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Aquaporin-4 expression in primary human central nervous
system lymphomas correlates with tumour cell proliferation
and phenotypic heterogeneity of the vessel wall
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No literature data are available concerning the expression of aquaporin-4 in primary central
nervous system lymphomas and the relationship between aquaporin-4 expression and the
morphological characteristics of blood vessels. Here, we have investigated this relationship
in 24 human diffuse large B-cell primary central nervous system lymphomas by means of
immunocytochemistry and confocal laser microscopy. Results have shown that: (i) a high
aquaporin-4 expression correlated with a high Ki-67 index and aquaporin-4 marked tumour
and endothelial cells in cytoplasm and plasma membranes, while aquaporin-4 expression
was low in tumour areas with a low Ki-67 index where few tumour cells were positive to aqu-
aporin-4, and endothelial cells showed aquaporin-4 expression on their abluminal side. (ii)
Different type of cells participated in vessels formation: CD20" tumour cells and factor VIII*
endothelial cells; aquaporin-4* tumour cells and CD31* endothelial cells; CD20* and aquapo-
rin-4* tumour cells; glial fibrillary acidid protein* endothelial cells surrounded by glial fibril-
lary acidic protein* tumour cells. Overall, these data suggest the importance of aquaporin-4
in primary central nervous system lymphomas due to its involvement in cerebral oedema
formation and resolution and tumour cell migratory activity, and have documented that
tumour microvasculature in lymphomas is extremely heterogeneous, confirming the impor-
tance of neoangiogenesis in the pathogenesis of lymphomas.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

CNS at the time of diagnosis. The majority of PCNSL would
be classified as diffuse large B-cell lymphomas.*

Lymphomas constitute a large group of more than 40 heter-
ogeneous lymphoproliferative disorders. Primary central
nervous system lymphoma (PCNSL) is an extranodal non-
Hodgkin’s lymphoma (NHL) arising in the central nervous
system (CNS) in the absence of lymphoma outside the

The importance of angiogenesis in human lymphomas re-
lates to the association of disease progression with increased
angiogenic activity.? Tumour vascularisation is higher in
lymphoma tissue than in reactive lymph nodes and increases
in step with more aggressive subtypes and advanced stage
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disease. Moreover, high levels of vascular endothelial growth
factor (VEGF) are associated with adverse prognosis.?

Little data are available concerning angiogenesis in PCNSL.
Takeuchi et al.? investigated the expression of VEGF in lym-
phoma cells and correlated it to microvascular density in 19
patients with PCNSL. They demonstrated that microvascular
density was significantly higher in cases immunoreactive to
VEGF and that VEGF expression was associated with a longer
survival and blood-brain barrier (BBB) alteration. Brain oede-
ma is one of the most serious complications of this tumour
and perifocal oedema has been described in both tumoural
areas and surrounding brain tissue, where resident microglia
and astrocytes are markedly activated.*

The aquaporins (AQPs) are a family of water-channel pro-
teins and at least 13 AQPs have been identified and are widely
expressed in various fluid-transporting epithelial and endo-
thelial cells in mammals.> AQP-1, AQP-4 and AQP-9 have been
identified in the brain and AQP-4 is the most important AQP
family member involved in brain oedema formation after in-
jury or other brain diseases.® In normal brain tissue, AQP4 is
mainly expressed in a polarised way by astrocytic endfoot
processes enveloping the vessels and it controls the bidirec-
tional water flux at BBB side’ by exerting a protective role
counteracting the vasogenic oedema.?

AQP4 expression is correlated to BBB integrity and
function,® and its expression changes in the neurological
disease affecting the BBB.’®! In glioblastoma, AQP4 is
strongly up-regulated and redistributed across the surfaces
of tumour cell and peritumoural oedema is correlated with
AQP4 expression.!1?

AQPs are involved in tumour growth, angiogenesis and
metastatic processes suggesting a potential therapeutic ap-
proach in tumour treatment by antagonising their biological
activities.”® No literature data are available concerning the
expression of AQP4 in PCNSL and the relationship between
AQP4 expression and the morphological characteristics of tu-
mour blood vessels.

