) 88 [73-136] 82 [55-98] 0.245 0.298
CRP (mg/L) 1.07 [0.42-1.83] 0.42 [0.24-0.74] 0.002 0.009
PTX3 (ng/mL) 2.8 [1.9-3.9] 21 [1.3-3.6] 0.078 0.121

Data reported as median [IQR]. *p-value for Kruskall-Wallis test. °p-value adjusted for FDR.

Table 3: Baseline biomarker concentrations.

Levels of circulating biomarkers can predict the
formation of new MRI-detectable lesions during a
2-year follow-up

To assess whether circulating biomarker levels had a
predictive value with respect to lesion formation, we
monitored their development via MRI during the 2-
year follow-up among 67 patients with complete MRI
data. During that trial period, at least five new CCM

lesions were detected in 32 participants. The other 35
patients developed less than five brain lesions each
during a period of 2 years. The two circulating bio-
markers PTX3 and THBS1 had a tendency to be
expressed at lower levels in patients who developed
more than 5 lesions; however, these results were not
statistically significant after correction for multiple
testing (Table 6).

Data reported as median [IQR]. ®p-value for Kruskall-Wallis test. bp-value adjusted for FDR.

Mutations P’ Pb

CCM1 (N = 54) CCM2 (N = 12) CCM3 (N = 5)
sCD14 (ng/mL) 1440 [900-2148] 1341 [925-1671] 1416 [900-1833] 0.796 0.851
LBP (ng/mL) 12,996 [7676-18026] 11,541 [6880-16417] 15,672 [8773-19130] 0.677 0.851
ICAM-1 (ng/mL) 349 + 115 339 [270-415] 294 + 105 297 [217-348] 289 + 30 286 [263-315] 0.159 0338
VCAM-1 (ng/mL) 700 + 234 673 [561-859] 636 + 221 704 [428-784] 548 + 49 527 [515-595] 0.232 0.394
ANG2 (pg/mL) 999 [781-1283] 910 [693-1201] 959 [938-1093] 0.718 0.851
SENG (pg/mL) 3546 [3165-3899] 2639 [2449-2994] 3457 [3103-3935] 0.0008  0.011
CCL5 (ng/mL) 59.9 [25.5-100.4] 18.1 [7.4-44.9] 55.2 [34.1-212.5] 0.020 0.085
THBS1 (ng/mL) 3312 [1507-4408] 1103 [486-1844] 4261 [2662-6631] 0.002 0.011
CXCL4 (ng/mL) 3068 [2058-5359] 1505 [497-3419] 8930 [4230-11840] 0.002 0.011
SROBO4 (pg/mL) 29.3 [18.6-51.1] 23.0 [16.5-47.2] 27.2 [21.5-72.9] 0.748 0.851
TM (pg/mL) 4459 + 1368 4312 [3383-5433] 5434 + 1097 5399 [4298-6307] 4413 + 1796 3595 [3112-6123]  0.072 0.204
Tissue Factor (pg/mL)  24.5 [19.4-32.4] 22.7 [21.7-313] 24.3 [21.7-36.4] 0.827 0.851
Cholesterol (mg/dL) 180 32 178 [159-200] 195 + 28 197 [169-209] 164 + 27 160 [143-188] 0.117 0.284
HDL (mg/dL) 53 [43-62] 54 [42-77] 52 [44-68] 0.851 0.851
Triglycerides (mg/dL) 90 [74-142] 95 [67-141] 75 [53-87] 0.231 0.394
CRP (mg/L) 0.86 [0.41-1.76] 1.26 [0.67-2.03] 1.27 [0.66-6.04] 0.485 0.750
PTX3 (ng/mL) 2.67 [1.98-3.89] 2.00 [1.18-3.46] 3.70 [3.14-4.18] 0.036 0.122

Table 4: Baseline biomarker concentrations by CCM mutation.
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Fig. 2: Expression levels of biomarkers to stratify patients according to genotype. Box and whisker plots (box represent the interquartile
range and outliers are 1.5 box lengths from median) of the concentrations of plasma CXCL4 (a), SENG (b) and THBS1 (c) markers for each fCCM
genetic group (n = 3 technical replicates). The central black lines show the median values, regions above and below these lines show the upper
and lower quartiles, respectively. CCM1 is represented by orange box, CCM2 by light red and CCM3 by dark red boxes. The p-values were
calculated by means of Kruskall-Wallis test and account for false discovery rate. CXCL4, chemokine (C-X-C motif) ligand 4; sENG, soluble
endogline; THBS1, thrombospondin1.

