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Abstract
Unstable and dysfunctional tumor vasculature promotes cancer progression and spread. Signal transduc-
tion by the pro-angiogenic vascular endothelial growth factor (VEGF) receptor-2 (VEGFR2) is modulated by
VEGFA-dependent complex formation with neuropilin 1 (NRP1). NRP1 expressed on tumor cells can form
VEGFR2/NRP1 trans-complexes between tumor cells and endothelial cells which arrests VEGFR2 on the endothelial
surface, thus interfering with productive VEGFR2 signaling. In mouse fibrosarcoma, VEGFR2/NRP1 trans-complexes
correlated with reduced tumor vessel branching and reduced tumor cell proliferation. Pancreatic ductal adenocar-
cinoma (PDAC) strongly expressed NRP1 on both tumor cells and endothelial cells, in contrast to other common
cancer forms. Using proximity ligation assay, VEGFR2/NRP1 trans-complexes were identified in human PDAC tumor
tissue, and its presence was associated with reduced tumor vessel branching, reduced tumor cell proliferation, and
improved patient survival after adjusting for other known survival predictors. We conclude that VEGFR2/NRP1
trans-complex formation is an independent predictor of PDAC patient survival.
© 2018 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of Pathological Society of Great Britain
and Ireland.
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Introduction

Aberrant angiogenesis affects the progression and
dedifferentiation of cancer [1]. Anti-angiogenic cancer
therapy, given either as a neutralizing anti-vascular
endothelial growth factor (VEGFA) antibody (beva-
cizumab) or as receptor tyrosine kinase inhibitors
(sunitinib and sorafenib), increases the progression-free
survival or overall survival in several cancer forms
including metastatic colon cancer, advanced lung can-
cer, renal cancer, and hepatocellular carcinoma [2]. In
contrast, pancreatic ductal adenocarcinoma (PDAC)
remains a dismal diagnosis, with a median overall
survival of 6 months and a 5-year survival rate of
less than 5% [3], for which anti-angiogenic therapy
has shown limited benefits [4]. The poor outcome is
influenced by the often late-stage diagnosis of already
disseminated disease, and therapy resistance through
an abundant desmoplastic stroma and dysfunctional
vessels, resulting in poor perfusion and hypoxia [5].

The mechanisms underlying the abnormal vasculature
in PDAC have remained unknown.

Neuropilin 1 (NRP1) is a broadly expressed trans-
membrane glycoprotein lacking intrinsic enzymatic
activity. NRP1 influences angiogenesis by form-
ing a ternary complex with VEGFA and VEGFR2,
thereby potentiating the bioactivity of VEGFR2, result-
ing in increased signaling and enhanced endothelial
cell migration [6–9]. NRP1 directs internalization
of VEGFR2 via clathrin-dependent endocytosis and
guides VEGFR2 intracellular trafficking through bind-
ing of the NRP1-PDZ domain to GIPC1/synectin, an
intracellular scaffold protein that in turn binds the
motor protein myosin VI [10,11]. Additionally, NRP1
has been suggested to induce vascular permeability in
a VEGFR2-independent manner, through a pathway
relying on the cytoplasmic domain of NRP1 [12].

In a recent study, we used mouse tumor models
expressing NRP1 or not, to establish the concept of
a distinct, productive signaling pattern induced when

© 2018 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of Pathological Society of Great Britain and Ireland.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

http://orcid.org/0000-0002-5847-2778
http://orcid.org/0000-0003-4275-2000


312 E Morin et al

VEGFR2 and NRP1 are co-expressed on endothelial
cells (denoted cis) compared with arrested signaling
when the two molecules are expressed on adjacent
endothelial (VEGFR2) and tumor (NRP1) cells (denoted
trans). We showed that trans-complex formation in these
mouse tumor models results in reduced tumor angiogen-
esis, correlating with suppressed tumor initiation [13].
The objective of the current study was to translate these
findings to human cancer. Here, we studied the pattern
of VEGR2 and NRP1 expression and the potential for
complex formation in several different human cancers.
VEGR2/NRP1 trans-complex formation was identified
at low density in human gastric cancer (GAC) and at
high density in PDAC. The presence of VEGR2/NRP1
trans-complexes in PDAC, but not in GAC tumors,
was associated with decreased vessel formation, reduced
cancer cell proliferation, and improved patient survival.
Thus, although an overall high level of NRP1 expression
in cancer is associated with an unfavorable prognosis
[14–17], the exact distribution of NRP1 on different
cell types in the cancer dictates its effect on disease
progression. Our findings highlight the clinical signif-
icance of VEGFR2/NRP1 trans-complex formation in
human PDAC.