In this study, we have evaluated AQP4 expression in biop-
tic specimens of 24 human diffuse large B-cell PCNSL and we
have correlated AQP4 expression to the tumour cells prolifer-
ative index, estimated by Ki-67 expression by tumour cells.
Moreover, we have studied the morphological features of
the tumour microvessels, by means of confocal laser micros-
copy analysis of double stained microvessels utilising a panel
of specific antibodies (anti-factor VIII related antigen and
anti-CD31 as endothelial markers; anti-desmin as a pericyte
marker; anti-AQP4 and anti-GFAP as glial markers, and anti-
CD20 as a tumour cell marker).

2. Materials and methods

2.1.  Patients and tissue samples

The clinical and anatomical features of the patients investi-
gated in this study are reported in Table 1. All patients were
affected by histologically proven primary human diffuse large
B-cell PCNSL. Surgical specimens were fixed in 4% formalde-
hyde, routinely processed and paraffin-embedded. Three-
micrometre thick sections were prepared and routinely stained
with Haematoxylin and Eosin; additional sections, collected on

superfrost plus slides, were used for immunohistochemical
analysis. Peripheral areas, distant 1-3 mm from the edge of
the lesion and devoid of tumour cells were used as internal
control. Three samples of histologically normal brain removed
in the course of surgical exposure were used as control.

2.2.  AQP4 and glial fibrillary acidid protein (GFAP)
immunocytochemistry

Four micrometre histological sections collected on poly-1-
lysine coated slides (Sigma Chemical, St. Louis, MO, USA)
were deparaffinised, rehydrated in a xylene-graded alcohol
scale and then rinsed for 10 min in 0.1 M phosphate-buffered
saline (PBS). The sections were treated after blocking with 1%
bovine serum albumin in TBS for 10 min and then sequen-
tially incubated with (i) primary rabbit anti-AQP4 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and mouse anti-GFAP
(Novocastra, Newcastle, UK) antibodies diluted 1:25 and 1:50
in TBS overnight at 4 °C; (ii) secondary antibodies biotin-
labelled swine anti-rabbit and swine anti-mouse IgG (Vector
Inc., Burlingame, CA), followed by streptavidin-peroxidase
conjugate (Vector Inc.). The developing reaction was per-
formed in 0.05M acetate buffer pH 5.1, 0.02% 3-amino-9-
ethylcarbazole grade II (Sigma Chemical Co.) and 0.05%
H,0,. Sections were then washed in the same buffer, counter-
stained with Mayer’s haematoxylin for 1 min and mounted in
buffered glycerine. Negative controls, obtained by substitut-
ing normal rabbit serum and normal mouse serum for AQP4
and GFAP primary antibodies, showed no staining of the
sections.

Immunohistochemical reactions using a monoclonal anti-
body anti-Ki-67 (clone Mib1, diluted 1:100, DAKO, Glostrup,
Denmark) were performed in an automated immunostainer
(Ventana BenchMark Auto-Stainer, Ventana Medical Systems,
Tucson, AZ, USA). Ki-67 was scored by evaluating the percent-
age of stained nuclei, counting positive nuclei in 10 separate
fields at 400x magnification in the tumour areas with the
highest density of positive nuclei (Table 1).

2.3. Morphometric analysis of AQP4 expression

Morphometric analysis was performed by two independent
observers (BN and VL) on nine randomly selected fields every
three sections, obtained from the biopsy specimens of each
patient, observed at 400x magnification with an Olympus
photomicroscope, by using an Image Analysis software
(Olympus Italia, Rozzano, Italy). The percent of AQP4 labelled
areas were evaluated. Both the extent (relative number of
AQP4* cells) and the intensity of staining were taken into
account: - not detected; +, <1% positive cells; ++, 1-10% posi-
tive cells with slight to moderate staining; +++, 10-50% posi-
tive cells with moderate to marked staining; ++++, >50%
positive cells with moderate to marked staining. The mean
value in each image from the section, the final mean value
for all the images and the standard deviation (SD) were calcu-
lated. The statistical significance of the differences between
the mean values of the percent labelled areas between pa-
tients with a high Ki-67 index as compared with low Ki-67 in-
dex and control brain tissues was determined by the
Student’s t test in GraphPad Prism 3.0 software (GraphPad
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Table 1 - Clinical and anatomical features of patients and Ki -67 tumour proliferative index.