ICH, FND or seizure p’ p°
Yes (N = 7) No (N = 64)

sCD14 (ng/mL) 1213 [1105-1416] 1462 [872-2072] 0.335 0.539
LBP (ng/mL) 8461 [6571-9951] 13,939 [8014-18758] 0.023 0.098
ICAM-1 (ng/mL) 292 + 61 269 [258-374] 340 + 115 328 [274-412] 0.196 0.383
VCAM-1 (ng/mL) 816 + 171 914 [607-964] 663 = 228 640 [518-8302] 0.054 0.167
ANG2 (pg/mL) 1034 [897-1184] 972 [772-1234] 0.589 0.715
SENG (pg/mL) 3787 [3327-4823] 3450 [2934-3765] 0.203 0.383
CCL5 (ng/mL) 44 [14-67) 53 [24-103] 0.385 0.545
THBS1 (ng/mL) 3210 [1001-4471] 2372 [1451-4321] 0.923 0.923
CXCL4 (ng/mL) 3901 [2266-10014] 2983 [1872-4675] 0349 0.539
sROBO4 (pg/mL) 80 [50-151] 27 [18-46] 0.0008 0.014
TM (pg/mL) 6203 + 1331 6357 [4900-7347] 4447 + 1290 4262 [3415-5406] 0.003 0.026
Tissue Factor (pg/mL) 35 [22-42] 24 [20-32] 0.171 0.383
Cholesterol (mg/dL) 180 + 38 160 [158-205] 182 + 31 179 [163-201] 0.809 0.860
HDL (mg/dL) 49 [46-77] 53 [43-62] 0.671 0.760
Triglycerides (mg/dL) 82 [51-148] 88 [73-136] 0.469 0.613
CRP (mg/L) 0.40 [0.17-0.48] 1.17 [0.50-2.07] 0.007 0.040
PTX3 (ng/mL) 3.4 [2.6-5.2] 2.5[1.9-37] 0.059 0.167
Data reported as median [IQR]. *p-value for Kruskall-Wallis test. "p-value adjusted for FDR.
Table 5: Baseline biomarker concentration by ICH, FND or seizure events during follow-up.
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Fig. 3: Plasma concentrations of sSROBO4, TM and CRP by incident adverse clinical events and ROC curve analyses. Box and whisker plots
(box represent the interquartile range and outliers are 1.5 box lengths from median) of the plasma concentrations of (a) sSROBO4, (b) CRP and
(c) TM in patients who had confirmed incident adverse CCM-related clinical events that occurred during the 2-years trial period (n = 3 technical

replicates). The AUC ROC curve analyses of the differentiation between the participants who experienced clinical events versus patients without
any clinical outcomes. The p-values were calculated by means of Kruskall Wallis test and account for false discovery rate (FDR).

To facilitate the identification of predictive molecular ~ (PEA) approach on the Olink® Target 96 protein
biomarkers for prognostic applications, we performed  biomarker panels: Inflammation and Cardiovascular III.
an exploratory study using a Proximity Extension Assay =~ We constructed a logistic regression model to predict
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De novo lesions p* p°
less than 5 new lesions n = 35 at least 5 lesions n = 32

