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1 |  INTRODUCTION

Pancreatic cancers (PCs) are a highly lethal solid tumor 
with controversial hypomicrovascularity, high glucose up-
take, high interstitial pressure, and abundant desmoplastic 

stroma.1,2 The hypomicrovasculature in PC is described 
as poorly perfused, compressed, and inefficient in terms 
of nutrient exchange and drug delivery.3-6 These charac-
teristics of microvessels in PC are controversial given its 
high metabolism and efficient glucose and albumin uptake 
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Abstract
Pancreatic cancer (PC) is a highly lethal tumor with controversial high glucose up-
take and hypomicrovascularity, and the hypomicrovasculature, which is considered 
to have poor perfusion, blocks the delivery of drugs to tumors. The preferential ex-
istence of a novel endothelial projection with trafficking vesicles in PCs, referring 
to basal microvilli, was described previously. However, the perfusion and nutrients 
delivering status of the basal microvilli microvessels are unknown. Here, we used the 
perfusion of fluorescently labeled CD31 antibody, lectin, and 2-NBDG to autoch-
thonous PC-bearing mice, immunostaining, probe-based confocal laser endoscopy 
and three-dimensional (3D) reconstruction to study the nutrient trafficking, and per-
fusion status of the basal microvilli microvasculature in PC. Our data showed that 
the coperfusion of lectin and CD31 is an efficient way to show the microcirculation 
in most healthy organs. However, coperfusion with lectin and CD31 is inefficient 
for showing the microcirculation in PCs compared with that in healthy organs and 
immunostaining. This method does not reflect the nutrient trafficking status in the 
microvessels, especially in basal microvilli microvessels of PCs. In basal microvilli 
microvessels that were poorly labeled by lectin, we observed large vesicle-like struc-
tures with 2-NBDG preferentially located at the base of the basal microvilli or in 
basal microvilli, and there were long filopodia on the luminal surface of the human 
PC microvasculature. Our observations suggest that the PC microvasculature, espe-
cially basal microvilli microvessels, is well perfused and might be highly efficient in 
the trafficking of glucose or other nutrients, indicating that macropinocytosis might 
participate in the nutrient trafficking.
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but consistent with inefficient drug delivery.7-9 Epithelial 
projections, such as microvilli in the intestine and kidney, 
are the most efficient way to increase nutrient or waste 
exchange in organs.10 A novel endothelial projection with 
nutrient trafficking vesicles, referring to basal microvilli, 
ubiquitously present on the basal surface of the PC micro-
vasculature, and its abundance correlated with patients' 
PET-CT scores.11 The presence of basal microvilli might 
explain why glucose and albumin easily reach PCs, but 
drugs do not. However, the physiology of the basal micro-
villi microvasculature, including blood flow and nutrients 
trafficking, is unknown.

Microcirculation composed of the arteriole, capillary 
network, and postcapillary vein supports oxygen deliv-
ery, nutrient exchange, and removal of waste and controls 
blood flow, hemodynamics, coagulation, inflammation, 
immune surveillance and metastasis of cancer cells.12,13 
The microvasculature differs in size and function across 
different organs, and there are even different segments 
in the same organ and tumors.13,14 Intravital microscopy 
(IVM) is a tool for investigating microvascular dynamics 
in vivo.13,14 The dense stroma and rare microvascular-
ity in PCs make the PC microcirculation challenging to 
visualize or analyze in vivo. Based on the specific mol-
ecules expressed on endothelial cells, immunostaining 
with endothelial markers is utilized to visualize the mi-
crovasculature structure. Immunostaining in histological 
slides lacks depth and width and makes it challenging 
to analyze pathophysiology.15 Intravital injection of flu-
orescently labeled lectins and CD31 antibody or inks 
has been used to avoid damage to endothelial antigens 
during the preparation of histological samples and show 
the pathophysiology of microvessels.16,17 Intravital injec-
tions of fluorescently labeled lectins and CD31 antibody 
and thick section screening reveal the varied morphol-
ogy of microvessels across different organs pathophys-
iological circumstances, such as liver, lung, kidney, and 
brain, and reflect endothelial functions such as perme-
ability, endocytosis, and transportation as well.13,16,18-21 
Cooperation with other dyes such as 2-NBDG and DAPI 
could additionally contribute to evaluation of the perme-
ability of capillaries and its relationship with surround-
ing tissues in murine models.22 Thus, a combination of 
different labeling dyes or antibodies and nutrient analogs 
might have the potential to reveal blood flow dynamics 
and nutrient trafficking in basal microvilli microvessels.

Basal microvilli microvasculature exists in murine 
autochthonous PCs that harbor the KRAS mutation but 
not xenograft or orthotopic tumors.11,23 These findings 
provide us with a limited tool to study the nutrient traf-
ficking and blood flow of basal microvilli microvessels 
in PCs. To reveal the blood flow dynamics and nutrient 
exchange of the microcirculation in PCs, we perfused 

the circulation with several endothelial markers and 
2-NBDG and used immunostaining and high-resolution 
confocal microscopy as well as imaging of human pan-
creatic cancer by probe-based confocal laser endoscopy. 
Our multiple approaches reveal that perfused labeling 
with lectin or endothelial markers does not match with 
the nutrient trafficking and perfusion status in the mu-
rine PC microvasculature, especially the microvascula-
ture with basal microvilli. This finding shows that the 
basal microvilli microvessels in pancreatic cancer might 
have a strong ability to traffic nutrients and have effi-
cient blood flow.