Case Sex Age (years) Tumour location Ki-67
1 M 72 Basal ganglia 90
2 F 75 Temporal lobe 70
3 M 82 Occipital lobe 40
4 M 74 Occipital lobe 75
5 M 72 Parieto-temporal lobe 60
6 F 65 Basal ganglia and parietal lobe 40
7 M 65 Assial and extraassial 35
8 M 40 Parieto-frontal lobe 80
9 M 72 Frontal lobe and corpus callosum 75
10 F 70 D9-D10 40
11 M 69 Parietal lobe 95
12 M 64 Parieto-frontal lobe 80
13 M 73 Parieto-frontal lobe 80
14 F 65 Cerebellar 80
15 M 58 Occipital lobe 80
16 M 72 Parietal lobe 45
17 F 64 Parieto-occipital lobe 80
18 M 37 Basal ganglia 80
19 F 38 Multiple intra-cerebral 65
20 M 44 Cerebellar 40
21 F 61 Parieto-frontal lobe 25
22 F 67 Basal ganglia 80
23 M 58 Temporal lobe 70
24 M 66 Frontal lobe 85

software, La Jolla, CA, USA). The findings were considered sig-
nificant at P values <0.05.

2.4. Dual immunofluorescence-confocal laser scanning
microscopy

Twelve micrometre thick deparaffinised brain sections were
incubated for 30 min in a blocking buffer [BB; phosphate-buf-
fered saline (PBS), pH 7.4, 1% bovine serum albumin, 2% foetal
calf serum] and exposed to primary antibodies: (i) rabbit anti-
AQP4 (Santa Cruz Biotechnology), and mouse anti-CD20 (Dako
Corporation, Glostrup, Denmark), diluted respectively 1:50
and 1:200 in BB, overnight at 4 °C; (ii) rabbit anti-AQP4 and
rat anti-CD31 (AbD Serotec, Oxford, UK), diluted 1:50 and 1:5
in BB, overnight at 4 °C; (iii) rabbit anti-FVIII (Dako Corpora-
tion, Milan, Italy), and mouse anti-CD20, diluted 1:100 and
1:200 in BB, overnight at 4 °C; (iv) rabbit anti-FVIII and mouse
anti-GFAP (Novocastra, Newcastle, UK), diluted respectively
1:100 and 1:50 in BB, overnight at 4 °C; (v) rabbit anti-FVIII
and mouse anti-desmin, (Dako Corporation) diluted respec-
tively 1:100 and 1:10 in BB, overnight at 4 °C. After washing
in PBS the sections were incubated for 2 h with the secondary
antibodies: (i) Alexa Fluor 555 goat anti-rabbit antibody (Invit-
rogen, Carlsbad, CA, USA) and Alexa Fluor 488 goat anti-
mouse antibody (Invitrogen, Carlsbad), diluted 1:300 in BB
for AQP4 and CD20 dual localisation; (ii) Alexa Fluor 555 goat
anti-rabbit antibody and Alexa Fluor 488 goat anti-rat anti-
bodies (Invitrogen, Carlsbad) diluted 1:300 in BB for AQP4
and CD31 dual localisation; (iii) Alexa Fluor 555 goat anti-
rabbit and Alexa Fluor 488 goat anti-mouse antibodies (Invit-
rogen, Carlsbad), diluted 1:300 in BB for FVIII and CD20 dual
localisation; (iv) Alexa Fluor 555 goat anti-rabbit and Alexa
Fluor 488 goat anti-mouse antibodies (Invitrogen, Carlsbad),

