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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a nearly lethal neoplasm. It is a remarkably stroma-
rich, vascular-poor, hypoperfused tumor, which prevents efficient drug delivery. Paradoxically, the
neoplastic cells have robust glucose uptake, suggesting the microvasculature has adopted an
alternative method for nutrient uptake and cellular trafficking. Using an adapted thick tumor
section immunostaining and 3-dimensional (3D) construction imaging method in human tissue
samples, we identified an undiscovered feature of the mature and angiostatic microvasculature in
advanced PDAC tumors; long, “hairy”-like projections on the basal surface of microvessels that
we refer to as “basal microvilli’. Functionally, these basal microvilli have an actin-rich
cytoskeleton, endocytic and exocytic properties, and they contain glucose transporter-1 (GLUT-1)
positive vesicles. Clinically, as was demonstrated by PET-CT, the tumor microvasculature with the
longest and the most abundant basal microvilli positively correlated with the high glucose uptake
of the PDAC tumor itself. In addition, these basal microvilli were found in regions of the tumor
with low GLUT-1 expression, suggesting their presence could be dependent upon the glucose
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concentrations in the tumor milieu. Altogether, these basal microvilli mark a novel, pathological
feature of the PDAC tumor microvasculature. Because these basal microvilli are pathological
features with endo- and exocytic properties, they may provide a non-conventional method for
cellular trafficking in PDAC tumors.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a near uniformly lethal tumor [1]. The
extremely poor prognosis for PDAC patients is partially due to resistance to conventional
therapeutic modalities [2, 3]. Despite intensive efforts, there are no truly effective therapies
available for treating PDAC patients at the moment [4]. One proposed mode of resistance is
that elevated interstitial pressures and hypovascularity of PDAC leads to hypoperfusion and
decreased delivery of chemotherapy to the PDAC milieu [5, 6]. Interestingly, PDAC tumors
still manage to have a high glucose uptake, as assessed by Fluoro-Deoxyglucose positron
emission tomography (2¥FDG-PET) scans [7]. Clinical data has shown that the high glucose
uptake/perfusion ratio correlates with a poor outcome for PDAC patients, suggesting that
PDAC tumors do not have to be highly perfused to be highly metabolically active [8].

MRI and CT angiography, the standard imaging methods for visualizing vessel perfusion,
only visualize blood vessels larger than 100um in diameter [9]; however, the diameter of
microvessels involved in nutrient or drug exchange are far smaller than 100um [10], which
means these type of microvessels have gone undetected. Additionally, pathologists are
limited by the use of thin biopsy sections that lack the tissue depth needed to fully observe
the multi-dimensional nature of a tumor microvasculature [11]. Altogether, this means that it
is impossible to visualize the entire microvasculature by these standard imaging methods.
With this, we hypothesized that the PDAC microvasculature remains mostly unexplored and
may contain ultrastructural characteristics that have undetected and underappreciated due to
these technical limitations. Our aim was to design a better imaging method that would be
capable of revealing novel characteristics of microvessels. To reveal the fully functional
microvascular network, we immunostained thick tumor tissue sections (45um-thick) from
human PDAC samples, and for the first time by 3D imaging reconstruction, we could
visualize in 3D the tumor microvasculature, allowing us to analyze its fine architecture. By
means of our modified method, we revealed a novel type of microvessel that contains long,
“hairy”-like projections on the basal surface. We named these vascular microstructures
“basal microvilli” based on their location and the morphological resemblance to microvillus
projections. Basal microvilli have cellular trafficking properties, contain GLUT1 positive
vesicles and are prevalent in human PDAC tumors with high glucose uptake, suggesting
their possible role in facilitating cellular uptake and trafficking between the tumor cells and
the microenvironment. As PDAC tumors are hypoperfused, these basal microvilli may
provide a nonconventional, bypass mechanism for nutrient uptake in PDAC microvessels.

Materials and Methods

Materials, methods and patient information are provided in supplementary data.
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Ethics

The research was approved by the Clinical Ethical Committee of Zhongshan Hospital,
Fudan University.