2 |  MATERIALS AND METHODS

2.1 | Ethics statements

All genetically engineered mouse models (GEMMs) and 
C57BL/6 were breed and maintained in standard animal fa-
cilities, and the Institutional Animal Care and Use Committee 
of Fudan University supervised and approved all animal pro-
cedures. The ethics committee of Huashan Hospital of Fudan 
University approved the human ethics.

2.2 | Breeding of GEMMs pancreatic 
cancer mice

Eight to 10-week-old C57BL/6 (male) mice were purchased 
from the Animal Center of Fudan University. The breeding 
of GEMMs was described previously.11 Briefly, to breed 
LSL-KrasG12D; LSL-Trp53R172H/+; Ink4flox/+; Ptf1/p48-Cre 
(KPIC) mice, LSL-KrasG12D; LSL-Trp53R172H/+ mice were 
crossed with Ink4flox/flox; Ptf1/p48-Cre (IC) mice. To breed 
LSL-KrasG12D; Ink4flox/+; Ptf1/p48-Cre (KIC) mice, Ink4flox/

flox; Ptf1/p48-Cr (IC) mice were crossed with LSL-KrasG12D; 
Ink4flox/flox mice. Genotyping was done by following the 
standard protocols of providers (Jackson Lab). KPC mice tis-
sues were provided by DrTuveson lab.

2.3 | Perfusion of tumor-bearing mice with 
Lectin-Alexa 633 and 2-NBDG-Alexa 488

Lectin-Alexa 633, CD31-FITC antibody, or 2-NBDG-
Alexa 488 was dissolved in 0.01-mM phosphate-buffered 
saline (PBS). Tumor-bearing GEMMs mice including four 
8-week-old KIC mice, two 5-month-old KPC mice, and 
three 12-week-old KPIC mice or five C57BL/6 were deeply 
anesthetized by isoflurane, and Lectin-Alexa 633 (0.5 mg/
mL), CD31-FITC, or 2-NBDG-Alexa 488 (0.5 mg/mL) was 
perfused from the left heart ventricle of the mice with a TB 
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syringe. Ten minutes after injection, the mice were sacri-
ficed, and the tissues were fixed with 4% paraformaldehyde 
(PFA) for microscopy analyses.

2.4 | H&E and immunofluorescent staining

Fresh tissue samples were fixed in freshly prepared 4% 
PFA overnight and cryoprotected in 30% sucrose/PBS 
buffer. Thick slides, including normal and tumor tissues, 
were stained and scanned with confocal microscopy, as 
previously described.11 The Z-stack scanned images were 
3D reconstructed by Zen 2012 software (Zeiss) or Fiji 
ImageJ software (NIH). Tissue staining was performed 
as previously described.11 The following antibodies were 
used in immunohistochemistry and immunofluorescent 
staining: CD31-FITC (Rat, BD; clonal number, Clone 
MEC 13.3), CD34 (mouse monoclonal, Abcam, 8536; rab-
bit polyclonal antibody; Abcam; EP373Y; Rat Anti-Mouse 
CD34 Clone RAM34), anti-rabbit Alexa Fluor 555 con-
jugated immunoglobulin G (Donkey; Life Technologies), 
DAPI (Sigma), 2-NBDG and Lectin-Alexa 633 (Sigma), 
VEGFR2/KDR/Flk-1 Antibody (Goat, R&D,CAT# 
AF357), Phospho-KDR/FLK1-Y996 Antibody (Rabbit, 
Epitomics, Epitomics-T3718). Finally, multiple organs, 
including heart coupled with lung, liver, spleen, pancreas, 
kidney, brain, and skeleton, were excised and kept in 4% 
PFA.

2.5 | Videos of the microcirculation in the 
human pancreas and pancreatic cancer

Dr Jin Chen obtained clinical videos by probe-based confocal 
laser endoscopy (Cellvizio) in clinics.

2.6 | Human tissue culture

Fresh surgical samples were collected and cultured in 10% 
fetal bovine serum (Gibco) and high glucose Dulbecco's 
modified Eagle medium (glucose, 4500 mg/L; Gibco). After 
culturing for 6 hours, we fixed the tissue in 4% PFA over-
night and immunostained with the CD34 antibody.

2.7 | Image analysis

We used IMARIS.9.5 (Oxford Fundamental, UK) and Zen 
2012 Black Edition (Zeiss) to analyze and process images. 
The filament tool used to show basal microvilli; the spot tool 
used to show 2-NBDG; the surface tool used to show micro-
vasculature surface.

3 |  RESULTS

3.1 | The perfused staining of Lectin-Alexa 
633 and CD31-FITC efficiently showed the 
microcirculation of healthy murine organs

The endothelial cells in healthy organs and tumors ubiq-
uitously expressed CD31 and CD34 molecules and lectin 
receptor.24-26 To establish an efficient method to show the 
perfusion of the microcirculation in organs, we perfused 
C57BL/6 mice with Lectin-Alexa 633 and CD31-FITC an-
tibody from the left ventricle, a systemic delivery method. 
Scanning images showed that both Lectin-Alexa 633 and 
CD31-FITC antibody efficiently labeled the organs with typ-
ical continuous capillaries, including the heart, skeletal mus-
cles, and brain; the microvasculature was shown as a slender 
and smooth structure that met the characteristics of continu-
ous capillaries with good perfusion (Figure 1A-C). We se-
lected the brain for staining with another CD34 antibody. In 
our previous works, we found that immunostaining with the 
CD34 antibody in a thick section completely overlapped with 
CD31 antibody staining in multiple tissues. We found that 
the immunostaining results with a CD34 antibody entirely 
overlapped with that of CD31 in the brain (Figure 1D).