diluted 1:300 in BB for FVIII and GFAP dual localisation; (v)
Alexa Fluor 555 goat anti-rabbit and Alexa Fluor 488 goat
anti-mouse antibodies (Invitrogen, Carlsbad), diluted 1:300
in BB for FVIII and desmin dual localisation. All the samples
were incubated for 5min with 0.01% TO-PRO-3 (Invitrogen,
Carlsbad) for nuclear staining and mounted in Vectashield
(Vector Inc., Burlingame, CA, USA). Negative controls, ob-
tained by substituting primary antibodies with normal rabbit
serum for AQP4 and FVIII; normal mouse serum for CD20,
desmin and GFAP; normal rat serum for CD31, showed no
staining of the sections. The sections were examined under
a Leica TCS SP2 (Leica, Wetzlar, Germany) confocal laser scan-
ning microscope using 40x and 63x objective lenses with
either 1x or 2x zoom factors. A sequential scan procedure
was applied during image acquisition of the two fluorophores.
Confocal images were taken at 200 nm intervals through the
z-axis of the section covering a total depth of 10 um. Images
from individual optical planes and multiple serial optical sec-
tions were analysed, digitally recorded and stored as TIFF files
using Adobe Photoshop software (Adobe Systems Inc., San
Jose, CA, USA).

3. Results

3.1.  AQP4 immunocytochemical expression correlates
with proliferation within PCNSL

AQP4 showed marked differences in its expression. In the
peripheral areas, distant 1-3 mm from the edge of the lesion
and devoid of tumour cells, used as internal control
(Fig. 1A), and in normal brain (Fig. 1B) AQP4 showed a perivas-
cular uniform staining labelling the glial processes and form-
ing a continuous perivascular sheath. In the tumour areas
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Fig. 1 - Aquaporin-4 (AQP4) immunocytochemical expression in internal healthy (A) and in control (B) brain tissues and in
primary central nervous system lymphoma (PCNSL) with high (C-G) and low (H-I) Ki-67 index. (A and B) Control brain
sections showing a continuous perivascular AQP4 staining of glial endfeet surrounding (arrow) and touching (A, arrowhead)
the vessel wall. (C-G) Tumour brain sections with high Ki-67 index showing AQP4-labelled endothelial cells (C and D arrow),
and clusters of labelled tumour cells close to the vessels (C and D arrowhead), and expressing a cytoplasmic AQP4 staining
(E and F). AQP4 staining (G, arrowhead) is detectable between rows of tumour cells including an unlabelled vessel (G, arrow).
(H and I) Tumour brain sections with low Ki-67 index showing a restored AQP4 perivascular labelling (H and I, arrowhead). A
labelled AQP4 tumour cell (I, arrow) close to a vessel wall is recognisable. Scale bar: A, B, G, G, and H, 25 pm; D and I, 16 pm; E

and F, 10 pm.

from patients with a high Ki-67 index (between 70% and 90%),
a stronger AQP4 expression was recognisable in endothelial
cells without differences correlated to the vascular calibre
(Fig. 1C and D) and tumour cells in both cytoplasm (Fig. 1E
and F) and plasma membrane (Fig. 1F). Clusters of tumour
cells intensely reactive to AQP4 were observed close to the
vessel wall or connected by their cytoplasmic expansions to
AQP4* endothelial cells (Fig. 1C and D). Tumour vessels nega-
tive to AQP4 on vascular and perivascular sides were also rec-
ognisable (Fig. 1G, arrow). Moreover, immunoreactivity to
AQP4 was detected in the neuropile between the tumour cells,
forming long rows separated by AQP4" cell processes (Fig. 1G).
In the tumour areas from patients with a low Ki-67 index (be-
tween 25% and 40%), AQP4 labelling was appreciable on the
vascular abluminal side (Fig. 1H and I) and few AQP4* tumour
cells were recognisable close to the vessel wall (Fig. 1H and I).
Morphometric analysis showed a significant increase of AQP4
expression in the tumour areas from patients with a high Ki-
67 index as compared with low Ki-67 index and internal
healthy as well as control brain tissues (Fig. 2). Tumour cells
immunoreactive to AQP4 appeared elongated with thin cyto-
plasmic protrusions (Fig. 3A) or round-shaped (Fig. 3E). In
both tumour cell types, after dual immunofluorescence a
merge orange signal for CD20 and AQP4 proteins was recog-
nisable on the plasma membrane of a single cell (Fig. 3B-D,
F-H, arrows).

