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SPECTRUM OF CONCOMITANT BRAIN VASCULAR LESIONS
IN PEDIATRIC DIFFUSE GLIOMAS

Abstract. Cerebrovascular disease represents a threatening factor for brain cancer survivors. However, a comprehensive
evaluation of small vessel disease related to gliomas has not yet been performed.

This study aims to characterize concomitant vascular lesions in pediatric diffuse gliomas and identify their association
with the molecular subgroup of tumors.

We performed a retrospective pathological study of biopsy samples of 77 pediatric patients with diffuse gliomas, treated
in Belarusian Research Center for Pediatric Oncology, Hematology and Immunology. Eight molecular subgroups were identified by
immunohistochemical and cytogenetic studies (H3K27mut, ALT, IDHImut, BRAFmut-PXA, FGFR1, BRAFmut/FGFR2,
RTK, MYB). In each group microvessel density/area (MVD/MVA), tumor vessels co-option and signs of small vessels disease
(SVD) were determined.

The levels of microvascularization significantly differed between the molecular subgroups of diffuse gliomas, indicating
the presence of intrinsic pro-angiogenic activity there. The highest values of MVD/MVA, as well as rate of hemorrhagic
necrosis, were found in the BRAFmut/FGFR2, RTK groups. SVD was common in the adjacent tissues of gliomas and occurred
in 32.5 % of cases. High grade SVD was associated with the BRAFmut/FGFR2 and IDH1mut subgroups. BRAFmut/FGFR2
tumors were more aggressive and caused cortical microinfarctions in 84,6 % and leukoaraiosis in 87.5 % of cases. IDHImut
tumors were mainly linked with cortical microinfarctions (60 % of cases).

The results of the study suggest that concomitant small vascular lesions are common in adjacent tumor tissue and can
significantly influence the overall rate of cerebrovascular disease in convalescents with diffuse gliomas.
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CIHEKTP CONIYTCTBYIOIIUX COCYAUCTBIX HOPA)E(EHHT/I MO3TA
nPU JTUOPY3HBIX T'TTIMOMAX Y JETEU

AnHoTanus. LlepeGpoBackynspHbie 3a00IeBaHNS SBISIOTCS OJHON N3 OCHOBHBIX IIPHYNH WHBATNAN3AINHN BEIKUBIINX
MalHUeHTOB € OMyXO0IsIMHU Mo3ra. OTHAKO U3yUEHHIO COCYAUCTHIX OPAXKEHHUH IIPU OMyXOJIAX MO3Ta MOCBAIIEHO JUIIb HEe3Ha-
YHUTEJIBHOE YUCIIO UCCIICIOBAHUI.

Llens Hamiero mccienoBaHHS — OXapaKTEPH30BaTh COIYTCTBYIOIINE COCYAMCTHIE IMOPaKeHHs NpH Hamboiee pacmpo-
CTpaHeHHBIX AU((DY3HBIX MIHANTBHBIX OMYXOIAX Y AeTeH U ONEHUTH BO3MOXKHOCTH WX TOSIBICHUS B OIYXOISAX Pa3INIHBIX
MOJIEKYJISIPHBIX TOATPYTIII.

[IpoBeneHO peTpOCeKTUBHOE I'MCTOJIOTMYECKOe HCCiIe0Banne OHonTaToB 77 manueHToB ¢ Aud(dy3HBIMH TITHOMaMH,
TIpOJICYeHHBIX B L{eHTpe 1eTCKOH OHKOJIOTHH, TeMaTOJIOT MU 1 UMMYHOJIOTHH. Ha OCHOBaHNY SKCIIPECCHU CyppOTaTHBIX HM-
MYHOTHCTOXMMHYECKAX MapKepOB M IIUTOTCHETHYECKUX abeppaiuii BEIABICHO 8 MonekymspHbIX moarpynn (H3K27mut,
ALT, IDHImut, BRAFmut-PXA, BRAFmut/FGFR2, FGFR1, RTK, MYB). B kax/10ii n3 moArpyIIIl IPOBEICHO OMPEACICHHE
IUIOTHOCTH M TUIOIMIAX MUKPOCOCYIOB, HAJIMYHSI KOOIIIIUU COCY/IOB OIYXOJIH M IIPU3HAKOB OOJIE3HN MEJKHX COCY/IOB.

