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Abstract
Venous invasion is three times more common in pancreatic cancer than it is in other major cancers of the gastrointestinal
tract, and venous invasion may explain why pancreatic cancer is so deadly. To characterize the patterns of venous invasion
in pancreatic cancer, 52 thick slabs (up to 5 mm) of tissue were harvested from 52 surgically resected human ductal
adenocarcinomas, cleared with a modified iDISCO method, and labeled with fluorescent-conjugated antibodies to
cytokeratin 19, desmin, CD31, p53 and/or e-cadherin. Labeled three-dimensional (3D) pancreas cancer tissues were
visualized with confocal laser scanning or light sheet microscopy. Multiple foci of venous and even arterial invasion were
visualized. Venous invasion was detected more often in 3D (88%, 30/34 cases) than in conventional 2D slide evaluation
(75%, 25/34 cases, P < 0.001). 3D visualization revealed pancreatic cancer cells crossing the walls of veins at multiple
points, often at points where preexisting capillary structures bridge the blood vessels. The neoplastic cells often retained a
ductal morphology (cohesive cells forming tubes) as they progressed from a stromal to intravenous location. Although
immunolabeling with antibodies to e-cadherin revealed focal loss of expression at the leading edges of the cancers, the
neoplastic cells within veins expressed e-cadherin and formed well-oriented glands. We conclude that venous invasion is
almost universal in pancreatic cancer, suggesting that even surgically resectable PDAC has access to the venous spaces and
thus the ability to disseminate widely. Furthermore, we observe that sustained epithelial–mesenchymal transition is not
required for venous invasion in pancreatic cancer.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the
leading causes of the cancer death in the United States. It is
estimated that about 56,770 Americans will be diagnosed
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and 45,750 patients will die of PDAC in 2019 [1]. Most
patients with pancreatic cancer are diagnosed with advanced
disease, usually liver metastases, and only 10% of patients
have localized disease [1]. Even patients with low-stage
disease who undergo surgery only have a 34% 5 year-
survival rate [1]. Although the aggressiveness of PDAC is
clearly due to several factors, it has been hypothesized that
the high prevalence venous invasion in PDAC explains the
rapid development of liver metastases and therefore the
aggressiveness of disease in most patients with PDAC [2].

The reported prevalence (65%) of venous invasion is
higher in PDAC than in cancers of other abdominal organs
[3, 4]. Because veins in the pancreas drain directly into the
liver, venous invasion in PDAC may explain the almost
universal development of liver metastases in patients with
this disease [2–6]. Venous invasion in PDACs is not only
very common, but it also has a distinctive morphology. The
neoplastic cells within the veins replace the endothelial cells
and grow as well-oriented lumen-forming cells along the
inner wall of the vessels, creating a unique pancreatic
intraepithelial neoplasia-like histology [3]. Our under-
standing of the process of venous invasion of PDAC
beyond this is limited in part due to emphasis on thin two-
dimensional (2D) hematoxylin and eosin (H&E) tissue
sections [7]. Therefore, the goal of the present study is to
characterize venous invasion in human PDAC in 3D.

Technical advances in tissue clearing, antibody penetration,
and advanced microscopes now enable the 3D visualization of
dense fibrotic tissues, including human PDACs [7, 8]. We
previously reported the 3D analysis of human PDAC using
clearing and a single marker (cytokeratin 19) [8]. We reported
that infiltrating cancer cells preferentially grow in the con-
nective tissue parallel to blood vessels, and we also observed
neoplastic cells growing within blood vessels [8]. In order to
more precisely define the process of venous invasion in PDAC,
we now apply multiple markers (antibodies to cytokeratin 19,
desmin, p53, CD31, and e-cadherin) to a larger well-
characterized series of cleared surgically resected PDACs.
We confirm that venous invasion occurs in the vast majority of
PDACs and observe that sustained epithelial–mesenchymal
transition (EMT) is not required for venous invasion.

Materials and methods

Patients and tissue preparation

After approval from the institutional review boards, a total of
52 pancreas tissue slabs (up to 20 × 10 × 5mm3) were exam-
ined. These included 34 fresh cancer tissues harvested from 34
patients who underwent pancreatic resection at the Johns
Hopkins Medical Institutions for PDAC, and 18 pancreas tissue
slabs from formalin-fixed paraffin embedded (FFPE) PDAC

samples from 18 patients who underwent surgical resection at
the University Hospital Heidelberg, Heidelberg, Germany.
These latter cancers were selected because they were known to
have venous invasion by 2D H&E microscopy.