3.2.  Morphological heterogeneity of tumour blood vessels

While in healthy brain tissue, vessels were lined by CD31"
endothelial cells surrounded by AQP4" glial perivascular end-
feet (Fig. 4G), tumour vessels were heterogenous, since they
were lined by CD20" tumour cells and FVIII* endothelial cells
(Fig. 4A and B) or by CD20" and FVIII" (Fig. 4A), AQP4" and
CD31" (Fig. 4C-F) or AQP4" and CD20" (Fig. 4F-H, arrowhead)
tumour cells. Finally, tumour vessels lined by GFAP* endothe-
lial cells surrounded by GFAP* tumour cells were appreciable
(Fig. 5A). After dual immunofluorescence, vessels of tumours
with a high Ki-67 index, appeared to be lined by a single endo-
thelial cell with a merge orange signal, expression of FVIII and
GFAP co-localisation, surrounded by irregularly shaped tu-
mour cells immunoreactive to GFAP (Fig. 5B and C). Moreover,
tumour vessels lined by FVIII* endothelial cells appeared sur-
rounded by rows of tumour cells arranged in a circle with a
separate GFAP and FVIII immunoreactivity (Fig. 5D), or by
GFAP" tumour cells (Fig. 5E). Tumours with a low Ki-67 index
showed vessels with FVIII* endothelial cells surrounded by a
continuous layer of GFAP* glial processes (Fig. 5F). In the
peripheral areas, distant 1-3 mm from the edge of the lesion
used as internal control (Fig. 1A), and in normal brain
(Fig. 1B) vessels were lined by FVIII* endothelial cells and
GFAP* glial processes enveloping the vessels and scattered
in the neuropile.
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Fig. 2 - Morphometric analysis of AQP4 expression shows
significant differences in the AQP4 expression between the
tumour areas from patients with a high Ki-67 index as
compared with low Ki-67 index and internal healthy and
control brain tissues. ""P < 0.001, P < 0.05 versus control
brain tissues.
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In the central tumour areas of both tumours with high and
low Ki-67-index, vessels were immunoreactive only to FVIII,
but not to the pericyte marker desmin (Fig. 6A), while in the
peripheral tumour areas vessels they were immunoreactive
to desmin in short tracts of their wall (Fig. 6B and C). Other-
wise, in the peripheral areas, distant 1-3 mm from the edge
of the lesion used as internal control (Fig. 6D), and in normal
brain (Fig. 6E), vessels showed a luminal immunoreactivity to
FVIII and an abluminal immunoreactivity to desmin with a
pointed pattern of expression along the entire vessel wall.

4, Discussion

4.1.  AQP4 expression in PCNSL

In this study, we have demonstrated for the first time that in
bioptic specimens from patients affected by primary human
diffuse large-B cell PCNSL, a high AQP4 expression was cor-
related with a high Ki-67 index, as compared with healthy
brain tissue, while in the tumour areas from patients with
a low Ki-67 index, AQP4 expression was low. Moreover,
AQP4 marked tumour and endothelial cells in cytoplasm