RESULTS

Human PDAC contains a mature, angiostatic vascular network

To comprehensively characterize the microvessel characteristics in PDAC patients, we
immunostained microvessels of thin paraffin sections (5um) from PDAC patient samples
with the endothelial marker, CD34, to image the tumor microvasculature. Then, according to
pathological standards, we measured several microvessel parameters: microvessel density
[(MVD) the number of microvessels in a given area), size (the area of the microvessel),
percent coverage (the percentage of microvessels in a given area/total area) and the
perimeter (the distance around the microvessel). We measured the microvessel parameters in
PDAC (n=86), a hypovascularized cancer, in hepatocellular carcinoma (HCC, n=39), a
neoangiogenic cancer [12], and in the normal pancreas (n=57). The average MVD in PDAC
was only 26.5% that of the normal pancreas and 50.0% that of HCC (Figure 1A). The
percent of microvessel coverage in PDAC was 40.0% that of the normal pancreas and 28.6%
that of HCC (Figure S1A). The average size of microvessels in PDAC was 56.7% that of
HCC and almost twice that of the normal pancreas (Figure 1A). The average perimeter of
microvessels in PDAC was slightly longer (55.2 +14.22um) than that observed in the
pancreas (41.2 £7.75um) and shorter that than observed in HCC (69.1 £16.94m) (Figure
S1A). PDAC tumor vessels appeared to be lacking a branching phenotype, as is commonly
seen in angiogenic tumors, like those observed in HCC (Figure S1B). Higher magnification
revealed that the morphology of microvessels in PDAC resembled the structure of normal
pancreatic microvessels, but differed from the large, dilated microvessels of HCC (Figure
1B). To note, no other significant correlations were observed between the microvessel
parameters and prognosis of patients or clinical pathology, including age, gender, location of
tumor, tumor stage, regional lymph node status, metastases, TNM and tumor differentiation
(Figure S1C and Table S1), as was consistent with a previous report [13]. Angiogenesis in
solid tumors initiated by the vascular endothelial growth factor (VEGF), which is released
by tumor cells in a hypoxic environment in response to hypoxia-inducible factor (HIF-1a)
[14]. Typically, VEGF induced-neoangiogenic microvessels in solid tumors have a dilated
lumen [15]; however, PDAC tumors microvessels have been reported to be compressed and
hypoperfused [16, 17]. To determine whether the human PDAC tumors have hypoxia-
induced, VEGF-mediated angiogenesis, we used tissue microarrays to compare the
expression patterns of HIF-1a. and VEGFR2 by immunohistochemistry. HIF-1a. expression
was strong in only 1/12 PDAC samples by immunoblotting (Figure S2A).
Immunohistochemistry revealed varying degrees of HIF-1a expression in 88/197 patients
(Figure S2B). Additionally, HIF-1a was expressed in neoplastic cells, but mostly in
endothelial cells and precancerous lesions in PDAC tumors (Figure S2B). Contrary to a
previous report [18], we failed to find any correlation between microvessel parameters,
including percentage of microvessel coverage and microvessel size, and HIF-1a expression
level in PDAC patients (Figure S2B). Consistent with a previous report [19], we detected
significant HIF-1a expression in all HCC (13/13) and liver (3/3) samples (Figure S2D).

J Pathol. Author manuscript; available in PMC 2016 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hexige et al.

Page 4

HIF-1a expression level in HCC patients positively correlated with increased percentage of
microvessel coverage and size. HCC tumaors with higher levels of HIF-1a had a higher
percentage of microvessel coverage and more dilated microvessels (Figure S2D and S2E).
In PDAC tumors samples, VEGFR2 was expressed in precancerous lesions and in a limited
number of tumor cells, but not in endothelial cells (Figure S2C), whereas VEGFR2 was
widely expressed in tumor cells, endothelial cells and infiltrating inflammatory cells in most
of the HCC tumors (Figure S2F). Although hypoxia is severe in PDAC [20], spatial and
heterogeneous expression patterns of HIF-1a and VEGFR2 imply that the paradigm for
hypoxia-induced angiogenesis may not apply universally to PDAC tumors.