Fresh samples

All fresh pancreatic tissues were processed as previously
described [8]. In brief, tissues were fixed overnight at room
temperature in 80% methanol/20% dimethyl sulfoxide
(DMSO) to dehydrate the tissues and precipitate proteins to
prevent autolysis by pancreatic enzymes, and then the tis-
sues were rehydrated and fixed in 4% paraformaldehyde at
room temperature for 1 day. They were then dehydrated
with serially concentrated methanol (1 × 50% methanol, 1 ×
80% methanol, 1 × 90% methanol, and 3 × 100% metha-
nol), chilled at 4 °C for 1 h in 100% methanol, and incu-
bated overnight in 66% dichloromethane/33% methanol at
room temperature. To oxidize endogenous pigments and
autofluorescent proteins, tissues were washed twice in
100% methanol and then 5% H2O2 was added for overnight
incubation. Tissues were rehydrated in 1x phosphate-
buffered saline (PBS) and then washed twice for 1 h each
in PBS/0.2%Triton X-100 (Millipore Sigma, St. Louis,
MO). Next, the tissues were incubated for 2 days in a
permeabilization solution of PBS/20% DMSO/0.2% Triton
X-100/0.3 mol/L glycine at 37 °C. Blocking reagent of 6%
donkey serum, 10% DMSO in PTx.2 was incubated for
2 days.

Formalin-fixed, paraffin-embedded samples

Eighteen FFPE tissues were released from the paraffin block
by dissolving the paraffin in xylene at 37 °C. The tissues
then were washed three times in 100% methanol and chilled
at 4 °C for 1 h, followed by overnight incubation in 66%
dichloromethane/33% methanol at room temperature. The
tissues were then washed twice in 100% methanol, and 5%
H2O2 was added to the 100% methanol for overnight incu-
bation. Tissues were rehydrated in PBS and washed twice
for an hour each in PBS/0.2% Triton X-100, and then
incubated in PBS/20% DMSO/0.2% Triton X-100/0.3 mol/L
glycine at 37 °C for 2 days. Glycine was added to prevent
background labeling.

Multiplex immunolabeling

Nonspecific antigens were blocked by incubating the tissues
in PBS/0.2% Triton X-100/10% DMSO/6% donkey serum
at 37 °C for 2 days. Samples then were washed twice in
PBS/0.2% Tween-20 with 10 mg/mL heparin each at 37 °C
for 1 h. Heparin was added to prevent background immu-
nolabeling. Multiple primary antibodies, including
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cytokeratin 19 (EP1580Y, rabbit monoclonal; final dilution,
1:200; Abcam, Cambridge, UK), desmin (goat polyclonal;
final concentration, 1:100, LifeSpan Biosciences, Seattle
WA), CD31 (JC/70A, mouse monoclonal; final concentra-
tion, 1:100, Thermo Fisher Scientific, Waltham, MA), p53
(DO-7, mouse monoclonal; final concentration, 1:100,
Thermo Fisher Scientific), and e-cadherin (M168, mouse
monoclonal; final concentration, 1:150; Abcam) were used.
These antibodies were applied in varying combinations,
with a maximum of four antibodies used on any one tissue.
Tissue from all 34 freshly harvested PDAC cases were
labeled with at least both cytokeratin 19 and desmin. In
addition, 24 of the 34 freshly harvested PDAC cases were
also labeled with antibodies to p53, 24 PDAC cases with
antibodies to CD31 and 8 with antibodies to e-cadherin.
Diffuse nuclear p53 labeling was noted in 14 of the 24 cases
(58%), which aided in the identification of invasive carci-
noma. Similarly, all 18 FFPE PDAC cases were labeled
with at least both cytokeratin 19 and desmin. In addition, 7
of these 18 PDACs were also labeled with antibodies to
CD31 and 8 with antibodies to e-cadherin.