Materials and methods

Detailed materials and methods are provided in the
supplementary material, Supplementary materials and
methods.

Ethics statement on mouse and human tumor
samples
Animal experiments were carried out in strict compli-
ance with the ethical permit provided by the Committee
on the Ethics of Animal Experiments of the University
of Uppsala, permit number C231/9.

The use of Human Protein Atlas (HPA) tumor tissue
microarrays (TMAs) in this study (denoted HPA-TMA)
was covered by the HPA ethical permit (EPN Uppsala,
Sweden, 2002/577, 2011/473) and an ethical permit
granted to the investigators (EPN Uppsala 2007/116).
All patient samples were anonymized.

Also included were pancreatic tumor tissues collected
from patients undergoing Whipple resection at Oslo
University Hospital, here denoted the ‘nine-patient
PDAC cohort’. Patient diagnosis was concluded after
histological evaluation by a pathologist. PDAC sam-
ples were staged according to the International Union
Against Cancer classification (TNM= tumor, node,
metastasis). Consent documents and study protocols
were approved by the Regional Committee for Medical
and Health Research Ethics, Norway (REC South East,
project number 2010/694a), and were in compliance
with the Declaration of Helsinki, 1975.

A TMA of PDAC patient samples from 75 individuals
who underwent surgery at the Umeå University Hospital

between 1990 and 2009 was used for clinical analysis
(here denoted the Umeå-TMA). All individuals partic-
ipating in this study provided their written informed
consent. The study was conducted in accordance with
the ethical standards of the Declaration of Helsinki, 1975
and was approved by the regional research ethics board
of northern Sweden (Dnr 09-175 M/2009–1378-1331).

T241 tumor growth
T241:EV (empty vector) or T241:NRP1 cells suspended
in Matrigel were injected subcutaneously into the right
and left flanks of C57Bl/6 wild-type mice [13,18].
Tumors were dissected and processed after 7 days.

TMAs
The HPA-TMA used for in situ hybridization (ISH),
immunohistochemical (IHC) staining, immunofluores-
cent (IF) staining, RNAscope® ISH (Advanced Cell
Diagnostics, ACD, Newark, CA, USA), and proximity
ligation assay (PLA) consisted of 20 different cancer
types. Of these, 17 cancer types with duplicate sam-
ples from 12 patients and triplicate samples from 44
healthy tissues were analyzed in this study (i.e. thyroid
cancer, head and neck cancer, and carcinoids were not
included) [19,20]. The TMAs contained formalin-fixed,
paraffin-embedded tissue cores and were sectioned
to 4 μm thickness and mounted on Superfrost Plus
microscope slides (Thermo Fisher Scientific, Waltham,
MA, USA).

The Umeå-TMA was constructed using cores of 1 mm
diameter selected by an experienced pathologist and
placed on recipient blocks using a TMA Grand Master
machine (3DHISTECH Ltd, Budapest, Hungary). Three
cores were included from each primary tumor and one to
three cores from metastatic lymph nodes, if present. The
cores were coded and randomly placed on the recipient
blocks. Clinical data were retrieved from hospital charts.
The observers were blinded for the clinical information
during analysis of tissue staining.

Annotation of ISH, IHC, RNAscope, and PLA
Whole-slide scanned images, with 40× objective, of
the ISH and IHC arrays were acquired using an Aperio
ScanScope CS Slide Scanner system (Aperio Tech-
nologies, Vista, CA, USA). ISH signal intensity was
scored using a three-grade scale: 0= no detectable
signal; 1=weak; and 2=moderate. The distribution of
staining in tumor cells and blood vessels was evaluated,
and discrimination between structures was based on
morphology. RNAscope ISH to detect NRP1 and KDR
(gene symbol for human VEGFR2) expression was
scored on a four-grade scale: 0= no detectable signal;
1=weak; 2=moderate; and 3= strong signal. Images
were scored by one author, blind to the patient identity
and clinical parameters.

VEGFR2/NRP1 PLA complexes in trans were
defined as complexes in proximity to the endothelium
(one nucleus away). Complexes that were overlapping
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with the endothelial staining were not included in the
scoring. Occurrence of complexes in trans was scored
on a four-grade scale of 0–3, where 0 indicates not
present; 1, one to two PLA signals per cell; 2, three to
four PLA signals per cell; and 3, more than four PLA
signals per cell. PLA complexes were scored blindly by
two authors independently; in cases of a difference in
scoring, images were re-examined to reach consensus.