Neoangiogenic vessels form from terminal endothelial cells and/or branch points of
preexisting vessels, which is accomplished by tip-stalk cell fate specification mediated by
VEGF-Notch signaling [21]. A newly-formed, immature sprout is commonly identified by
proliferating stalk cells next to terminal end UNC5B-positive tip cell with filapodia [22].
These new sprouts are marked by the presence of nascent pericytes, or even the absence of
pericytes and basal membrane [22]. Because of the significantly lower MVD and size of
PDAC microvessels, we hypothesized that the human PDAC microvasculature is non-
angiogenic, or angiostatic. To assess this possibility, we systematically analyzed
immunostained PDAC and HCC tumor sections for the presence of tip cells, proliferating
endothelial cells, pericyte coverage and basement membrane integrity. In HCC tumor
tissues, we observed two types of endothelial tip cells with filopodia; one at the branch
points of preexisting microvessels and the others at the tips of microvessels (Figure S1D). In
contrast, there were no terminal endothelial cells with filapodia in the PDAC microvessels
(Figure S1D). To assess angiogenesis in the tumor microvasculature, we co-immunostained
tissues with the endothelial marker, CD34, the proliferation marker, Ki67, and the
endothelial tip cell marker, UNC5B. Normally, UNC5B is expressed in the developing
vasculature [23] and in tumors where angiogenesis is robust. We observed proliferating
endothelial cells at the terminal ends or branch points of HCC microvessels (Figure 1C).
However, in PDAC tumors, no proliferating endothelial cells were observed at the terminal
ends of the microvessels (Figure 1C). Only a small number of proliferating cells could be
observed in the microvessel wall, which is considered to be the result of normal turn-over
activity [24]. Quantitatively, the ratio of proliferating endothelial cells to microvessels in
HCC was significantly higher than that in PDAC (Figure 1C). In HCC, there was a
significantly higher UNC5B-positive endothelial cell to microvessel ratio, compared to
PDAC where there were no detectable UNC5B-positive endothelial cells (Figure 1D).
Because of the lack of proliferating endothelial cells and of UNC5B-positive tip cells in
PDAC, these results infer that PDAC tumors are mostly angiostatic. Next, we evaluated the
pericyte coverage of microvessels in PDAC compared to HCC tissue samples. To do this, we
co-immunostained tissues with markers for nascent and mature pericytes [NG2 and platelet-
derived growth factor receptor (PDGFR)-B, nascent; Desmin and smooth muscle actin
(SMA), mature], in combination with endothelial markers (CD31 or CD34). We found that
16.7% of microvessels in HCC were devoid of mature, SMA-positive pericyte coverage, but
that all microvessels in PDAC were covered by SMA-positive pericytes (Figure S3A and
Table S2). In contrast to the intense staining in stromal cells, most of the microvessel
pericytes in PDAC showed weak desmin and PDGFR expression (Figure S3B and S3C).
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A small number of nascent NG2-positive microvessel pericytes were observed in PDAC, and
those pericytes covered the end of smaller microvessels (Figure S3D). In contrast, we
counted a significant number of NG2- and PDGFRp-positive nascent pericytes in HCC
microvessels (Table S2). These nascent pericytes were located at the ends of microvessels or
were attached to the branching points of microvessels (Figure S3C and S3D). Desmin-
positive pericytes in HCC appeared to be loosely attached to the main branches of
microvessels (Figure S3B).

Analysis of the PDAC microvasculature demonstrated a quiescent, angiostatic state,
therefore, we hypothesized that the PDAC microvessels were of a more mature, co-opted
nature than a highly angiogenic vasculature seen in the HCC tumors. To test this, we
evaluated the integrity of the microvessel basement membrane as a measurement for vessel
maturity in PDAC and HCC by using triple immunofluorescent staining for mature
pericytes, endothelial cells and basement membrane type IV collagen. The microvessels in
PDAC had a complete basement membrane that was covered with pericyte processes
(Figure $4A). However, the microvessels in HCC had an incomplete basement membrane,
with some regions of the basal surface not covered by type collagen IV on the basement
membrane at all (Figure $4A). We examined the endothelial junctions by transmission
electron microscopy (TEM) and found that microvessels in PDAC were connected to each
other by junctional complexes including tight junctions and intermediate junctions (Figure
4B). Altogether, these results indicate that HCC tumor vessels are immature and
angiogenic, while the PDAC vascular network is mature and angiostatic.