Because dense desmoplastic stroma in PDACs is a sig-
nificant physical barrier for the penetration of antibodies,
four approaches were used to increase antibody penetration:
First, the antibody concentration was gradually increased
for 4 consecutive days. Second, during these 4 days of
antibody incubation, the tissues were centrifuged con-
secutively for 12 h at 600 × g and shaken at 37 °C for 12 h.
After the primary antibody was applied to the tissues, they
were washed five times with PBS/0.2% Tween-20 with
10 mg/mL heparin for 1 h each at room temperature. Third,
pepsin-digested secondary antibody fragments with smaller
molecular weights than intact IgG antibodies were used to
increase tissue penetration of the secondary antibodies. The
fragmented secondary antibodies, including Alexa Fluor
488-conjugated AffiniPure F(ab′)2 fragment donkey anti-
rabbit IgG (Jackson ImmunoResearch,West Grove, PA),
DyLight 405-conjugated AffiniPure F(ab′)2 fragment don-
key anti-goat IgG (Jackson ImmunoResearch), and Cyanine
3-conjugated AffiniPure F(ab′)2 fragment, donkey anti-
mouse IgG (Jackson ImmunoResearch), were incubated for
4 days and protected from light. During this time, the tissues
were alternatively centrifuged for 12 h at 600 × g and sha-
ken for 12 h both at 37 °C. Fourth, after centrifugation and
shaking, the tissues were sonicated for 1 h at 37 °C. The
tissues were then washed five times with PBS/0.2% Tween-
20 with 10 mg/mL heparin for 1 h each at room temperature
and protected from light exposure.

Tissue clearing

After the immunolabeling, the tissues were dehydrated with
serially concentrated methanol (70% methanol, 95%

methanol, and 3 × 100% methanol), incubated with 66%
dichloromethane/33% methanol for 3 h, and 100%
dichloromethane for 15 min twice, and were finally trans-
ferred to dibenzyl ether (DBE) overnight.

Tissue imaging

Immunolabeled tissues were visualized in 3D primarily with
a confocal laser scanning microscope (LSM800; Carl Zeiss,
Jena, Germany) and when lower power views were needed
with a Light Sheet Microscope (Ultramicroscope II; LaVi-
sion BioTec, Bielefeld, Germany). The Ultramicroscope II
is equipped with a Neo sCMOS camera (Andor Technol-
ogy, Belfast, UK) and a ×4 objective lens that was
immersed in DBE in the imaging chamber.

Alexa 488 signals of CK19 expressing epithelial cells
(normal ductal and cancer cells) were visualized with a
bandpass filter set with an excitation range of 480/40 nm
and an emission range of 525/50 nm. DyLight 405 signals
of desmin-expressing cells (smooth muscle cells) were
visualized with a filter set with an excitation range of 400/
40 nm and an emission range of 421/50 nm. Cyanine 3 sig-
nals of CD31expressing endothelial cells, of e-cadherin
labeled cells, or p53 labeled cancer cells were visualized
using a filter set with an excitation range of 550/40 nm and
an emission range of 570/50 nm. Although autofluorescence
of the tissues was reduced as described in the “Methods”
section, the elastic lamina and collagen of blood vessels still
had detectable autofluorescence. This autofluorescence,
combined with the unique morphology of elastic lamina,
was used to identify vessels in addition to desmin labeling.
Autofluorescence was observed in an additional filter set of
the LaVision Ultramicroscope II (excitation, 405/40 nm;
emission, 460/50 nm).

For the LSM800 microscope, the tissue was submerged
in DBE in a glass bottom cell culture dish to match the
refractive index and to obtain a flat surface at the interface
between materials of different refractive indices. We used
the ×5, ×10, and ×20 objectives. Consecutive 2D images
with Z stacks were visualized with Zen (Ver. 2.3, Zeiss) and
3D images were reconstructed with IMARIS software (Ver.
9.4, Bitplane, Zurich Switzerland).

Validation

Seven cases were embedded in paraffin after the tissues had
been cleared and visualized. These seven cases were then
sectioned, stained with H&E, and the findings in the cleared
tissues were compared to the H&E findings.