[Tokaszarenn MHKpPOBACKYJSIPH3AIMH JOCTOBEPHO PA3IHUYAINCh MEXKIY MOJICKYISPHBIMH Toxarpymnmamu nuddys-
HBIX TJHOM, YTO CBHJETEIbCTBYET O HATMYUHU BHYTPEHHEH MPOAHTHOTEHHOH aKTHBHOCTH B OTAETBHBIX I'PYMIAX TJIHOM.
HauGonpmie 3HaYeHUs MIOMAAN M INIOTHOCTH MUKPOCOCY/IOB, @ TaK)Ke JaCTOTHI TeMOPPArnIeCKUX HEKPO30B BBISBICHEI
B BRAFmut/FGFR2, RTK monrpynmnax. [Ipu3aaku 001€3HH MEIKUX COCYIOB B MPUJICKAIINX K OITYXOJIH TKaHAX ObLIH 00-
HapykeHbl B 32,5 % ciny4aeB. Hannune Gone3Hu Menkux cocynoB 2—3-ii crenenu no Eziri Ob10 acCOMUPOBAHO C Oy XO-
nsmMu BRAFmut/FGFR2 n IDH1mut noarpymnmn. Omyxonun BRAFmut/FGFR2 noarpynms! siBIsitoTCst 60iee arpecCUBHBIMH
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U BBI3BIBAIOT MUKPOMH(ApKTH B 84,6 % ciydasx u jelikoapeo3 B 87,5 % ciyuasx. s omyxoneit IDHImut moarpymnmer
Oostee XapaKTepHO pa3BUTHE MUKPOHH(apKTOB B Kope (60 % cimydaes).

PesynbpraThl HCCIen0BaHUS MOKA3bIBAIOT, YTO COMYTCTBYIOUIHE COCYAHMCTHIE TTOPAKEHHS YaCTO BCTPEUAIOTCS B TEPH-
(hoKaNbHOI OMyXO0JIEBOH TKAHU M MOTYT 3HAYMTEIIBHO BIMSTH HA PHCK BOSHUKHOBEHUS 11ePeOPOBACKYIISIPHBIX 3a00seBaHUi
Y PEKOHBAJICCICHTOB ¢ JU((Y3HBIMU INTHAIEHBIMU OITYXOJISIMU.

KuroueBsble ciioBa: nuddy3Hble TIIMOMEBI y ISTel, aHTHOTeHE3, 00JIe3Hb MEJIKUX cocynoB, MyTanus BRAF, myranus IDH1

Juisa nutupoBanusi: CIeKTp COMYTCTBYIOIUX COCYIHUCTHIX MOPAXCHUH Mo3ra mpH Iupdy3HBIX THOMaX y AeTeH /
T. M. Muxanesckas [u np.] / Bec. Han. akazn. HaByk benapyci. Cep. mex. HaByk. —2022. — T. 19, Ne 2. — C. 240-247 (na anen. s3.).
https://doi.org/10.29235/1814-6023-2022-19-2-240-247

Introduction. The incidence of cerebrovascular diseases is higher in brain cancer patients than
in the general population, significantly aggravating their condition and prognosis [1, 2]. As a result
of radiation therapy or chemotherapy or due to cancer itself, brain cancer patients have concomitant
cerebrovascular diseases [3], which subsequently cause more frequent cognitive disorders, strokes and
vascular dementia. Patients with cancer have been shown to have higher in-hospital post-stroke mortality
rate [1, 4, 5] and patients with ischemic stroke with an active cancer have also been found to be of younger
age, with more severe and more frequent cryptogenic strokes [1].

Small vessel disease (SVD) is the functional basis of cerebrovascular diseases. SVD is a complex
pathology of vessel’s wall caused by both environmental and genetic factors. Undoubtedly, the tumor
occurrence could be considered as an imbalance of genetic homeostasis. And the role of oncogenes
in promoting neovascularization has recently gained considerable attention. Oncogenic mutations are
implicated in the activation of the ‘angiogenic switch’ in tumors. Some of the oncogenes can promote
tumor angiogenesis. In addition, the tumor indirectly causes oxidative stress and inflammation that are
suspected to be crucial for vascular damage.

Direct tumor effects on angiogenesis vary considerably, and include hyperplasia of tumor vessels
due to angiogenesis, vascular cooption, vascular mimicry, arterial and venous sinus invasion by tumor mass
or leptomeningeal infiltrates, blood vessel compression by tumor growth or tumor bed edema, disruption
of blood-brain permeability and rarely the development of vascular malformations. SVD can be viewed
as a special case of disruption of blood-brain barrier [6].

The present study focuses on the possible molecular mechanisms and causes of small vessel disease
in brain cancer patients, and aims to identify the most common molecular type of pediatric glial tumor
causing small vessel disease.