Novel “basal microvilli” are vascular projections with an actin cytoskeleton and endo- and
exocytic properties on the basal surface of PDAC microvessels

These data indicated that PDAC tumors have a low MVD and a lack of angiogenesis, so we
questioned how the tumor cells obtain their nutrients and clear their cellular wastes to
support their growth in the absence of an extensive vascular network. While characterizing
the PDAC vasculature in tissue samples, we discovered many “hairy”-like, fine vascular
projections from the basal surface of most microvessels in human PDAC tumors. These
endothelial-derived, basal projections were widely distributed across the microvessels,
measuring about 0.8um to 1.2um in diameter (Figure 2A, Movie S1). In contrast, the basal
surfaces of the microvessels in normal human pancreata (n=3) and HCC (n=6) lacked these
vascular projections (Figure 2A, Movie S1). The length of basal projections ranged from
3um to 41um, and there were about 0.2 x 105-1.3 x 10° microprojections in area unit
(1mm?2) of a PDAC microvessel. Strikingly, some of the longest projections transversed the
perivascular stroma and invaded the neoplastic epithelium (Figure 2B). These endothelial
projections do not express another prominent endothelial marker, CD31 (Figure 2C).
Additionally, we immunostained for GLUT-1, a glucose transporter highly expressed in red
blood cells (RBCs) [25], to determine if the microvascular projections were connected to
microvessels with an active blood flow, and in fact, we detected GLUT-1 positive RBCs in
the microvessels connected to the endothelial microprojections (Figure S5A).

The functional nature of apical projections in polarized epithelial cells depends on their
cytoskeletal properties. Cytoskeletal tubulin is necessary for dynamic movement and the
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actin cytoskeleton is necessary for absorptive or secretive functions [26, 27]. We co-
immunostained tissues with the cytoskeletal markers, phalloidin (F-action) or a-tubulin and
CD34 to further characterize the basal microvilli. Co-immunostaining demonstrated that the
cytoskeleton of these projections do not contain tubulin, but contain actin microfilaments
that connect to actin filaments of the endothelial cells, similar to how stereocilia and
microvilli attach to the cytoplasm of a cell (Figure 2D and S5B; Figure 2E).

Endocytosis is the main method by which cells take up and transport macromolecules, and
this process can be either clathrin-dependent or clathrin-independent endocytosis [28]. To
determine whether basal microvilli have an endocytic capacity, we co-immunostained for
CD34 and clathrin, a protein that plays a major role in coating transported vesicles, or 3-
COP, a marker for clathrin-independent vesicles, and discovered that basal microvilli contain
both types of transporter vesicles (Figure 3A and 3B). Transmission electron microscopy
(TEM) analysis revealed that these fine microvascular projections contain pinocytic vesicles,
phagocytic bodies, macropinocytic pseudopods and large exocytic vesicles, as well as a
rough endoplasmic reticulum and mitochondria (Figure 3C). Altogether, these data
suggested that these microvascular projections in PDAC tumors may function to increase
nutrients transport and waste clearance.

Based on these data, we named these endothelial-derived basal projections as “basa/
microvillf’ because of their actin-rich cytoskeleton. Basal microvilli were only observed in
malignant, aggressive and metastatic PDAC tumors, but not in non-invasive precursor
lesions including pancreatic intraepithelial neoplasia (PanIN)-1, PanIN-2 and PanIN-3
(Figure S5C-S5F). Also, we observed basal microvilli on microvessels in the near-normal
pancreas tissue in proximity to the neoplastic regions of GLUT-1 positive tumors (Figure
S5E-S5F; Movie S2). These data suggested that basal microvilli are not a physiological, but
a pathological phenomenon, that arise only in the setting of invasive PDAC.