sCD14 (ng/mL) 1421 [1064-1864] 1396 [857-2261] 0.960 0.960
LBP (ng/mL) 13,501 [9564-19906] 11,588 [7224-16918] 0.380 0.618
ICAM-1 (ng/mL) 313 + 97 301 [258-374] 362 + 128 359 [254-448] 0.117 0.398
VCAM-1 (ng/mL) 643 + 223 610 [497-792] 704 + 232 676 [542-848] 0.400 0.618
ANG2 (pg/mL) 959 [786-1215] 1027 [773-1365] 0.498 0.644
SENG (pg/mL) 3476 [3091-3787] 3450 [2746-3839] 0.530 0.644
CCL5 (ng/mL) 60 [24-119] 39 [20-66] 0.085 0.398
THBS1 (ng/mL) 3794 [1558-4770] 1938 [1286-4554] 0.024 0.204
CXCL4 (ng/mL) 3637 [2266-5714] 2542 [1817-4554] 0.097 0.398
sROBO4 (pg/mL) 27 [19-47] 29 [18-54] 0.739 0.838
TM (pg/mL) 4407 + 1331 4187 [3223-5610] 4735 + 1315 4690 [4130-5505] 0.253 0.614
Tissue Factor (pg/mL) 23 [20-31] 26 [20-34] 0.350 0.618
Cholesterol (mg/dL) 183 + 37 186 [160-204] 182 + 28 178 [163-199] 0.821 0.872
HDL (mg/dL) 50 [40-68] 55 [44-62] 0.315 0.618
Triglycerides (mg/dL) 84 [65-143] 96 [78-133] 0.214 0.606
CRP (mg/L) 1.07 [0.33-2.51] 1.14 [0.55-1.82] 0.455 0.644
PTX3 (ng/mL) 3.24 [2.30-4.29] 2.25 [1.86-3.06] 0.009 0.153
Data reported as median [IQR]. ®p-value for Kruskall-Wallis test. p-value adjusted for FDR.
Table 6: Baseline biomarker concentration by development of new lesions during follow up.

the CCM progression (classification of patients with at
least five new CCM or less than five lesions over 2 years
of trial period). Cross-validation was applied to evaluate
model performance and optimize model parameters; for
the cardiovascular panel, the average sensitivity was
estimated to 64.1% (95% CI: 50.0%-78.5%), specificity
to 80.3% (95% CI: 71.3%-89.0%) and the AUC value
was 0.75 (95% CI: 0.66-0.83) from ROC analysis with
growth differentiation factor 15 (GDF-15) emerging as
best predictor in the model (Fig. 4a, Supplementary
Table S4). We further compared GDF-15 protein
expression level at 2-year follow-up with the expression
level at baseline for patients developing at least 5 new
lesions and less than 5 lesions, respectively, it showed
statistically significant for patients developing at least 5
new lesions using paired t-test (p = 0.006, log2 fold-
change = 0.19 (95% CI: 0.06-0.32)). It is not significant
for patients developing less than 5 lesions over two years
(p = 0.83).

For the inflammation panel, Fms-related tyrosine
kinase ligand 3 (FLT3L), chemokine ligand 9 (CXCL9),
fibroblast growth factor 21 (FGF-21) and cub domain-
containing protein 1 (CDCP1) were selected as a panel
of four predictors (Fig. 4b). The average sensitivity of
this panel of four protein biomarkers was 74.1% (95%
CI: 68.0%-81.5%), the specificity 81.8% (95% CI:
76.3%-87.1%) and AUC was 0.80 (95% CI: 0.72-0.88)
(Fig. 4c, Supplementary Table S5, Supplementary
Fig. 1A-D: ROC curve of individual protein marker).
We further compared the protein expression level of
FLT3L, FGF-21, CXCL9 and CDCP1 at 2-year follow-up
with their expression at baseline for patients developing
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at least 5 new lesions and less than 5 lesions, respec-
tively. It showed that FLT3L (p = 0.01, log2 fold-
change = 0.20 (95% CI: 0.05-0.34)) and CDCP1
(p = 0.03, log2 foldchange = 0.20 (95% CI: 0.02-0.38))
are statistically significant for patients developing at
least 5 new lesions. FGF-21 showed significance
(p = 0.05, log2 foldchange = 0.47, (95% CI: 0.00-0.94))
for patients with less than 5 new lesions. Other proteins
showed no statistical significance (data not shown).
Elevated expression levels of the zebrafish homolog
cdcpl was also detected in ccm2™!  mutants
(Supplementary Table S3).