Objects and research methods. We enrolled 77 consecutive patients with diffuse gliomas treated in
Belarusian research center for pediatric oncology, hematology and immunology from January 2015 till June
2021. All gliomas were diagnosed on the basis of pathological criteria, and all slides from the resected speci-
mens, including those used for immunohistochemistry, were reassessed independently by two neuropa-
thologists. In order to exclude the effect of radiation therapy, we studied the vascularization of tumor and
peritumoral tissue only on biopsy material before any treatment.

To gain insights into molecular groups of diffuse pediatric gliomas, we performed an integrated analysis
of expression of immunohistochemical markers (H3K27me3, IDH1-R132H, ATRX, p53, BRAF-V600E,
Olig2, GFAP, EMA, pan-TRK), and fusions affecting genes that encode receptor tyrosine kinases (FGFR2,
ALK, ROS, NTRK1), focal copy-number alterations (CDKN2A/B and 1p/19q) and identified several
molecular subgroups of pediatric glial tumors — H3K27mut, ALT, IDHImut, FGFR1, BRAFmut-PXA,
BRAFmut/FGFR2, RTK, MYB. In these groups, we studied tumor angiogenesis by assessing the level
of microvessel density and microvessel area, the presence of tumor vessels co-option and the pathological
signs of SVD.

Immunohistochemistry. Tumor tissue obtained during surgery was fixed in 10 % buffered-formalin,
routinely processed, paraffin-embedded, sectioned at Smm, and stained with hematoxylin and eosin.
Representative paraffin blocks were selected for immunohistochemistry (IHC) studies. Immunohis-
tochemistry was performed on 2.5-Im-thick paraffin sections following heat-induced epitope retrieval
using CC1 (Ventana), then staining with GFAP (Leica Biosystems), Olig2 (Elabioscience), ATRX (Elabio-
science), p53 (Ventana), synaptophysin (Leica Biosystems), VE1 (Ventana), neurofilament (Cell Marque),
epithelial membrane antigen (Cell Marque), CD34(Ventana), and Ki-67 (Cell Marque) on a Ventana
Benchmark XT automated stainer, using Ventana UltraView Universal DAB Detection kits and OptiView
DAB Detection Kkits.
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Fluorescence in situ hybridization. On touch preparations, cells were fixed directly with a 9:1 mixture
of methanol and acetic acid for 15 min and air-dried overnight. After enzymatic pepsin treatment,
nuclear DNA was denatured in 70 % formamide/2xSSC and dehydrated. Hybridization of the probe
and post-hybridization washing were carried out in accordance with the manufacturer’s recommenda-
tions. CDKN2A homozygous deletion was analyzed using a commercially available locus-specific probe
(9p21, Abbott Molecular/Vysis) and centromere 9 (CEP9) control probe. The status of the FGFR2 and
RTK genes was assessed using fluorescent in situ hybridization (FISH) using two-color ZytoLight SPEC
FGFR2 Dual Color Break Apart Probe, Vysis ALK Break Apart FISH Probe Kit (Abbott Molecular,
Abbot Park, IL, USA), ZytoLight® SPEC ROS1 Break Apart Probe (ZytoVision, GmbH).

Statistical analysis was performed using R software (version 3.4.4). All data were presented as me-
dian for continuous variables and number (percentage) for discrete variables. Group comparisons were
made using the Mann—Whitney U nonparametric single factor test. Fisher’s exact test was performed
for categorical variables.

Neuropathological assessment of SVD in the brain tissue included evaluation of progressive vascu-
lopathy and parenchymal lesions in the cortex and white matter. There are definitions of neuropatho-
logical descriptive terms as follows. By definition, small vessel changes involve hyalinization of vessels,
expansion of the perivascular space, tortures vessels, and pallor of adjacent perivascular myelin, with
associated astrocytic gliosis. Lacunar infarct means complete or cavitating lesion in both subcortical gray
and white matter. White matter changes focus on venous collagenosis and leukoaraiosis. Venous colla-
genosis — the thickening of the walls of periventricular veins and venules by collagen. Leukoaraiosis
comprises several patterns including myelin pallor or swelling, tissue rarefaction associated with loss
of oligodendrocytes, diffuse axonal injury with thinning and varicosities, loosening of axon—oligodendro-
cyte adhesion and gliosis. Cerebral microinfarction is the accumulation of small, even miniscule, ischemic
lesions with or without a small vessel at its center but with pallor, neuronal loss, axonal damage and gliosis.