Basal microvilli have low levels of phosphorylated VEGFR2

Angiogenesis is induced by tumor production and release of VEGF, the ligand responsible
for activating the receptor tyrosine kinase VEGFR2, under hypoxic conditions [14]. VEGF-
bound VEGFR?2 induces autophosphorylation of specific tyrosine residues [29-31].
Pancreatic neuroendocrine tumor (PanNET) and hemangioblastomas (HB) are very
angiogenic tumors, and their neoangiogenic activities are dependent upon activated
VEGFR?2 signaling [32-34]. However, little is known about the responsiveness of the PDAC
vasculature to VEGFR2 signaling. Thus, we were curious if basal microvilli mechanistically
resembled VEGF-responsive angiogenic microvessels in other tumor types, so we co-
immunostained for VEGFR2 and its active form, phosphorylated VEGFR2Y1175
(pPVEGFR2PY1175) and VEGFR2Y9% (pVEGFR2PY9%) with CD34 in PDAC (n=8),
PanNET samples (n=3) and HBs (n=6) tumor samples (Table S3). Overall, PDAC
microvessels had lower VEGFR2 expression (Figure S2C). In PDAC microvessels, there
was a negative correlation; microvessels with high VEGFR2 expression had fewer basal
microvilli, while microvessels with low VEGFR2 expression had many basal microvilli
(Figure 4A). There was a stark contrast in PanNET and HB tumors where there was high
VEGFR?2 expression distributed along the entire microvessel membrane, including the
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filopodia (Figure 4A, 4B and 4C). Additionally, the microvasculature of PanNET and HBs
had high pVEGFR2Y1175 and pVEGFR2Y9% expression, while the basal microvilli
extending from the PDAC microvasculature had little to no pVEGFR2 reactivity (Figure 4C
and 4D; Movie S3). These data suggest that, unlike microvessel growth seen in the
angiogenic tumors, the microvessels and basal microvilli extending from the PDAC
microvasculature have low levels of VEGFR2 expression and activation, and thus, may not
depend on this signaling pathway for their growth and sustenance.

Basal microvilli may enhance glucose trafficking between the microvessels and neoplastic

cells

Based on the robust glucose uptake capacity seen in PDAC patients [7, 35], we hypothesized
that the basal microvilli may serve as a conduit for glucose transport to neoplastic

cells. 18FDG-PET is a functional imaging method that visualizes the glucose uptake ability
of tumors /in vivo, where the maximal standardized uptake values (SUVmax) are used to
semi-quantitatively estimate the glucose uptake ability-radioactivity glucose concentration of
the tumor lesions [36]. To determine if there was a correlation of glucose concentration in
the tumors relative to the presence of basal microvilli, we compared the characteristics of
microvessels with basal microvilli in PDAC patients (n=7) with different SUVmax values.
We quantified the length and density of the basal microvilli on microvessels in tumor regions
and found that the tumors with high glucose uptake had microvessels containing longer and
denser basal microvilli, while tumors with lower glucose concentration had shorter and
fewer basal microvilli on the tumor microvessel surface (Figure 5A, S6A and 5B). As the
rate of solute exchange of a cell depends on the size of its surface area, we determined that
basal microvilli increased the surface area of the microvasculature using an algorithm
(Supplementary Methods), and this correlated with high SUVmax values from human
patients (Figure 5B). However, human patients’ SUVmax values were not dependent upon
the percentage of microvessels in the tumor (Figure S6B).