The correlations between FLT3L, CXCL9, FGF-21
and CDCP1 was accessed by Spearman’s correlation
and confirmed that the four protein biomarkers were
weakly correlated (r < 0.36 95% CI: 0.12-0.56 between
FLT3L and CDCP1). Hence, the combination of these
proteins has a good power in the prediction of new
lesion formation.

Discussion

It would be highly desirable to have easily accessible
biomarkers to predict the progression of CCM disease
and to uncover new aspects of CCM biology. This in-
formation would hopefully help in improving the clin-
ical management of CCM patients and in finding the
most appropriate pharmacological treatment for CCM
disease. To this end, we systematically examined
candidate inflammation- and angiogenesis-associated
proteins as potential circulating blood biomarkers of
fCCM patients enrolled in the Treat_CCM clinical trial.
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In this study, the trend towards a clinical benefit with
propranolol observed in the clinical trial**'® was not re-
flected by a significant modification in any of the tested
biomarkers. This was possibly due to the small sample
size and the possibility that other mechanisms of action
of propranolol not mirrored by the peptides assayed are
involved. This result allowed us to analyse the
propranolol-treated and untreated patients as a single
population. Therefore, in this study, we leveraged
plasma biomarker measurement to characterize CCM
patients at diagnosis and to define subjects prone to
clinical events, such as ICH, FND and epileptic
seizures."” > Although certain biomarkers of inflam-
mation are well documented in CCM patients with a
cavernous  angiomas symptomatic  hemorrhage
(CASH)"?"*23%31 and in a homogeneous group of His-
panic fCCM patients and Ccm mutant mice,* as well as
a specific panel of CCM etiological blood biomarkers
associated with BBB disruption is pinpointed in Cem1-3
mouse models recently,”** there is still a significant gap
in knowledge regarding inflammatory circulating bio-
markers with predictive and prognostic role in CCM.
Here, we have highlighted that blood levels of pro-
teins involved in inflammation and angiogenesis, such
as sCD14, LBP, CXCL4, ICAM-1, CCLS5, THBS1 and
CRP, were significantly higher in fCCM patients in
comparison with healthy donors. The high blood levels
of these circulating biomarkers pinpoint that the
marked inflammatory and pro-angiogenic activation that
contributes to the onset and progression of CCM?"2*%
has a strong prognostic and diagnostic value. In com-
parison to another study by the team of Awad, which
measured plasma biomarkers on CASH patients,”*' we
focused on a non-selected cohort of f{CCM patients and
on balanced healthy controls. Awad and colleagues re-
ported that low circulating levels of sCD14 was one of
diagnostic and prognostic CASH biomarker. In our
study, we found that blood levels of sCD14 and LBP
were significantly higher in f{CCM patients in compari-
son with healthy donors, which is in tune with the other
studies that reported an involvement of inflammatory
processes at CCM lesion sites.”*** Of note, our analysis
revealed that blood levels of ANG2 and HDL were
higher in the healthy control group. Whether this points
to a protective role of these proteins is an interesting
finding for future studies. This finding is rather sur-
prising, as increased exocytosis of ANG2 has been
shown to contribute to CCM in a preclinical mouse
model of CCM3.* Even though the clinical

manifestations of fCCM are highly heterogeneous,
CCM3 patients have a more aggressive form of the
disease with an earlier onset of intracerebral hemor-
rhages and multiple angiomas associated with the CCM
phenotype as compared with CCM1 and CCM2.