Microvessel density and microvessel area assessment. To quantify the vascular density three tumor
areas with the highest vascular density were selected in each tumor independently from the tumor cell den-
sity, using a microscope (Nikon Eclipse E5501) equipped with a digital camera and Nis-Elements BR 2.30
software. Microphotography of CD34 immunolabeling was acquired at high power fields (0.125 mm?,
x200) for the three areas. The total number of vascular sections in the three pictures was obtained by
visual count. Every immunopositive structure (endothelial cell or cell cluster) clearly separated from
neighboring microvessels, neoplastic cells, or other connective tissue elements, was treated as a microves-
sel. Vessels with visible muscle layers were excluded from analysis as these are not classified as mi-
crovessels. The MVD was defined as the mean number of microvessels in the three most vascularized
fields of view per 1 mm?. The microvessel’s area was defined as the mean area of cross-sectional areas
of microvessel lumen in the three most vascularized fields of view, calculated in pixels.

Research results. In all studied cases of tumors, quantitative parameters of microvascularisa-
tion were increased comparing to normal samples of brain (MVD — 48 microvessels/mm?, MVA —
2810 pixels/mm?). In addition to high rate of the vascular branches, some tumors were characterized by
calcification of the vessel wall and the precipitation of calcium crystals into the perivascular space, they
were found in 12 cases (Tab. 1).

Evidence of tumor co-option of vessels were found in 60 cases, the presence of tumor satelliosis was
nonspecific and was noted in all groups of gliomas. Specifically the presence of growth in the perivas-
cular spaces was significantly more frequent in the BRAFmut-PXA and MY B subgroups. The presence
of these changes may indicate a possible venous outflow disturbance in the peritumoral zone.

In 6 cases, calcification was pronounced, calcifications merged with each other, hemorrhages
and hemorrhagic necrosis were detected around. Hemorrhagic necrosis and hemorrhages were more
common in gliomas of BRAFmut/FGFR2 and RTK subgroups and occurred in 30.8 and 50 % cases
respectively. The formation of hemorrhagic necrosis around these vessels indicates their immaturity and
functional failure, leading to permeability of the brain-blood barrier. It should be noted that intratumoral
hemorrhages were also more often observed in this group, which has important clinical significance,
since, on the one hand, they can cause disability and even be life-threatening, on the other hand, they
can be leading symptoms masquerading the presence of a tumor.
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The level of vascular density and the area of microvessels were significantly increased in the groups
of tumors with the BRAFmut/FGFR2, RTK phenotype. The distinction was confirmed by the Mann—
Whitney test. Possibly, the regulation of angiogenesis in BRAFmut/FGFR2, RTK subgroups is carried
out not only through the secretion of hypoxia-inducible factor-la. (HIF-1a), but also due to the co-stim-
ulation of the VEGFR and TGFR-beta signaling pathways components by constantly activated RTK
tumor signaling.

In our study, the disruption of blood-brain barrier in the peritumoral zone was widespread although
severe parenchymal changes associated with SVD such as lacunae, lacunar infarctions were absent.
Expansion of perivascular spaces was detected in different groups of tumors, totally in 35 cases, peri-

Pathological lesions associated with small vessel disease: a—d — tumor of BRAFmut/FGFR2 subgroup (¢ — calcified
arterioles in the subcortical region with perivascular rarefaction and moderate gliosis in the surrounding region, hematoxylin
and eosin, x200; b — leukoaraiosis, perivascular dilatation and venous collagenosis in the white matter, hematoxylin and eosin,
%200; ¢ — neuron loss and vacuolization in the cortex with feeding artery with small vessel disease changes, hematoxylin and
eosin, x100; d — ruptured vessel with recent microhemorrhage. Calcification from old bleed is also evident, hematoxylin
and eosin, x200); e—h — tumor of the IDHImut subgroup (e — perivascular dilatation with microbleeds, hematoxylin
and eosin, x200; f'— tortures vessels in-between tumor tissue, hematoxylin and eosin, x200; g — microbleeds, vacuolization
and loss of oligodendroglia in the white matter, hematoxylin and eosin, X200; /& — hyalinized arteriole with triangular zone
of microinfarct in the cortex, hematoxylin and eosin, x200)
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vascular myelin pallor — in 25 cases, microbleeds — in 36 cases. Cases were classified as small vessels
disease when widening of perivascular spaces, thickening of vascular walls, accumulation of perivascular
macrophages, and perivascular myelin pallor or attenuation of nerve fibres were present. For this study,
case classification for SVD was based on the presence of SVD using the Eziri grading scheme. The most
significant changes including pallor of myelin fibers to necrosis and cavitation were detected in 17 and
in 19 cases respectively. The non-functional tortuous vessels were observed in 3 cases. The periventricular
parts of the white matter are more prone to the development of venous collagenosis, however, this area
was not always included in the preparation of the removed tumor and it was possible to assess this change
in 45 cases. In 17 cases of them venous collagenosis was detected, in 15 cases — signs of leukoaraiosis.