Fig. 3 - AQP4 immunohistochemistry (A and E) and AQP4 (in red)/CD20 (in green) (B-D and F-H) confocal dual immunoflu-
orescence. Elongated (A) or rounded (E) tumour cells expressing AQP4 staining in their cytoplasm (A, arrow) and plasma
membrane (E, arrow), are labelled by both anti-CD20 (D and H, arrow) and anti-AQP4 antibodies, with a merge fluorescence
signal of colocalisation on a single cell (B and F, arrow). A vessel lined by tumour cells with a fluorescent signal expression of
CD20 (H, arrowhead) and AQP4 (G, arrowhead) colocalisation is shown in F (arrowhead). Scale bar: A-D, 16 pm; E-H, 25 pm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4 - (A and B) Confocal dual immunofluorescence reaction of FVIII (in red)/CD20 (in green) in tumour sections. The vessels are
lined by FVIII fluorescence endothelial cells (A, arrowhead) and CD20 labelled tumour cells (B, asterisk). (C-G) Confocal dual
immunofluorescence reaction of CD31 (in red)/AQP4 (in green) in tumour (C and F) and control (G) sections. A merge orange
signal of AQP4/CD31 colocalisation is detectable in the tumour vessel on a single endothelial cell (G, arrow). A separate
endothelial CD31 (G, arrowhead) and glial AQP4 (G, arrow) fluorescence signal is detectable in control tissue (G). Scale bar: A-G,
16 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and plasma membrane in patients with a high Ki-67 index,
while in patients with low Ki-67 index few tumour cells were
positive to AQP-4, and endothelial cells showed AQP-4
expression on their abluminal side. Heterogeneous tumour
location did not influence both Ki-67 index and AQP4
expression.

AQP4 is a component of the dystrophin complex which is
expressed predominantly in the astrocytic foot processes
near blood vessels, where it controls brain water exchanges
acting as a main component of the BBB.”'* The perivascular
glial polarised AQP4 expression is maintained by the links be-
tween the dystrophin complex and extracellular matrix,*>®
and changes in the AQP4 polarisation are important in the
pathogenesis of cerebral oedema.®

It has been demonstrated that AQP4 is strongly expressed
in GBM in combination with loss of its polarised expression
around the vessels and redistribution on the glioma cell
membranes.'>?” Moreover, AQP4 over-expression correlates
with vasogenic oedema.®*?

Previously, we have demonstrated in GBM bioptic
specimens that in the relapse after chemotherapy and radio-
therapy, AQP4 expression is reduced in parallel with VEGF-
VEGF-receptor-2 (VEGFR-2) expression as compared with

primary tumours, and in peripheral areas of relapsed tumour
AQP4 mimick normal findings of perivascular rearrange-
ments.'® These data indicate that in GBM chemotherapy and
radiotherapy induce a down-regulation in AQP4 expression
restoring its perivascular rearrangement and suggest its po-
tential role in the resolution of brain oedema. Moreover, the
normally polarised rearrangement of AQP4 in peripheral areas
in tumour specimens obtained after combined chemotherapy
and radiotherapy could be due to normalisation of tumour
blood vessels.

AQP4 is involved in the cytoskeleton organisation through
a link with o-syntrophyn” and in the astrocytes of
AQP4-knockdown mouse a remarkable actin cytoskeleton
rearrangement and impaired cell migration has been re-
ported.??? In GBM, AQP4 redistribution has been correlated
with tumour cell migratory capability’®?° and AQP4 colocal-
ised with protein kinase C to the leading edge of invading gli-
oma cells,?® suggesting that AQP4, besides water transport,
might be involved in tumour malignancy and progression.

In primary human diffuse large-B cell PCNSL, high AQ4
expression might favour tumour progression in term of both
tumour cell proliferation and migration. In fact, reduced
intercellular adhesion, followed by cell invasion, are essential
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Fig. 5 - Glial fibrillary acidid protein (GFAP) immunohistochemistry (A) and FVIII (in red)/GFAP (in green) (B-G) confocal dual
immunofluorescence. (A) Tumour vessels are lined by GFAP marked endothelial cells (arrow) surrounded by GFAP stained
tumour cells (arrowhead). (B-E) Tumour vessels with high Ki-67 index show an orange fluorescence signal expression of FVIII/
GFAP colocalisation on a single endothelial cell (B and C, arrow) near to GFAP labelled tumour cells (B and C arrowhead).
Tumour vessels with thickened (D, asterisk) or thin (E, arrow) endothelium positive to FVIII, surrounded by tumour cells
expressing a separate GFAP (D and E, arrowhead) and FVIII fluorescence (D, arrow), are recognisable. (F-H) Tumour vessels with
low Ki-67 index (F), internal healthy (G), and control brain (H) tissues showing an endothelial FVIII red fluorescence (arrow) are
enveloped by a continuous layer of GFAP green fluorescence glial processes (arrowhead). Scale bar: A, 25 pm; B-H, 16 pm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

steps in the progression from local malignancy to metastatic
disease. Moreover, AQP4 by induction of cerebral oedema by
AQP4 is another negative prognostic factor.