Glucose uptake or transport in endothelial cells is facilitated by the glucose transporters
(GLUT) family of transmembrane proteins, some via endocytosis and exocytosis [37], and
this often depends on the actin cytoskeleton to transport in or through cells [38, 39]. We co-
immunostained for CD34, GLUT-1 and phalloidin to determine if actin-containing basal
microvilli contain GLUT-1 positive vesicles. Indeed, we detected GLUT-1 positive vesicles
within the basal microvilli of microvessels that have active blood flow, and GLUT1 these
positive vesicles co-localized with the phalloin-positive actin filaments (Figure 5C and 5D;
Movie $4). These data indicated that basal microvilli may have the ability to transport
glucose into and out of the tumor milieu. While glucose concentration is difficult to directly
assess in human tissues, it is well known that GLUT-1 expression levels in cells are sensitive
to changes in glucose concentration [40]. To address this possibility /n vitro, we tested the
sensitivity of MiaPaCa-2 cells, to varying glucose concentrations in the medium. We found
that GLUT-1 expression depended on glucose concentration in medium, as GLUT-1
expression was low in MiaPaCa-2 cells in high glucose medium, but very high when glucose
was absent from the medium (Figure S6C). The change in GLUT-1 expression in
MiaPaca-2 cells was fairly rapid, with an increase in GLUT-1 expression only within a few
hours post-glucose starvation (Figure S6C). These data suggest that glucose concentrations
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have a significant effect on GLUT-1 expression in MiaPaCa-2 cells /n vitro, thus it is
possible that GLUT-1 levels in neoplastic cells reflect the same glucose sensitivity /n vivo.
Although GLUT-1 expression in PDAC neoplastic cells is high, the distribution of GLUT-1
expression in the neoplasia is spatial and appears in a gradient pattern, with some areas very
high and some areas very low (Figure S6D). Given the uneven GLUT-1 distribution in the
tumor, we hypothesized that the presence of basal microvilli was dependent upon GLUT-1
expression in the tumor. To assess the number of basal microvilli in areas with high or low
GLUT-1 expression, we co-immunostained PDAC tumors with GLUT-1 and CD34. We
found that neoplastic cells with low GLUT-1 expression were in close proximity to
microvessels with many, long basal microvilli extending into the neoplastic cells, while
those with high levels of GLUT-1 expression were not in close proximity to the microvessels
with many long basal microvilli (Figure 5E, Figure S6E and S6F; Movie S5). It implies
that the presence of basal microvilli is inversely dependent upon GLUT-1 expression in the
neoplasia. In all, these data suggest that these vascular microprojections may play a role in
helping the tumor meet its high glucose needs.

KPC mouse tumors recapitulate pathological microvessels in human PDAC

To determine if these basal microvilli could be studied in a genetically engineered mouse
model (GEMM) for PDAC, we acquired tumor tissues from the well-established LS. -
KrasG12D/* - | S| -Trp53R172H* - pax1-Cre mouse model (referred to as KPC, hereafter),
which fully recapitulates the human PDAC pathology [41]. Thick tumor sections from KPC
mice were co-immunostained with the aforementioned molecular and cellular markers to
measure microvessel characteristics. Excitingly, we discovered that basal microvilli are also
present on the basal surface of the tumor vasculature in KPC mice, but not in the near
normal regions within the same KPC sample, suggesting these microvessels are pathological
in this model (Figure 6A-6C, Movie S6). Much like the human PDAC tumors, the basal
microvilli were widely distributed and contain actin microfilaments (Figure 6A and 6B).
The length of the basal microvilli in the KPC tumors was similar to that seen in the human
tumors, measuring about 5um to 41um long. To determine if the microvessels containing
basal microvilli had a blood flow, and if the basal microvilli themselves had a functional
lumen, we injected Alexa Fluor 633-labeled lectin into the jugular veins of the KPC mice.
As expected due to previous reports [17], we observed little to no fluorescent lectin within
the microvessels themselves, making it impossible to determine if the basal microvilli have a
functional lumen lumen (Figure 6C). Altogether, these findings suggest that the KPC mouse
model recapitulates the human PDAC vasculature, a novel discovery that will allow
functional studies of the basal microvilli to be performed.

DISCUSSION

By using this modified immunostaining method, we discovered that PDAC tumors contain
pathological vascular microprojections, or basal microvilli. Their actin-rich cytoskeleton and
endo- and exocytic properties, along with their expression of GLUT-1 vesicles, suggest that
their role is to increase the cell surface area of nutrient exchange of the tumor
microvasculature. The presence and abundance of basal microvilli positively correlates to
the high glucose uptake of human PDAC tumors. These data reveal an infinitesimal
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extension of the PDAC microvasculature that could be supporting the metabolic demands of
the growing tumor independent of conventional angiogenesis.