Contrary to immunostaining with a CD31 antibody,27 we 
observed that both Lectin-Alexa 633 and CD31-FITC anti-
body well characterized the afferent arteriole of Bowman's 
capsule and the capillary network of the renal corpuscle. 
These results are consistent with other observation. However, 
the efferent arteriole and its subsequent capillary beds were 
inefficiently labeled by both Lectin-Alexa 633 and CD31-
FITC antibody (Figure  1E). In organs with sinusoid capil-
laries, including spleen and liver, the labeling of CD31 and 
lectin matched each other in the spleen; CD31 labeled the 
central vein and other larger vessels but did not label the si-
nusoidal endothelium in livers, and lectin labeled both central 
veins and all endothelial cells of the sinusoid (Figure 1F,G). 
We also used the CD34 antibody to stain the perfused mi-
crovessels in the liver. The staining results are consistent with 
the perfused labeling of the CD31 antibody (Figure 1H). The 
coperfusion of lectin and CD31 is an efficient way to label 
the microvasculature in most organs except the kidney.

3.2 | The basal microvilli microvasculature 
in autochthonous PCs resembles the human 
basal microvilli microvasculature

The autochthonous PCs of GEMMs that harbor KRAS and 
TP53 or CDKN2A or SMAD4 mutations contain abundant 
dense stroma and hypomicrovascularity.28-30 The pathophys-
iology and drug response of autochthonous PCs in GEMMs 
are near to human PC.31 The autochthonous PCs in KPC and 
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KPIC present basal microvilli.11,23 KIC mouse that harbor 
KRAS and Ink4 mutation form a highly lethal PC with near 
2-month survival, and the PCs in KIC present hypomicro-
vascularity and rich stroma.29 Thus, it is possible that the 
microvasculature of autochthonous PC in KIC also present 
basal microvilli. To see if the microvasculature in the PCs 
of KIC presents basal microvilli, we have stained the PCs 
of KIC with a CD34 antibody. Similar to the microvascu-
lature of human pancreatic cancers, autochthonous KPC, 
and KPIC tumors,11,23 the microvasculature in KIC tumors 
also presents basal microvilli (Figure  2A). Consistent with 
the characteristics of human basal microvilli microvascula-
ture,11 we observed that the basal microvilli microvasculature 
in both KPC and KIC tumors has a lower level of VEGFR2 
and pVEGFR2 (Y966) when compared to the microvessels 
in the near-normal tissue (Figure 2B,C; Figure S1A,B). The 
cytoskeleton of the basal microvilli in human PC contains 
actin filaments.11 To observe the cytoskeleton of the basal 
microvilli in KIC PC, we stained the basal microvilli with 
a CD34 antibody and the cytoskeleton with phalloidin. The 

results showed that the cytoskeleton of basal microvilli in 
KIC is actin based (Figure 3A). These data support the notion 
that the basal microvilli microvasculature in KIC and KPC 
tumors structurally and functionally resembles the human 
basal microvilli microvasculature, indicating that KIC, KPC, 
and KPIC are suitable models for exploring the physiology of 
basal microvilli microvessels.

3.3 | Perfused staining with Lectin-
Alexa 633 and CD31-FITC is inefficient 
for showing the basal microvilli 
microvasculature of murine autochthonous PCs

To characterize the basal microvilli microcirculation, we 
selected tumor-bearing KIC mice and perfused them with 
a mixture of Lectin-Alexa 633 and CD31-FITC. Our scan-
ning data of thick sections showed that the perfused labe-
ling of Lectin-Alexa 633 in healthy pancreas tissues of 
KIC mice completely overlapped with that of CD31-FITC 

F I G U R E  1  The perfused staining of Lectin-Alexa 633 and CD31-FITC in normal murine organs. (A, B, C) Images of coperfused staining 
with CD31-FITC and Lectin-Alexa 633 in the heart, skeletal muscles, and brain of B6/C57 mice (white arrows, typical slender microvessels). (D) 
Comparison of coperfused staining of Lectin-Alexa 633 in the brain with immunostaining with a CD34 antibody (white arrows, typical slender 
microvessels). (E) Images of coperfused staining with CD31-FITC and Lectin-Alexa 633 in the kidney (yellow arrow, glomerulus; white arrow, 
afferent artery). (F, G) Images of coperfused staining with CD31-FITC and Lectin-Alexa 633 in spleen and liver (pink arrow, central vein; white 
arrow, sinusoid endothelial cell). (H) Comparison of coperfused staining of lectin with CD34 antibody immunostaining in livers (white arrow, 
sinusoid endothelial). Mice, n = 3. IF, immunofluorescent staining. Scale bar, 50 µm
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and efficiently showed the microvasculature (Figure  3B). 
However, the perfused labeling of Lectin-Alexa 633 in the 
precursor lesions partially overlapped with that of CD31-
FITC, the overlapping decreased from the precursor lesions 
to tumor regions, and some microvessels labeled with Lectin-
Alexa 633 were absent with CD31-FITC labeling and vice 
versa (Figure 3C,D). To further test if some microvessels in 
KIC tumors are completely unlabeled by Lectin-Alexa 633, 
we stained the tissues perfused by Lectin-Alexa 633 with a 
CD34 antibody. We found that perfused labeling with Lectin-
Alexa 633 did not show a significant number of microvessels 
in PCs of KIC (Figure 4Ai), especially the microvessels that 
present basal microvilli (Figure 4Aii). To determine if limited 
or nonbinding of the lectin to the endothelial cells in PCs is 
common, we perfused tumor-bearing KPC mice with Lectin-
Alexa 633. After immunostaining with a CD34 antibody, we 