Results

Neuropilin 1 expression in trans reduces vessel
number and branching in vivo
To study the role of VEGFR2/NRP1 interactions
between tumor and endothelial cells in vivo, we pre-
viously generated a T241 fibrosarcoma cell line stably
expressing murine NRP1 (T241:NRP1) by lentivirus
transduction. In parallel, T241 tumor cells, which lack
endogenous expression of NRP1, were transduced with
empty virus (EV) as a control [13]. To facilitate even
tumor establishment, T241:EV and T241:NRP1 cells
were suspended in Matrigel and injected subcutaneously
into the flanks of C57Bl/6 WT mice. In T241:NRP1
tumors, VEGFR2/NRP1 complexes formed both on
endothelial cells (cis) and between tumor cells and
endothelial cells (trans), thus creating a cis+ trans
condition. In T241:EV tumors, VEGFR2/NRP1 com-
plexes were established only on endothelial cells (cis
condition), which expressed both VEGFR2 and NRP1
endogenously (Figure 1A).

Tumors were harvested after 7 days, sectioned,
and stained for Ki67, CD31, and Hoechst 33342
(Figure 1B). The cis+ trans tumors displayed a marked
reduction in vessel number compared with when
NRP1 was expressed on endothelial cells alone (cis;
Figure 1C). This is in agreement with our previ-
ous report on reduced vessel area in the presence of
VEGFR2/NRP1 trans-complexes [13]. In contrast,
vessel size, measured as individual vessel area, was not
affected by the presence of NRP1 in trans (Figure 1D).
The number of branches per vessel area was significantly
reduced in the trans condition (Figure 1E). As tumor
progression is dependent on angiogenesis, we also
examined the potential consequence of VEGFR2/NRP1
trans-complexes on the tumor compartment. We
observed a significant reduction in tumor cell prolif-
eration when NRP1 acted in trans upon endothelial
cell-expressed VEGFR2 (Figure 1F). In summary, in
a mouse fibrosarcoma model, NRP1 presentation by
tumor cells to the adjacent endothelium had significant
effects on vessel numbers and vessel morphology,
correlating with reduced tumor proliferation.

Screening for neuropilin 1 expression in tumor cells
and tumor vasculature
To investigate if the VEGFR2/NRP1 interaction can
be established also in human cancer, we performed an

ISH screen using the HPA-TMA (see the Materials and
methods section), analyzing duplicate tissue samples
from 17 different types of cancer with 12 patients per
disease [19,20]. Two independent NRP1 riboprobes of
500–600 nucleotides [21] were used on consecutive
tissue sections; a sense probe was used as a negative
control (supplementary material, Figure S1A, B). The
intensity of the NRP1 signal was scored in blood vessels,
in tumor cells or both, based on a graded scale from no
to weak and moderate intensity (Table 1).

In the majority of tumor types, vascular NRP1
expression was seen in less than 50% of the samples.
Only pancreatic adenocarcinoma (PDAC) and gastric
adenocarcinoma (GAC) showed the presence of NRP1
transcripts in endothelial cells in more than 50% of the
biopsies (Table 1).

Tumor cell NRP1 expression was more consistently
detected; 50–80% of the samples for hepatocellular
carcinoma, pancreatic adenocarcinoma, squamous
cell carcinoma, and testis and stomach cancers
showed expression of NRP1 transcripts in tumor cells
(Table 1).

Expression of NRP1 in both vessels and tumor cells
was detected in 11/17 cancer types, but in most cases
only in a very limited number of samples, with the
exception of pancreatic and gastric tumors. Moreover,
only GAC and PDAC showed expression of NRP1
in tumor cells in close proximity to blood vessels
(Figure 2A, B), potentially allowing the formation of
VEGFR2/NRP1 complexes in cis and/or trans.

Multiplex mRNA expression of NRP1 and KDR
by RNAscope ISH in GAC and PDAC
To further investigate the potential co-expression
of NRP1 and VEGFR2 in human GAC and PDAC,
we performed multiplex fluorescent ISH using the
RNAscope method [22]. Commercial probes against
NRP1 and KDR (the HUGO gene symbol for human
VEGFR2), were used on the HPA-TMA and on a
separate nine-patient PDAC cohort, along with positive
(human cyclophilin B) and negative (bacterial DapB)
controls (supplementary material, Figure S1C, D). Tis-
sues were counterstained for CD34 to visualize vessels
(Figure 2C). NRP1 and KDR expression was evaluated
by manually scoring the frequency of dots in the tumor
samples, with 0 for none detected, up to 3 for strong
expression (Figure 2D–F).