Briefly, DBE was removed by washing with serially
diluted methanol, and the tissues were rehydrated with PBS.
Tissues then were FFPE, and sectioned for routine H&E
staining. The pathologies observed in the cleared tissues
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were then compared with those features in the H&E stained
slides. In five of the seven cases, the entire tissue block was
serially sectioned and one slide taken every 13 μm. These
serial slides were stained with H&E and then digitized
(NanoZoomer-XR, Hamamatsu, Hamamatsu City, Japan).
The scanned slides were then registered in 3D and areas
with venous invasion were reconstructed. Serial H&E sec-
tions were aligned to each other with rigid image registra-
tion using MATLAB 2019a. Registration between adjacent
images was achieved by finding the rotational angle and
translation which maximized cross correlation between
images. This resulted in a continuous digital volume of
H&E sections. By manually annotating foci of venous
invasion on these serial sections, 3D reconstructions of
venous invasion were created and allowed 3D H&E vali-
dation of the observations made in the cleared tissues.

Results

Patient and tumor characteristics

Clinicopathologic characteristics of the 34 fresh PDAC
cases included in this study are summarized in Supple-
mentary Table 1. Briefly, the mean age (± standard devia-
tion) of the patients was 69.7 ± 11.2 years. Male to female
ratio was 1:1. The mean tumor size was 3.3 ± 0.9 cm (range,
1.8–5.7 cm). Twenty-three cases (68%) were located in the
pancreatic head, 18 (53%) were moderately differentiated,
and 25 (74%) had vascular invasion of any type (lymphatic
and or venous) present in the original 2D H&E sections
utilized for clinical diagnosis. Seven patients had received
neoadjuvant therapy before resection.

Of the 18 FFPE PDACs, the mean age (± standard
deviation) of the patients was 58.1 ± 10.9 years. Male to
female ratio was 2:1. The mean tumor size was 3.8 ± 0.7 cm
(range, 2.5–5.5 cm). Fourteen cases (78%) were located in
the pancreatic head. All 18 FFPE cases were selected based
on the presence of vascular invasion on the original diag-
nostic H&E slides and so they were not considered in
analyses of the prevalence of venous invasion. None of
these 18 had received preoperative neoadjuvant therapy.

Identifying muscular vessels in cleared tissues

Blood vessels and ducts were identified based on desmin
labeling and the distinct morphology of the ducts and of the
arterial elastic lamina. Ducts were easily distinguished from
vessels. Ducts are in the center of lobular units, while
vessels are at the periphery [9]. As a result, normal inter-
lobular ducts are surrounded by acinar cells. In contrast,
vessels, because they are in the stroma at the periphery of
lobules in the pancreas, are not surrounded by acinar cells

[9]. In addition, desmin labeling of the media of blood
vessels was distinguished from the weaker desmin labeling
of the walls of pancreatic ducts. The media of veins is
thicker and label more intensely than do the walls of ducts.

Veins and arteries were distinguished using several fea-
tures. In general, desmin immunolabeling of arterial walls
was more intense than the labeling of both ducts and veins,
and the media of arteries was thicker than those of muscular
veins. In addition, arterial walls contain elastic lamina,
which was visualized as auto-fluorescing regularly con-
centric wavy lines (Fig. 1). The autofluorescence of vessels
was easily distinguished from other sources of auto-
fluorescence, including fibroblasts and their associated
collagen. First, the nonspecific autofluorescence from
fibroblasts provided weaker signals on different excitation
wavelengths with different LASERs, including 405 and
488 nm. Second, most muscular veins run parallel to an
artery in the pancreas [9].

Cells of invasive carcinoma were easily distinguished
from lobular collections of acinar cells. Unlike acinar cells,
the cells of invasive carcinoma vary in size and form irre-
gular haphazard 3D clusters or single cells.

Comparison of detection of venous invasion
between 2D and 3D analyses

All 2D diagnostic H&E slides were rereviewed from the 34
fresh cases, and the prevalence of venous invasion identified
in the fresh cleared tissue was compared with the prevalence
of venous invasion in the original 2D diagnostic H&E slides
prepared before clearing. Thus, the venous invasion

Fig. 1 The combination of morphology and patterns of immunola-
beling can be used to define key structures in cleared tissues. Desmin
immunolabeling of arterial walls (A) is more intense and the media of
arteries is thicker than those of muscular veins (V). The concentric
wavy autofluorescent lines of the elastic lamina also highlights arterial
walls. [Blue labeling for desmin highlights the muscular layer in blood
vessels]
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evaluated in the 2D diagnostic H&E slides was from an
adjacent but separate block of tumor. Venous invasion was
detected more often in 3D (88%, 30/34 cases) than in
conventional 2D H&E slide evaluation (74%, 25/34 case;
chi-square test, P < 0.001). The 18 FFPE cases were not
included in these analyses, as they had been selected spe-
cifically because venous invasion was identified on diag-
nostic H&E slides.