4.2. Vascular heterogeneity in PCNSL

Structural microvessel abnormalities have been described in
some lymphoma subtypes. Hyek et al.>* demonstrated that

aggressive lymphomas express an increased number of blood
vessels, but also a relatively increased number of immature
vessels lacking pericytes, in comparison with reactive lymph
nodes and indolent lymphomas.

Here, we have demonstrated that tumour vessels showed
a high grade of heterogeneity. Different types of vessels were
recognisable formed by: CD20" tumour cells and FVIII* endo-
thelial cells; AQP4* tumour cells and CD31* endothelial cells;
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Fig. 6 — Confocal dual immunofluorescence reaction of FVIII (in red)/desmin (in green) in tumour (A-C) and internal healthy (D)
and control (E) brain sections. Vessels from inner tumoural areas (A) show only a FVIII signal, while tumour vessels from
peripheral tumoural areas (B and C) show a FVIII signal and in short tracts are subtended by a desmin fluorescence
(arrowhead). (D and E) Control brain sections show vessels lined by a FVIII endothelium enveloped by a continuous desmin
reactivity with a pointed pattern expression along the abluminal side (arrowhead). Scale bar: A-E, 16 pm.

tumour cells positive to both CD20 and AQP4; GFAP* endothe-
lial cells surrounded by GFAP* tumour cells.

Literature data have reported that a common feature of sev-
eral types of tumours is the heterogeneity of their microvascu-
lar in terms of different types of cells involved in the formation
of the vessel wall. Tumour cells from aggressive cancers can
mimic the activities of endothelial cells by forming vascular-
like networks.?>?” The formation of vascular channels by tu-
mour cells as a result of ‘vasculogenic mimicry’, i.e. the de novo
generation of blood vessels without the participation of endo-
thelial cells, has been described for melanomas, sarcomas,
breast, ovary, lung and prostate carcinomas.?®?°

It has been also suggested that tumour cells and endothe-
lial cells may derive from a multipotent haemangioblastic
precursor cell. Gunsilius et al.?’ have shown that BCR-ABL
translocation can be detected in a subgroup of endothelial
cells generated in vitro from bone marrow and peripheral
blood specimens obtained from patients with myeloid leukae-
mia, suggesting the existence of a common malignant precur-
sor cell.

Circulating endothelial cells and VEGF levels correlate with
tumour volume in SCID mice bearing human lymphoma.*®
Igreja et al.*! found increased circulating endothelial precursor

cells in patients with aggressive non-Hodgkin’s lymphomas
and demonstrated that the levels of circulating endothelial
progenitor cells decreased following complete response to
treatment. Moreover, the presence of circulating endothelial
progenitor cells in lymphomas provides a useful angiogene-
sis-specific biomarker to evaluate the treatment response fol-
lowing antiangiogenic therapy.

An alternative hypothesis concerns the possibility of the
formation of hybrid vessels by the fusion of malignant cells
and endothelial cells.>?=* Holash et al.*® reported that tumour
cells migrate to host organ blood vessels in sites of metasta-
ses, or in vascularised organs such as the brain, and initiate
blood vessel growth as opposed to classic angiogenesis.