Endothelial cells in normal tissues have apical primary cilium that function as mechanical
sensors [42-44] and filopodia that are present only in depolarized endothelial tip cells[45].
Filapodia on tip cells sense guidance cues in the tumor microenvironment and facilitate
endothelial cell migration, but do not have active endocytic and exocytic properties [46, 47].
The basal microvilli, however, are not filapodia. Basal microvilli contain both clathrin-
dependent and clathrin-independent vesicles, implicating their role in both endo- and
exocytosis. Phagocytic and macropinocytic properties are essential for clearing cell debris or
macromolecules and tissue fluids to establish and maintain the composition of the tumor
microenvironment [48]. Basal microvilli have the pinocytic capabilities much like that seen
in a normal microvessels [49], possibly enhancing the phagocytic and macropinocytic
activities of PDAC microvessels.

Oncogenic KRas®12D, which is present in greater than 90% of PDAC patients, shifts the
metabolism of tumor cells from aerobic respiration to anaerobic glycolysis [50, 51]. GLUT-1
is an important membrane transporter of glucose in endothelial cells and in Ras mutated
neoplastic cells [52, 53]. Basal microvilli contain GLUT-1-positive vesicles and their
abundance positively correlates with glucose uptake of human PDAC tumors, suggesting
that the basal microvilli are responsible for trafficking glucose into the tumor cells.
Furthermore, the spatial decrease in GLUT-1 expression in neoplastic regions of the tumor
correlated with longer, denser basal microvilli on the tumor microvessels. Altogether, this
suggests that presence of basal microvilli is the microvasculature's response to meet the high
metabolic demands of the tumor.

Basal microvilli are pathological and are not present in the microvasculature of normal
tissues. This selective expression can be exploited in several therapeutic approaches. First,
there is an opportunity to specifically and selectively target the tumor microvasculature
while sparing the normal vasculature using selective therapeutics against these vascular
microstructures. Or, it is possible to target and ablate the glucose-trafficking basal microvilli
as a method of starving the oncogenic Kras®12P-dependent tumor cells. High glucose-
uptake or high blood glucose in PDAC patients worsens the outcome of patients [54, 55].
Targeting the glucose trafficking abilities of basal microvilli could cut off the lifeline of
glucose to the tumor, causing it to regress and possibly improving a patient's outcome.
Because the KPC mouse model recapitulates human basal microvilli, these hypotheses can
be tested.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Comparison of standard microvessel parameters of PDAC with those of pancreas and of
HCC. ** P<0.01, using one-way anova. (B) 3D images of CD34 immunostained

microvessel network in human PDAC, pancreas and HCC tissues. (C) Comparison of

proliferating endothelial cells in PDAC with that in HCC. Boxed panels show Ki67-positive
endothelial cells in HCC located at the tip of a microvessel [Patient 1 (Pt1)], having
migrated from the tips of microvessels (Pt2), or at the branch points of microvessels (Pt3).
(D) Comparison of UNC5B-positive endothelial cells in PDAC with those in HCC. Boxed
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panels show UNC5B-positive endothelial cells migrating from the top of microvessels (Pt1,
upper left) and UNC5B-positive endothelial cells at the branch points of microvessels (Ptl &
Pt2, lower right) or located at the tip of microvessels in HCC (Pt2 & Pt3). Total UNC5B
positive endothelial cells/microvessels count in HCC (138/500) and PDAC (0/77): UNC5B
positive cells/total microvessels count; EC, endothelial cells. Statistical significance was
assessed by student ftest. (N = number of patients; n = number of images examined). Values
are mean + SD.
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Figure 2. Basal microvilli are actin-rich vascular microprojections on the basal surface of PDAC
microvessels

(A) CD34 immunostained 3D images of the basal surface appearance of PDAC, normal
pancreas and HCC microvessels (PDAC microvessels diameters: i, 5ym; ii, 10 um; iii, 20pm
and iv, 35 pm; white arrow, neoplastic cells). See Movie S1. (B) Long basal endocila invade
into PDAC neoplastic cells (white dotted line represents the separation of neoplastic cell
layer and stroma; white arrows, basal microvilli). (C) Co-immunostaining of basal microvilli
with CD34 and CD31. (D) Co-immunostaining for Phalloidin and CD34 labels the actin
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cytoskeleton of basal microvilli in PDAC tissue (white arrow, actin cytoskeleton and basal
microvilli). (E) Co-immunostaining for a-tubulin and CD34 shows no a-tubulin in basal
microvilli of PDAC endothelial cells (white arrow, endothelial cell; pink arrow, stroma cell).
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Figure 3. Basal microvilli have cellular uptake and trafficking capabilities
(A), (B) Co-immunostaining for 3-COP or clathrin with endothelial CD34 shows vesicular