The high blood levels of SENG, THBS1** and CXCL4
in CCM1 and CCM3 patients suggest that the inflam-
mation and angiogenesis processes associated with
CCM can have a diagnostic value. Surprisingly, we
found that the incidence of CCM-related adverse events
was similar between CCM1 and CCM2. Yet, CCM2
patients showed lower levels of all these circulating
blood proteins. The potential of biomarker screening in
CCM was further exemplified by our discovery that
disease progression in patients who experienced clinical
lesional activity such as ICH, FND or epilepsy during
the 24 months following the initial blood sample, was
predictable based on blood levels of proteins involved in
vascular stability during pathological angiogenesis and
inflammation processes, such as sROBO4 and TM.*
Whether this indicates any functional relevance of
these proteins in endothelial cell dysfunction and
bleeding disorders remains to be tested. It should be
noted that TM together with vWF has been described to
contribute to vascular lesion and homeostasis hetero-
geneity as found in pre-clinical models of CCM3.* Our
results are consistent with elevated levels of SROBO4
and TM during enhanced vascular leakage and seizure
episodes, by tightly regulating expression of tight junc-
tion proteins. This finding also suggests that their
expression levels in blood already rise before patients
present with adverse clinical symptoms. The link be-
tween sROBO4 and incident hemorrhagic clinical
events, confirms a previous study, which highlighted its
overexpression in patients who experienced symptom-
atic hemorrhagic expansion within one year from blood
draw.””*' However, we observed a decreased plasma
level of CRP, and this shows a different trend from the
other inflammatory markers found to be increased in
CCM. Although not statistically significant after correc-
tion for multiple testing, we also observed that PTX3
and THBS1 had a tendency to be expressed at lower
levels in patients who developed more than 5 lesions;
the interplay between PTX3 and THBS1 that was
demonstrated in synaptogenesis, will be further inves-
tigated in angiogenesis and CCM development.**

Furthermore, our targeted analysis using the prox-
imity extension assay, revealed new biomarkers that
might be of relevance in CCM such as GDF-15,%

using GDF-15 (derived from OLINK® cardiovascular panel) as a predictor to discriminate between patients with more than 5 new CCM-MRI
lesions or less than 5 lesions over 2 years trial period. (b) Violin plot of normalized protein expression (NPX) of FLT3L, CXCL9, FGF-21 and
CDCP1 for patients with more than 5 new CCM-MRI lesions and less than 5 lesions over 2 years of trial period. (c) ROC curve analysis for
predictive CCM progression using a panel of predictors, FLT3L, CXCL9, FGF-21 and CDCP1 (derived from OLINK® inflammation panel) to
discriminate between patients with more than 5 new CCM-MRI lesions or less than 5 lesions over 2 years trial period.
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FLT3L,“ CDCP1,* FGF-21*“ and CXCL9.” These six
biomarkers possibly reflect the local accumulation of
immune cells and point to vascular dysfunction, cell
remodeling, oxidative stress, altered calcium signaling
and inflammation in CCM lesions, suggesting their
clinically role in future prospective studies.

The methodological strength of the present study is
that it is based on plasma samples from all 71 patients
included in the clinical trial Treat_CCM in six different
[talian centers, the largest prospective trial in CCM to
date. This reduces the potential bias associated to single-
center studies. A major limitation is the sample size of
patients, 71, and that of healthy donors, 17. The power
was modest for predicting the endpoint of >5 new CCM
lesions, and even more for incident adverse CCM-
related clinical events: SROBO4, TM and CRP were
significant even after FDR correction and the power was
98% for SROBO4, 88% for TM, and 16% for CRP. There
are two draw backs of the low statistical power: (1) any
analysis by subgroups suffers more markedly the in-
adequacy of power, and (2) analyses adjusted by several
meaningful covariates are unlikely to reduce potential
confounding. Last, propranolol did not change concen-
trations of any biomarker over 2-year treatment, this is
not unexpected since several examples exist in the
literature.**°

In summary, this exploratory study analysing circu-
lating biomarkers over 2 years suggests that peripheral
levels of inflammatory and angiogenic molecules may
be used as potential diagnostic and predictive bio-
markers in CCM disease. Comparative analyses with
zebrafish transcriptomic data suggest that there is con-
servation between patients and disease models, even in
different tissues as compared in this study. Further
analysis on protein level at later developmental stages
when the zebrafish immune system is fully developed,
will provide a clearer picture of the level of conservation.
Follow-up experiments are urgently needed to validate
the potential role of biomarkers in preclinical CCM
disease models. Here, we provide evidence that this will
be feasible in the near future.
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