The ability of cancer stem-like cells to directly contribute
to the tumour vasculature by endothelial cell differentiation
has been described in ovarian cancer®® in B-cell lympho-
mas,?® in human neuroblastoma®” and in human GBM.3*3®

Streubel et al.?® demonstrated that 15-85% of microvascu-
lar endothelial cells in B-cell lymphomas harboured
lymphoma-specific genetic alterations consisting not only of
B-cell-specific translocation of IGH, but also secondary genet-
ic alterations in follicular lymphomas. These cytogenetic
abnormalities in lymphoma endothelial cells suggested that
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lymphoma microvessels are active players in tumour progres-
sion and dissemination and that microvascular endothelial
cells in B-cell lymphomas are in part tumour-related, raising
the possibility that a portion of the lymphoma endothelial
cells may be derived from a common progenitor in the bone
marrow. Huang et al.* have identified the expression of a
transcript called T cell Ig and mucin domain-containing mol-
ecule 3 (Tim-3) in microvessels of diffuse large B cell lympho-
mas and peripheral T cell lymphomas, but not in reactive
lymph nodes, suggesting that the lymphoma endothelium
may act as a functional barrier facilitating the establishment
of lymphoma immune tolerance.

Pezzolo et al.*’ demonstrated that a subset of human
MYCN-amplified neuroblastoma tumours contains microves-
sels formed by the malignant cells themselves, as demon-
strated by the detection of MYCN amplification in CD31" or
CD105* endothelial cells. Moreover, in xenografts of the
HTLA-230 human neuroblastoma cell line, they demonstrated
that approximately 70% of vessels stained for human CD31,
but not murine CD34, and displayed MYCN amplification,
thus proving their tumour origin.

Ricci-Vitiani et al.*® demonstrated that 60.7% of endothe-
lial cells in glioblastoma carry the same genetic alteration of
tumour cells, indicating that tumour vascular endothelium
has a neoplastic origin. A subset of glioblastoma stem-like
cells (GSC) in vitro generated a progeny with phenotypic and
functional features of endothelial cells and orthotopic or sub-
cutaneous injection of GSCs in immunocompromised mice
produced tumour xenografts with vessels composed of hu-
man endothelial cells.*® Moreover, selective targeting of endo-
thelial cells generated by GSC in mouse xenografts resulted in
tumour reduction and degeneration. In parallel, Wang et al.>?
have shown that a subpopulation of cells within glioblastoma
can give rise to endothelial cells and that the CD133* cancer
stem cell-like fraction is multipotent and capable of differen-
tiation along tumour and endothelial lineages, via an inter-
mediate CD133*/CD144" progenitor cell. Moreover, they
demonstrated that exposure to the anti-VEGF monoclonal
antibody bevacizumab inhibited the maturation of tumour
endothelial progenitors into endothelial cells, but not the dif-
ferentiation of CD133" cells into endothelial progenitors. A
last possibility is related to a gene transfer by means of the
uptake of apoptotic bodies from tumour cells by neighbouring
cells.*4?

Our data suggest that ‘vasculogenic mimicry’ might occur
in PCNSL, representing an incomplete differentiation of can-
cer stem-like cells towards the endothelial lineage, as indi-
cated by the aberrant mixed phenotype of tumour cells
generated by the subset of CD20*/FVIII* and CD20"/AQP4" tu-
mour cells.

The absence of periendothelial coverage by pericytes in
the central tumour areas as compared to peripheral ones, is
an expression of the immaturity of blood vessels in the tu-
mour core. In fact, in this area the high proliferative index
of tumour cells is also responsible for a high proliferation of
blood vessels associated to their incomplete structure also
in term of pericyte coverage. Pericyte deficiency could be
partly responsible for vessel abnormalities in tumour blood
vessels*? and partial dissociation of pericytes*® contribute to
increased tumour vascular permeability and oedema.

Overall, the data presented in this study have confirmed
the importance of AQP4 as a marker of tumour progression
in primary human diffuse large-B cell PCNSL due to its
involvement in cerebral oedema formation and resolution
and tumour cell migratory activity. Moreover, the impor-
tance and clinical relevance of neoangiogenesis in the
pathogenesis of lymphoproliferative diseases has been con-
firmed, as documented by the extreme heterogeneity and
complexity of vasculature, due to different cells with mixed
phenotypic characteristics involved in the formation of
tumour blood vessels. Further knowledge about the mor-
pho-functional properties of tumour blood vessels is essen-
tial for the development of more appropriate antivascular
therapies able to target these hybrid and atypic blood
vessels.
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