also constructed entire microvessels with high-resolution im-
aging confocal microscopy. Contrary to microvessels in the 
healthy pancreas and similar to KIC tumors, we observed that 
the lumen of basal microvilli microvessels contains a limited 
amount of lectin and is visible as scattered dots (Figure 4B). 
These data suggest that the basal microvilli microvessels in 
the PC of GEMMs have blood flow.

3.4 | The basal microvilli microvessels in 
human PCs have efficient blood flow and 
might depend on micropinocytosis for nutrient 
trafficking

To observe the relationship of blood flow with basal mi-
crovilli, we cultured human PC tissues with high glucose 

F I G U R E  2  Basal microvilli 
microvasculature in autochthonous PC 
in KIC resembles human basal microvilli 
microvasculature. (A) Comparison of the 
histology, stroma, and basal microvilli 
microvessels of the PC in KIC mice with 
human PC (yellow arrows, basal microvilli). 
A collagen IV antibody (green) stains 
human stroma. The inner panel, magnified 
region. (B) Comparison of VEGFR2 
expression patterns in the basal microvilli 
microvessels of the PC in KIC with that in 
the near-normal pancreatic tissue of KIC 
mouse (yellow arrows, basal microvilli). 
(C) Comparison of phospho-VEGFR2Y996 
(pVEGFR2Y996) expression levels in the 
basal microvilli microvessels of the PC in 
KIC with that in human PC (yellow arrows, 
basal microvilli). Mice, n = 2
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uptake medium (PET-CT SUVmax, 8.9) in dishes. By 
comparing it with its freshly fixed counterpart, we found 
that the basal microvilli in the cultured PC tissues became 
shorter and thinner compared to the freshly fixed tissue 
after surgery (Figure  5A-C). This observation indicated 
that blood flow in the microvasculature might be necessary 
for the growth of basal microvilli. To observe the charac-
teristics of blood flow in the microvasculature of PCs, we 
analyzed videos of the human pancreas and PC microvas-
culature taken by probe-based confocal laser endoscopy 
(Cellvizio) in the clinic. We observed that the diameters of 
microvessels were thinner than those of a healthy pancreas 
(Figure 5D-F), and the fluorescein flow in the PC micro-
vasculature was observably quicker compared to the flow 
in the healthy pancreas (Video  S1A,B). Additionally, we 
observed a significant amount of fluorescein dots in the 
tumor milieu and active tissue fluid flow but did not ob-
serve fluorescein dots in normal pancreas (Figure  5E,D; 

Video S1A,B). To determine whether the luminal surface 
of the endothelial cells in PCs has characteristics that fa-
cilitate macropinocytosis, we evaluated TEM images of PC 
microvessels and observed multiple longer projections on 
the luminal surface of microvessels, resembling the macro-
pinocytic filopodia (Figure 5G). This observation indicated 
that the quick blood flow in the PC microvasculature might 
be a way to overcome the high interstitial pressure in the 
stroma, and macropinocytosis might be a way to exchange 
nutrients and waste.

3.5 | The perfused staining of lectin 
does not reflect nutrient trafficking in the basal 
microvilli microvasculature of murine PCs

PCs have a strong ability to take up glucose.32,33 We found 
that the basal microvilli contain GLUT-1+ vesicles, and 

F I G U R E  3  Perfused staining 
with Lectin-Alexa 633 or CD31-FITC is 
inefficient for labeling the microvasculature 
in precursor lesions and pancreatic cancer of 
KIC mice. (A) Phalloidin staining shows the 
actin cytoskeleton of the basal microvilli in 
the PC of KIC. (B, C, D) Comparison of the 
perfused staining of CD31-FITC with that 
of Lectin-Alexa 633 in the normal pancreas, 
precursor lesion, and PC of KIC mice (white 
arrows and arrowheads, partially matched 
parts). n = 2
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their abundance is related to high glucose uptake ability in 
human PCs.11 Thus, we hypothesized that basal microvilli 
microvessels that are incompletely labeled with Lectin-
Alexa 633 or CD31-FITC are efficient in nutrient traffick-
ing. To test if basal microvilli microvessels have glucose 
trafficking ability, we perfused tumor-bearing KIC mice 
with Lectin-Alexa 633 and 2-NBDG, a glucose analog. In 
higher resolution images, we observed multiple bunches of 
2-NBDG in the lumen of tumor basal microvilli microvas-
culature that were inefficiently delineated by Lectin-Alexa 
633 (Figure 6A). To determine if the basal microvilli that 
protrude from microvessels facilitate 2-NBDG traffick-
ing, we scanned the basal microvilli with higher resolu-
tion, and then performed analysis with Imaris software 
9.5. Surprisingly, we observed that the basal microvilli 
in KIC contain many vesicles-like structures that contain 
2-NBDG (Figure 6B,C). Additionally, we noticed that most 
2-NBDG bunches were preferentially located at the base 

of the basal microvilli in the vascular lumen (Figure 6C). 
We also counted the 2-NBDG in the basal microvilli, and 
found 30% (9/30) basal microvilli contain 2-NBDG. These 
observations further support that basal microvilli facilitate 
glucose trafficking.