3D pathologic features of PDAC in the stroma
adjacent to muscular blood vessels

The neoplastic cells of invasive PDAC typically formed
tubes/cords, larger globular masses, or single cells. As
previously described using a single antibody, when
cords of neoplastic cells approached vessels, they tracked
parallel to the vessels (Fig. 2a, b, and Supplementary
Movies 1 and 2) [8].

3D pathologic features of vascular invasion

Venous invasion was identified in 30 of the 34 fresh cases.
In 23 of these 30 cases we observed neoplastic cells
crossing the media of the involved veins (Fig. 2c–f).
Rather than individual cells crossing the media of veins,
we most often observed (21 of 23 foci of venous invasion)
cords and tube-like growths of cancer cells crossing the
media of veins (Fig. 2c, d and Supplementary Movies
3 and 4). These cords and tubes often appeared intact, that
is the cords were long and relatively uniform without
disruption. This pattern was not universal, as in some
instances small clusters and individual neoplastic cells
were observed spanning the media of veins (Fig. 2e).
When venous invasion was identified, the neoplastic cells
frequently crossed the muscular venous wall at multiple
points along the length of the vessel (Fig. 2f, Supple-
mentary Movie 5). For example, in Fig. 2f and Supple-
mentary Movie 5, at least three separate foci can be
identified at which the neoplastic cells cross the media of
the involved vessel. Some of the points at which neo-
plastic cells traversed the media of vessels were associated
with the presence of endothelial cells (Fig. 2d and Sup-
plementary Movie 4), raising the possibility that the
neoplastic cells exploit local weaknesses in the vessel wall
created by these preexisting capillary structures. Arterial
invasion was much less common (seen in six cases), and
when it occurred the pattern was usually that of individual
cells or a few clusters of cells within arterial lumina
(Fig. 2e). We did not observe tumor cells penetrating the
media of muscular arteries.

The 3D morphologic features of vascular invasion in the
18 FFPE PDAC cases matched those observed in the 34
fresh PDAC cases.

E-cadherin expression

E-cadherin plays an important role in cell-to-cell adhesion,
cell-to-cell recognition, and epithelial polarity, and loss of
e-cadherin is considered to be one marker of EMT [10–14].
As expected, e-cadherin labeling was intact in neoplastic
cells that formed well-oriented tubes and clusters (Supple-
mentary Fig. 2 and Supplementary Movie 8). However, the
patterns of e-cadherin expression as neoplastic cells
approached, crossed and then populated the intraluminal
portions of vessels was unexpected. We observed small
tongues of cells projecting out from the leading edges of
larger globular masses of neoplastic cells in the stroma
(Fig. 3a). The neoplastic cells within the globular masses
expressed e-cadherin, while these tongues of cells did not
label. A similar pattern was observed as the neoplastic cells
crossed the media of veins, with intact e-cadherin labeling
in the large cohesive cluster of neoplastic cells and loss of e-
cadherin only in the tips of small tongues of cells extending
out from these clusters (Fig. 3b). In contrast, the neoplastic
cells entirely within the lumina of veins often had diffuse e-
cadherin labeling and formed tubes of well-oriented cells
with well-defined lumina (Fig. 3c, d, Supplementary Fig. 1
and Supplementary Movies 6 and 7).

The combined findings of cell morphology, including
cohesive cells forming well-oriented ductal structures, and
intact e-cadherin expression suggest that although there may
be transient EMT, the neoplastic cells rapidly reexpress
markers of epithelial differentiation once inside the veins;
thus sustained EMT is not required for venous invasion.

H&E validation

After clearing, seven slabs of tissue with multiple foci of
venous invasion in 3D were selected and processed for
routine H&E microscopy. These sections revealed definite
foci of vascular invasion in all seven representative cases,
and these foci matched the foci of vascular invasion
observed in the cleared 3D images. In addition, it was noted
that foci of venous invasion were associated with mixed
inflammatory cells, intraluminal fibrin thrombi, and dis-
ruption of endothelial cells [15].