trafficking in basal microvilli in PDAC (white arrows, B-COP or clathrin-positive vesicles in
microvilli; right panel, a single plane image). (C) Ultrastructural features of the basal
microvilli of a microvessel in PDAC by TEM (i and ii, pinocytic vesicle; iii, macropinocytic
pseudopod with electron dense particles on one side; iv, exocytosis; v, phagocytic vesicles;
EC, endothelial cell; Mit, mitochondria; rER, rough endoplasm reticulum).
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Figure 4. Low VEGFR2 expression and phosphorylation in microvessels that possess basal
microvilli
(A) VEGFR2 expression patterns in PDAC “hairy” or “non-hairy”microvessels and PanNET

microvessels and endothelial tip cells (PDAC: yellow arrows, “non-hairy” microvessel; pink
arrow, hairy microvessels; PanNET: small white arrows, VEGFR2 positive dots on
filopodia). Quantitative analysis comparing VEGFR2 levels in “hairy” microvessels with
“non-hairy”’microvessels of PDAC and microvessels of PanNET. Statistical significance was
assessed by student ftest. (B) VERGR2 expression patterns in terminal endothelial cells of
the PanNET microvasculature (white arrows, the VEGFR2 positive dots on filopodia). (C)
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Phospho-VEGFR2Y1175 (p0WVEGFR2Y1175) Jevels in “hairy” microvessels of PDAC and
microvasculature in HBs. (D) Phospho-VEGFR2Y99 (pVVEGFR2Y9%) levels in “hairy”or
“non-hairy” microvessels of PDAC and microvasculature in HBs (white arrow, “non-hairy”
microvessels; pink arrow, “hairy” microvessels). See Movie S3.
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Figure 5. High glucose uptakein PDAC tumorswith extensive basal microvilli

(A) Representative images of glucose uptake using 18FDG-PET imaging and characteristics
of basal microvilli in PDAC patients. 18FDG-PET images and 3D microvessel images of two
PDAC patients (Pt1, a 68 year old man with SUVmax=7.3, tumor size=5.20x2.60cm; Pt5, a
74 year old man with SUVmax= 3.8, tumor size=2.52x1.92cm). Trans-axial PET images
reveal high focal 28FDG accumulation in the region of the pancreatic body (Pt1) and
moderate in head (Pt5) (white arrows, tumor mass; scanning 60-minutes after injection

of 18FDG). (B) The relationship between SUVmax values of patients with the lengths and
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density of microvessel basal microvilli of seven patient tumors. Statistical significances were
performed by Spearsman correlation. (C) GLUT-1 positive basal microvilli on the PDAC
microvasculature with RBC in microvessel lumen (white arrows, GLUT-1 positive vesicles;
pink arrow, RBC). See Movie $4. (D) Co-immunostaining for Phalloidin, CD34 and
GLUT-1 showed that GLUT-1 vesicles co-localized with actin cytoskeleton of basal
microvilli on PDAC microvessels (white arrow, GLUT-1 vesicles; pink arrow, RBC). See
Movie $4. (E) GLUT-1 expression in areas of PDAC tumor with a high and low density of
basal microvilli (circled regions, neoplastic ducts; n, neoplastic cell count).
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Figure 6. KPC mouse tumor s recapitulate pathological microvessels of human PDAC
(A) 3D images of CD34 stained microvessels in KPC mice tumors (microvessels diameter,

10um; microvessel diameter, 20um). See Movie S6. (B) Phalloidin and CD34 co-
immunostaining reveals the actin cytoskeleton of basal microvilli in KPC tumor tissue
(microvessels diameter, 5 pm). (C) 3D images of CD34 stained microvessels in KPC mice
tumors and near normal KPC mice tissue perfused by Alexa Fluor 633 conjugated lectin
(white arrow, lectin). See M ovie S6.
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