Wild-type p53 expression decreases glucose uptake, 
whereas mutation or deletion of p53 strengthens the glucose 
uptake in PC.34,35 In total, 60%-70% of human PCs have 
p53 mutation or deletion.36 To see if the nutrient traffick-
ing of basal microvilli microvessels with inefficient lectin 
binding was universal in PCs, we selected a tumor-bearing 
KPIC mouse that harbors a p53 mutation. KPIC forms a 
typical ductal adenocarcinoma with high glucose uptake 
and contains abundant dense stroma.23 We perfused KPIC 
mice with Lectin-Alexa 633 and the 2-NBDG mixture. 
Similar to the perfused staining in KIC and KPC tumors, 
we observed that the microvessel segments with basal 
microvilli in KPIC tumors were poorly labeled by lectin 

F I G U R E  4  Perfused staining with 
Lectin-Alexa 633 and CD31-FITC is 
inefficient for showing the basal microvilli 
microvasculature in autochthonous PCs. 
(A) Comparison of the perfused staining 
of Lectin-Alexa 633 with CD34 antibody 
immunostaining in the tumors of KIC 
mice (yellow arrows, basal microvilli; 
white arrows, lectin). (B) Comparison of 
the perfused staining of Lectin-Alexa 633 
with CD34 antibody immunostaining in the 
tumors of KPC mice (yellow arrows, basal 
microvilli; white arrows, lectin). Boxed 
area, the magnified region
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(Figure 6D). We found that the microvessel sections with 
low lectin binding contained vast amounts of 2-NBDG in 
the microvascular lumen, and the surrounding tumor cells 
accumulated enormous amounts of 2-NBDG and lectin 
dots in tumor cells (Figure 6D,E). However, the microves-
sels with lectin binding did not accumulate 2-NBDG in the 
lumen, and the accumulation of 2-NBDG in surrounding 
tumor cells that close to the microvessels with decent lectin 
binding was observably lower than that of the microves-
sels with low lectin binding (Figure  6D,E). This finding 
indicated that the basal microvilli microvessels with lim-
ited lectin or CD31 binding in murine PCs have a strong 
nutrient trafficking ability, suggesting that lectin perfu-
sion does not reflect the nutrient trafficking or perfusion 
of microvessels, especially the microvasculature with basal 
microvilli.

4 |  DISCUSSION

The hypomicrovasculature in PCs was reported to be 
poorly perfused, collapsed, and inefficient in nutrient 
trafficking.4-6 However, glucose and albumin, which de-
pend on the facilitated-trafficking mechanism, are easy to 
transport from the microcirculation to the PC milieu.37,38 
Protruding cellular projections are commonly used to in-
crease surface area to intensify exchange, such as micro-
villi in the intestine and kidney.10,39 Basal microvilli with 
nutrients trafficking apparatus present on the microves-
sels in PC. However, whether basal microvilli microves-
sels have an efficient perfusion and nutrient trafficking 
is unknown. By analyzing PC-bearing GEMMs and PC 
patient data, we showed that the basal microvilli mi-
crovasculature is well perfused and efficient in nutrient 

F I G U R E  5  The basal microvilli 
microvessels in human PCs have 
efficient blood flow and might depend on 
micropinocytosis for nutrient trafficking. 
(A) The representative images of the 
basal microvilli of freshly fixed PC with 
6-hour-cultured PC tissues from the same 
patient. The morphology of endothelial 
nucleus, inner panel. (B, C) Comparison 
of the basal microvilli length and density 
of freshly fixed PC with 6-hour-cultured 
PC tissues from the same patient. Data 
show mean ± SE. Unpaired student's t test, 
*<0.05. (D, E) Comparison of the blood 
flow of the microcirculation in the healthy 
human pancreas with PC. Probe-based laser 
confocal endomicroscopy images and video 
(red arrow, microvessel; white arrows, basal 
microvilli). Healthy pancreas, n = 2; PC, 
n = 5. See Videos S1A,B . (F) Comparison 
of the diameters of the microcirculation in 
the healthy human pancreas with PC. Data 
show mean ± SE. Unpaired student's t test, 
*<0.05. (G) TEM images of the luminal 
surface in the PC microvasculature in 
human PC (white arrows, red blood cells; 
arrowheads, endothelial projections, or 
filopodia)
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trafficking, and might compensate the hypomicrovascu-
larity in PC milieu.