Serial 2D H&E slides from these seven cases were
digitized and 3D reconstructions of the H&E sections were
created. These 3D reconstructions revealed that the neo-
plastic cells extended within the veins for a distance
(Fig. 4). The mean length of vascular invasion after
reconstruction of 3D H&E images was 565.7 ± 502.3 µm
(median, 457.5 µm; range, 65–1800 µm). The neoplastic
cells even involved several branches of venous structures as
these veins branched (Fig. 4). Both of these findings are
consistent with observations made in the 3D immuno-
fluorescently labeled cleared tissues.

Three-dimensional visualization of cleared human pancreas cancer reveals that sustained. . .



Fig. 2 Representative images of multicolor immunofluorescent label-
ing of pancreatic ductal adenocarcinoma tissues with venous invasion.
a A cord of cancer cells approaches and then infiltrates a muscular
blood vessel. b Arterial wall is surrounded by cancer cells. Some
cancer cells show nuclear p53 labeling (orange nuclei, lower left). c
Cohesive cancer cells infiltrate into a muscular vein. d Cancer cells
from tubular structure inside of a vein and a well-formed tube of
neoplastic cells crosses the media of the vein. e Small clusters of

cancer cells grow into a vein (lower right). Note the adjacent artery
(upper left). f Cords of cancer cells form well-oriented tube within a
vein, and cross the media of the vein at several points (arrows) along
the vein. Focal cross reactivity of the antibody to desmin to islets of
Langerhans is noted in this case. [Green labeling for cytokeratin 19
highlights the neoplastic cells, blue labeling for desmin highlights the
muscular layer in blood vessels, red labeling in b–e for CD31 marks
endothelial cells, and nuclear red labeling for p53 in b]

S.-M. Hong et al.



Discussion

Here we report a detailed 3D study of the patterns of venous
invasion in a large series of surgically resected pancreatic
cancers using tissue clearing and immunolabeling with
multiple antibodies. This 3D analysis revealed that: (1)

venous invasion occurs in almost all pancreatic cancers
(~90%); (2) pancreatic cancer cells traverse the wall of
veins at multiple point; (3) once in veins, the neoplastic
cells often form well-oriented cohesive tubes of cells that
replace the endothelial cells; [15] (4) the neoplastic cells
extend for a distance (at least 1.8 mm) within the veins; (5)

Fig. 3 Epithelial-to-
mesenchymal transition is not
sustained in venous invasion. a
Loss of e-cadherin expression
(arrows) in small tongues of
neoplastic cells projecting out
from a larger globular mass of
neoplastic cells with intact e-
cadherin expression. b Loss of
e-cadherin expression (arrows)
in small tongues of neoplastic
cells projecting into the lumen of
a vein. A detached cluster of
neoplastic cells within the vein
also show loss of e-cadherin
labeling. c A well-formed tube
of neoplastic cells with intact e-
cadherin labeling extending
within the lumen of a vein. d
Well-oriented cancer cells form
a long tube growing within a
vein. Note the adjacent artery
with wavy elastic lamina to the
right of the vein. Focal cross
reactivity of the antibody to
desmin to islets of Langerhans is
noted in this case. [Green
labeling for cytokeratin 19, blue
labeling for desmin, and red
labeling in a–c for e-cadherin]

Fig. 4 3D validation of H&E
slides reveals branching of
vascular invasion over a long
distance. a Representative 2D
H&E slide image of vascular
invasion. Cancer cells within the
veins replace the endothelial
cells and form a well-oriented
lumen. Yellow circle indicates
outermost contour of cancer
cells within vein, b 3D
reconstruction of venous
invasion (red). Yellow color
matches location of the
representative image shown in a

Three-dimensional visualization of cleared human pancreas cancer reveals that sustained. . .



sustained EMT is not required during process of vascular
invasion.

Venous invasion is more common in PDAC than it is in
cancers of other abdominal organs [2]. The previously
reported prevalence of venous invasion in PDACs based on
the evaluation of conventional H&E slide is 65% [3, 4], as
compared with ~24% in gastric carcinomas and 21% in
colon cancers [16–19]. Here, using cleared 3D samples we
were able to identify venous invasion in close to 90% of
pancreatic cancers that were of low enough stage to be
surgically resected. This high prevalence in incompletely
sampled cancers (a portion of each cancer underwent rou-
tine processing for clinical diagnosis) suggests that venous
invasion, even in low-stage disease, is an almost universal
process in human PDAC. This venous invasion may be one
of the reasons for the rapid clinical progression of PDACs
from stage I to stage IV disease [2, 20].