Pathological changes of cerebral disease of small vessels were described separately for each molecular
subgroup of pediatric diffuse gliomas. The data are shown in Tab. 2.

Exemplificative histological features of small vessel disease are shown in the Figure.

There were differences in the severity and prevalence of SVD in different molecular groups of glio-
mas. Most of the severe cases of small vessel lesions (Eziri grade 2-3) occurred in the IDHImut and
BRAFmut/FGFR2 subgroups of diffuse gliomas. The association between SVD and these subgroups
was statistically significant. Indeed the frequency of SVD grade 2-3 in the BRAFmut/FGFR2 subgroup
was 84.6 % (p < 0.0001) and in the IDHImut subgroup — 70 % (p = 0.0111). As a consequence, cortical
microinfarctions most often occurred in the perifocal zone of these tumors (85 % of all microinfarc-
tions). The lesions of the white matter of the brain — leukoaraiosis and venous collagenosis were more
typical for the BRAFmut/FGFR2 subgroup of diffuse gliomas and was found in 87.5 % (p < 0.0009) and
in 100 % cases respectively (p < 0.0001).

Discussion. Research in the field of molecular basis of the vascular pathology of the tumor and adja-
cent brain tissue is limited. Most of the articles devoted to the study of tumor vasculopathies concentrate
on the development of SVD after the use of radiation therapy [7, 8]. The majority of authors come to
an agreement that the use of radiation therapy increases the risk of stroke, dementia, and other vascu-
lopathy in brain cancer survivors. However, none of these studies take into account the influence of the
molecular alterations on the development of parenchymal lesions of SVD.

A few reports have reported the occurrence of SVD on the background of a genetic predisposition.
D. Unruh et al. reported the risk of venous thromboembolism to be extremely low in patients with IDH1
mutated gliomas linked to low podoplanin and tissue factor expression [9].

There are also few case reports mentioning a high risk of small vessels disease in patients with neu-
rofibromatosis 1. Apart from moya-moya phenomena they can include occlusion, aneurysm, pseudoan-
eurysm, ectasia, stenosis, fistula, rupture and lacunar infarcts [10, 11].

According to the results of our study, small vessels disease correlates with BRAFmut/FGFR2 and
IDHImut subgroups. On the one hand, the BRAFmut/FGFR2 and IDHImut subgroups, unlike all oth-
ers, are slowly growing neoplasms, and the presence of SVD there is most likely a consequence of cir-
culatory disturbance in the brain due to mass effect, vessel infiltration by cancer cells and obstruction of
the outflow of cerebrospinal fluid because of leptomeningeal growth. On the other hand, the BRAFmut/
FGFR2 subgroup is characterized by a very high vascularization and a large number of fragile imma-
ture vessels, which are less common in other groups. Such vessels are more likely to undergo calcifica-
tion and, accordingly, function poorly, increasing the load on the preexisting cerebral vessels, causing
SVD. In IDHImut, the mechanism of SVD formation is similar due to the presence of tortuous and non-
functioning vessels [12, 13].

The risk group of SVD is formed by two categories of gliomas — BRAFmut/FGFR2 and IDHImut
gliomas, whose management involves surgical treatment, radiation therapy, or watch-and-wait strategy,
or their combinations [14, 15]. Overall, our research indicates that these groups of patients may benefit
from early maximum safe resection rather than watchful waiting. It can also be assumed, that the exces-
sive use of radiation therapy for the residual tumor in these patients may lead to neurological deteriora-
tion with seizures, intellectual disability and ischemic stroke.

Conclusion. Vigilance for SVD is always required in patients with glial tumors. A precise diagnosis
is necessary in order to avoid mistreating patients and help improve their outcome and quality of life.
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Genetic studies are also important for elucidation of the risk of SVD. The results of our research allow
us to conclude that BRAFmut/FGFR2 subgroup of pediatric glial tumor exhibits the most aggressive
vascular pathology, and affects vessels in the cortical regions and vessels located in the deeper white
matter causing neuronal loss and leukoaraiosis. The vasculopathy in the IDHImut subgroup of tumors
causes mainly cortical microinfarctions. The incidence of hemorrhages is higher in the BRAFmut/
FGFR2 and RTK subgroups.
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