The basal microvilli microvessels contain red blood cells.11 
Here, we also noticed the basal microvilli quickly diminished 
when blood flow stopped. This implied that the growth of 
the basal microvilli depends on blood flow in microvessels. 
The observation of lectin dots in the inner surface of basal 
microvilli microvessels indicates that the basal microvilli 
microvessels are perfused. The interstitial pressure in PCs is 
high.6 The peripheral resistance increases the blood pressure 

in vessels. The microvessel density in PCs is close to 25% 
of that of a normal pancreas.11 The velocity of blood flow 
depends on the total cross-sectional area of the blood vessels. 
If the total cross-sectional area of the vessels decreases, the 
velocity of flow increases. PC microvasculature has a dense 
basal membrane and intact pericytes.11 These pieces of ev-
idence implied that the velocity of microvasculature blood 
flow in PCs should be quicker than that of the pancreas. The 
observation of quicker blood trickle in the microvasculature 
of human PCs supports our hypothesis. The quicker trickle in 

F I G U R E  6  Perfused staining results with lectin do not reflect the nutrient trafficking in PCs. (A0 PC images in KIC mice coperfused with 
Lectin-Alexa 633 and 2-NBDG were stained by CD34 antibody (yellow arrows, basal microvilli; white arrows, 2-NBDG). (B) Images of 2-NBDG 
distribution in the basal microvilli microvasculature of KIC mice coperfused with Lectin-Alexa 633 and 2-NBDG. The two images in lower panels 
show magnification of the boxed region in the upper panel (at different Z-layers). IMARIS spots and filament analyses showed that 2-NBDG exists 
in basal microvilli or binds with basal microvilli (pink arrows, 2-NBDG-containing vesicle-like structure; yellow arrows, basal microvilli). (C) A 
typical 2-NBDG vesicle-like structure present at the base of the basal microvilli in the microvasculature lumen of KC mice coperfused with Lectin-
Alexa 633 and 2-NBDG and stained by CD34 antibody Right panel is the image processed by Imaris 9.5 (yellow arrow, basal 2-NBDG vesicle-like 
structure; white arrow, 2-NBDG in basal microvilli). (D) Images of CD34 antibody immunostaining in the PC of a KPIC mouse coperfused with 
2-NBDG and Lectin-Alexa 633 showed that Lectin-Alexa 633 partially labeled the microvasculature of basal microvilli (white arrow, microvessel; 
yellow arrows, basal microvilli). (E) Images of the PC in KPIC mice co-perfused with 2-NBDG and Lectin-Alexa 633 show that the microvessels 
are poorly labeled by Lectin-Alexa 633 but contain decent levels of 2-NBDG (white arrow, microvessels; pink arrows, tumor cells; yellow arrows, 
lectin dots in neoplastic cells)
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the microvasculature might decrease the binding of perfused 
lectin or CD31 to its luminal receptors.

Oxygen, which depends on diffusion, is deficient in 
the PC milieu.40 However, glucose and albumin, which 
depend on facilitated trafficking, are high in PCs.37,41,42 
Macropinocytosis is an efficient way to take up extracellu-
lar components and trafficking nutrients.43 Macropinocytosis 
exist in the basal microvilli.11 In TEM images, we observed 
a filopodia-like structure in the luminal surface of PC mi-
crovessels. We observed that large 2-NBDG bunches were 
preferentially located at the base of basal microvilli. The two 
pieces of evidence indicate that macropinocytosis might be 
a method of trafficking massive amounts of nutrients from 
the lumen of the basal microvilli microvessels to the tumor 
milieu. Of note, we also observed 2-NBDG dots in the basal 
microvilli. Our recent data in more than 70 PC patient sam-
ples also showed that the abundance of basal microvilli is 
bona-fide correlated with glucose uptake in tumors (unpub-
lished data). Taken together, the basal microvilli microvessels 
in PCs might be the main segments in the microvasculature 
net where nutrient exchanges occur, and macropinocytosis 
might be the dominant way of exchanging nutrients or waste.

Collectively, our data showed that perfused labeling with 
lectin or CD31 is an efficient method that is equal to im-
munostaining to show the microcirculation in normal murine 
organs except kidney. However, perfusion with lectin and 
CD31 is inefficient for showing the microcirculation in PC 
and precursor lesions, especially basal microvilli microves-
sels, and does not reflect the nutrient trafficking status in the 
microvessels of PCs. Based on our observations, we argue 
that most microvessels in PCs are well perfused and effi-
cient in nutrient trafficking, especially the basal microvilli 
microvessels, indicating that basal microvilli microvessels 
might be the major segment where nutrient and waste ex-
change occurs.

ACKNOWLEDGMENTS
The National Natural Foundation of China (81271259), 
Shanghai Municipal Planning Commission of Science, and 
Research Fund (201840009) supported this project. We ac-
knowledged MS. Lily ZHAO from Bitplane for software 
assistance.

CONFLICT OF INTEREST
All authors declare no competing financial interests.

AUTHOR CONTRIBUTIONS
HS conceptualized the design. HS and LXM did animal ex-
periment. XH, JG, JL, and WHL collected fresh samples. 
LXM supported this project. HS performed all staining, scan-
ning, and analyzing data. HS wrote the paper. CJ obtained 
clinical videos of microcirculation and provided advices for 
interpreting data.

DATA AVAILABILITY STATEMENT
All data of this study are available upon special request to the 
corresponding authors.