One of the advantages of studying tissues in 3D is that
one can more accurately calculate the 3D sizes and behavior
of lesions. In this study we observed pancreatic cancers
growing for a mean of 565.7 μm as they extended intra-
luminally within veins. This is remarkable as this represents
a minimum number, as most of the foci of venous invasion
extended to the edges of the tissue blocks. In addition, we
observed that as they grew within veins, the neoplastic cells
transgressed the walls of the veins at multiple points.
Similarly, Nguyen et al., using in vitro models, reported that
PDAC cells invade through matrix and into the lumina of
vessels, where they ablate the endothelial cells, leaving
behind tumor-filled luminal structures [15]. Our observa-
tions suggest that intravascular grow may also be respon-
sible for local extension and for intra-pancreatic spreading of
cancer cells. We also confirm our previous observation that
invasive carcinoma of the pancreas often tracks parallel to
veins within the perivascular connective tissue. The presence
of a glandular structure next to a muscular blood vessel in
the pancreas has been used clinically to aid in the diagnosis
of pancreatic cancers in 2D H&E stained slides [9].

Traditionally, EMT has been believed to play a critical
role in dissemination of neoplastic cells from the primary
tumor site and intravasation into blood vessels [21–23]. E-
cadherin loss has been reported to be a critical part of EMT
[24]. For example, Onder et al. observed that loss of e-
cadherin induced multiple downstream transcription factors,
including Twist, and resulted in metastatic dissemination
[11]. We observed intact e-cadherin labeling in cohesive
neoplastic cells in the stromal and within the lumina of
veins. This finding, coupled with the morphologic findings
of cohesive cells forming tubes, indicates that while tran-
sient EMT occurs, sustained EMT is not required for
venous invasion in human PDAC. Similarly, Brabletz et al.
reported heterogeneous EMT at the invasive front of col-
orectal cancers [25]. They found that mesenchymal genes

are expressed at the advancing edges of colorectal cancers,
but the central portion of the tumors retain markers of the
epithelial phenotype [25]. Our observation of heterogeneous
e-cadherin labeling of small clusters of cancer cells at the
leading edges of larger groups of cohesive neoplastic cells
also parallels observations by Ligorio et al. recently repor-
ted in mouse models of pancreatic cancer [26]. They
reported heterogeneity of RNA expression at the single cell
level within individual cancer glands [26]. This focal loss of
e-cadherin protein expression at the projecting ends of
cancer cell clusters suggests a transient heterogeneity in the
expression of the EMT phenotype which can be quickly
reversed once the cells grow within veins.

We should acknowledge some limitations of the present
study. For technical reasons, we could apply up to four
antibodies at once in our 3D studies. As such, we were
limited in the markers we employed to define EMT. While
the combination of morphology (loss of cell cohesion and
lack of formation of well-oriented glands) and loss of e-
cadherin expression was used to define EMT, the assess-
ment of additional markers of EMT such as TWIST in
future studies could help further solidify our conclusions
[11]. In addition, assessment of expression of other proteins
in 3D may also help elucidate the mechanisms underlying
venous invasion in the pancreas. We should also note that
we were able to evaluate only the cells that remained in the
samples studied. We are not able to comment on the nature
of the cells that gained access to the vasculature and then
spread beyond the pancreas. Finally, although review by
experienced pathologists revealed that neoplastic cells in the
stroma, at the point of penetration of muscular veins, and
within veins all showed intact e-cadherin labeling, there are
currently no approaches to reliably quantify this labeling in
cleared 3D pancreatic tissue specimens to make more
detailed comparisons. Such comparisons will require
development of new approaches for 3D image analysis.

In summary, 3D histopathologic features of venous
invasion in human PDACs after tissue clearing demonstrate
that venous invasion is present in close to 90% of pancreatic
cancers. Pancreatic cancer cells cross the vascular media at
multiple points along a single vessel, and sustained EMT is
not required during process of vascular invasion. It is our
hope that future studies will lead to the identification of
novel approaches to block this process and prevent the rapid
progression of disease.
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