ORCID
Wenhui Lou   https://orcid.org/0000-0001-5820-6843 
Chen Jin   https://orcid.org/0000-0002-4330-9716 
Hexige Saiyin   https://orcid.org/0000-0003-2993-6817 

REFERENCES
 1. Neesse A, Michl P, Frese KK, et al. Stromal biology and therapy in 

pancreatic cancer. Gut. 2011;60(6):861-868.
 2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer 

J Clin. 2019;69(1):7-34.
 3. Neesse A, Algul H, Tuveson DA, Gress TM. Stromal biology 

and therapy in pancreatic cancer: a changing paradigm. Gut. 
2015;64(9):1476-1484.

 4. Olive KP, Jacobetz MA, Davidson CJ, et al. Inhibition of Hedgehog 
signaling enhances delivery of chemotherapy in a mouse model of 
pancreatic cancer. Science. 2009;324(5933):1457-1461.

 5. Jacobetz MA, Chan DS, Neesse A, et al. Hyaluronan impairs vas-
cular function and drug delivery in a mouse model of pancreatic 
cancer. Gut. 2013;62(1):112-120.

 6. Provenzano PP, Cuevas C, Chang AE, Goel VK, Von Hoff DD, 
Hingorani SR. Enzymatic targeting of the stroma ablates physical 
barriers to treatment of pancreatic ductal adenocarcinoma. Cancer 
Cell. 2012;21(3):418-429.

 7. Dibble EH, Karantanis D, Mercier G, Peller PJ, Kachnic LA, 
Subramaniam RM. PET/CT of cancer patients: part 1, pancreatic 
neoplasms. AJR Am J Roentgenol. 2012;199(5):952-967.

 8. Neesse A, Frese KK, Chan DS, et al. SPARC independent drug 
delivery and antitumour effects of nab-paclitaxel in genetically en-
gineered mice. Gut. 2014;63(6):974-983.

 9. Fu Q, Sun J, Zhang W, Sui X, Yan Z, He Z. Nanoparticle albu-
min-bound (NAB) technology is a promising method for an-
ti-cancer drug delivery. Recent Pat Anticancer Drug Discov. 
2009;4(3):262-272.

 10. Lange K. Fundamental role of microvilli in the main functions of 
differentiated cells: outline of an universal regulating and signaling 
system at the cell periphery. J Cell Physiol. 2011;226(4):896-927.

 11. Saiyin H, Ardito-Abraham CM, Wu Y, et al. Identification of 
novel vascular projections with cellular trafficking abilities on the 
microvasculature of pancreatic ductal adenocarcinoma. J Pathol. 
2015;236(2):142-154.

 12. den Uil CA, Klijn E, Lagrand WK, et al. The microcircu-
lation in health and critical disease. Prog Cardiovasc Dis. 
2008;51(2):161-170.

 13. Fukumura D, Duda DG, Munn LL, Jain RK. Tumor microvascula-
ture and microenvironment: novel insights through intravital imag-
ing in pre-clinical models. Microcirculation. 2010;17(3):206-225.

 14. Struijker-Boudier HA, Crijns FR, Stolte J, van Essen H. Assessment 
of the microcirculation in cardiovascular disease. Clin Sci (Lond). 
1996;91(2):131-139.

 15. Hlatky L, Hahnfeldt P, Folkman J. Clinical application of antian-
giogenic therapy: microvessel density, what it does and doesn't tell 
us. J Natl Cancer Inst. 2002;94(12):883-893.

 16. Pistulli R, Quitter F, Andreas E, et al. Intravital microscopy 
- a novel tool in characterizing congestive heart failure in 

https://orcid.org/0000-0001-5820-6843
https://orcid.org/0000-0001-5820-6843
https://orcid.org/0000-0002-4330-9716
https://orcid.org/0000-0002-4330-9716
https://orcid.org/0000-0003-2993-6817
https://orcid.org/0000-0003-2993-6817


   | 5545MA et Al.

experimental autoimmune myocarditis. Clin Hemorheol Microcirc. 
2015;63(2):153-162.

 17. Fisher DT, Muhitch JB, Kim M, et al. Intraoperative intravital mi-
croscopy permits the study of human tumour vessels. Nat Commun. 
2016;7:10684.

 18. Scherpereel A, Rome JJ, Wiewrodt R, et al. Platelet-endothelial 
cell adhesion molecule-1-directed immunotargeting to cardiopul-
monary vasculature. J Pharmacol Exp Ther. 2002;300(3):777-786.

 19. Danilov SM, Gavrilyuk VD, Franke FE, et al. Lung uptake of anti-
bodies to endothelial antigens: key determinants of vascular immu-
notargeting. Am J Physiol Lung Cell Mol Physiol. 2001;280(6):L1
335-L1347.

 20. Danielyan K, Ding BS, Gottstein C, Cines DB, Muzykantov VR. 
Delivery of anti-platelet-endothelial cell adhesion molecule sin-
gle-chain variable fragment-urokinase fusion protein to the cere-
bral vasculature lyses arterial clots and attenuates postischemic 
brain edema. J Pharmacol Exp Ther. 2007;321(3):947-952.

 21. Robertson RT, Levine ST, Haynes SM, et al. Use of labeled tomato 
lectin for imaging vasculature structures. Histochem Cell Biol. 
2015;143(2):225-234.

 22. Yahav G, Hirshberg A, Salomon O, Amariglio N, Trakhtenbrot L, 
Fixler D. Fluorescence lifetime imaging of DAPI-stained nuclei as 
a novel diagnostic tool for the detection and classification of B-cell 
chronic lymphocytic leukemia. Cytometry A. 2016;89(7):644-652.

 23. Ma L, Saiyin H. LSL-KrasG12D; LSL-Trp53R172H/+; Ink4flox/+; 
Ptf1/p48-Cre mice are an applicable model for locally invasive and 
metastatic pancreatic cancer. PLoS One. 2017;12(5):e0176844.

 24. Dudley AC. Tumor endothelial cells. Cold Spring Harb Perspect 
Med. 2012;2(3):a006536.

 25. Roussel F, Dalion J. Lectins as markers of endothelial-cells - 
comparative-study between human and animal-cells. Lab Anim. 
1988;22(2):135-140.

 26. Pusztaszeri MP, Seelentag W, Bosman FT. Immunohistochemical 
expression of endothelial markers CD31, CD34, von Willebrand 
factor, and Fli-1 in normal human tissues. J Histochem Cytochem. 
2006;54(4):385-395.

 27. Hohenstein B, Braun A, Amann KU, Johnson RJ, Hugo CP. A 
murine model of site-specific renal microvascular endothelial in-
jury and thrombotic microangiopathy. Nephrol Dial Transplant. 
2008;23(4):1144-1156.

 28. Hingorani SR, Wang L, Multani AS, et al. Trp53R172H and 
KrasG12D cooperate to promote chromosomal instability and 
widely metastatic pancreatic ductal adenocarcinoma in mice. 
Cancer Cell. 2005;7(5):469-483.

 29. Aguirre AJ, Bardeesy N, Sinha M, et al. Activated Kras and Ink4a/
Arf deficiency cooperate to produce metastatic pancreatic ductal 
adenocarcinoma. Genes Dev. 2003;17(24):3112-3126.

 30. Izeradjene K, Combs C, Best M, et al. Kras(G12D) and Smad4/
Dpc4 haploinsufficiency cooperate to induce mucinous cystic neo-
plasms and invasive adenocarcinoma of the pancreas. Cancer Cell. 
2007;11(3):229-243.

 31. Hwang CI, Boj SF, Clevers H, Tuveson DA. Preclinical models of 
pancreatic ductal adenocarcinoma. J Pathol. 2016;238(2):197-204.

 32. Strobel O, Buchler MW. Pancreatic cancer: FDG-PET is not use-
ful in early pancreatic cancer diagnosis. Nat Rev Gastroenterol 
Hepatol. 2013;10(4):203-205.

 33. Schellenberg D, Quon A, Minn AY, et al. 18Fluorodeoxyglucose 
PET is prognostic of progression-free and overall survival in lo-
cally advanced pancreas cancer treated with stereotactic radiother-
apy. Int J Radiat Oncol Biol Phys. 2010;77(5):1420-1425.

 34. Acin S, Li Z, Mejia O, Roop DR, El-Naggar AK, Caulin C. Gain-
of-function mutant p53 but not p53 deletion promotes head and 
neck cancer progression in response to oncogenic K-ras. J Pathol. 
2011;225(4):479-489.

 35. Olivier M, Hollstein M, Hainaut P. TP53 mutations in human can-
cers: origins, consequences, and clinical use. Cold Spring Harb 
Perspect Med. 2010;2(1):a001008.

 36. Ryan DP, Hong TS, Bardeesy N. Pancreatic adenocarcinoma. N 
Engl J Med. 2014;371(11):1039-1049.

 37. Chatterjee M, Ben-Josef E, Robb R, et al. Caveolae-mediated en-
docytosis is critical for albumin cellular uptake and response to al-
bumin-bound chemotherapy. Cancer Res. 2017;77(21):5925-5937.

 38. Mueckler M. Facilitative glucose transporters. Eur J Biochem. 
1994;219(3):713-725.

 39. Iancu TC, Mahajnah M, Manov I, Shaoul R. Microvillous in-
clusion disease: ultrastructural variability. Ultrastruct Pathol. 
2007;31(3):173-188.

 40. Koong AC, Mehta VK, Le QT, et al. Pancreatic tumors show high 
levels of hypoxia. Int J Radiat Oncol Biol Phys. 2000;48(4):919-922.

 41. Serrano OK, Chaudhry MA, Leach SD. The role of PET scanning 
in pancreatic cancer. Adv Surg. 2010;44:313-325.

 42. Vogel SM, Minshall RD, Pilipovic M, Tiruppathi C, Malik AB. 
Albumin uptake and transcytosis in endothelial cells in vivo in-
duced by albumin-binding protein. Am J Physiol Lung Cell Mol 
Physiol. 2001;281(6):L1512-L1522.

 43. Lim JP, Gleeson PA. Macropinocytosis: an endocytic pathway for 
internalising large gulps. Immunol Cell Biol. 2011;89(8):836-843.

SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

How to cite this article: Ma L, Han X, Gu J, et al. 
The physiological characteristics of the basal 
microvilli microvessels in pancreatic cancers. Cancer 
Med. 2020;9:5535–5545. https://doi.org/10.1002/
cam4.3177

https://doi.org/10.1002/cam4.3177
https://doi.org/10.1002/cam4.3177