NRP1 and KDR transcripts were detected in a majority
of tumors (at least one positive biopsy core per tumor)
of both GAC (6/11 and 7/11 tumors for NRP1 and
KDR, respectively) and PDAC (9/11 and 8/11 tumors,
respectively) in the HPA-TMA. Both NRP1 and KDR
were more abundantly expressed in PDAC than in GAC
tumors. NRP1 expression was present in both endothe-
lial cells and surrounding tumor cells. Most tumors
expressing NRP1 also displayed KDR transcripts in
endothelial cells (Figure 2D, E). In the nine-patient
PDAC cohort, both NRP1 and KDR were prominently
expressed in most tumors (Figure 2F).

© 2018 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2018; 246: 311–322
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Figure 1. NRP1 expression in trans affects vascular parameters in vivo in murine fibrosarcoma. (A) Schematic illustration of VEGFR2/NRP1
interactions. When NRP1 is expressed on endothelial cells but not on tumor cells, VEGFR2/NRP1 complexes are formed in cis. When NRP1 is
expressed on tumor cells but not on endothelial cells, VEGFR2/NRP1 complexes are formed in trans. When NRP1 is expressed on both tumor
and endothelial cells, complexes are formed both in cis and in trans (cis+ trans). (B) Representative images of CD31-positive endothelial
cells invading subcutaneous T241 fibrosarcoma lacking (T241:EV; cis; upper panel) or expressing NRP1 (T241:NRP1; cis+ trans; lower panel).
Panels, from left to right, show CD31-positive endothelial cells (red); Ki67-positive, proliferating cells (green); and merged images combined
with Hoechst 33342 (blue) to visualize nuclei. The rightmost column depicts vessel branching, identifying individual vessel branches (yellow
lines) and branch points (red dots). Scale bars= 100 μm. (C–F) Vessel parameters and proliferation in cis and cis+ trans tumors. (C) Vessel
count, (D) individual vessel area, and (E) branches per individual vessel area (see the rightmost column in B). (F) Ki67-positive area per field
of vision. Statistical analysis by Student’s t-test, presented as mean±SD. *p < 0.05, **p < 0.01. One field of vision per tumor was analyzed.
Cis n= 17 tumors; cis+ trans n= 13 tumors.

In conclusion, NRP1 and KDR transcripts were
detected in GAC as well as PDAC, but more
frequently and at higher levels in PDAC. In agree-
ment, comparing the mRNA expression of NRP1
in human tumor cell lines of gastric and pancreatic

origin from the Broad Institute Cancer Cell Line
Encyclopedia confirmed significantly higher NRP1
expression in pancreatic cancer cell lines than in
gastric cancer cell lines (supplementary material,
Figure S1E) [23].

© 2018 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2018; 246: 311–322
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Table 1. NRP1 ISH screening in 17 cancer types
NRP1: tumor cell
expression (%)*
Intensity score†

NRP1: vascular
expression (%)
Intensity score

Tumor type Total n 0 1 2 0 1 2

NRP1: tumor
and vascular

expression (%)

Bladder 10 60 40 0 90 10 0 0
Breast 11 73 27 0 100 0 0 0
Cervix 11 82 18 0 82 9 9 0
Colorectal 10 60 40 0 80 20 0 10
Corpus 11 64 18 18 91 9 0 9
Glioma 12 75 25 0 83 17 0 8
Kidney 12 83 17 0 83 17 0 17
Liver 11 36 64 0 82 18 0 18
Lung 12 83 8 8 100 0 0 0
Lymphoma 12 83 17 0 67 33 0 0
Malignant melanoma 12 92 8 0 83 17 0 18
Ovary 11 73 27 0 91 9 0 0
Pancreas 12 42 50 8 50 50 0 33
Prostate 10 100 0 0 100 0 0 0
Squamous cell carcinoma 9 33 44 22 89 11 0 11
Stomach 8 25 63 13 38 63 0 63
Testis 8 25 63 13 75 25 0 13

*Duplicate tumor samples from up to 12 patients per cancer type scored for NRP1 expression intensity in tumor cells and in endothelial cells presented as a percentage
of the positive samples of the total.
†Intensity score ranged from 0= negative to 2=moderate. The rightmost column depicts the percentage of samples positive for NRP1 in both tumor cells and
vasculature.

NRP1 expression in GAC and PDAC
To confirm and characterize NRP1 protein expres-
sion in GAC and PDAC, IHC was performed on the
HPA-TMA. NRP1 immunoreactivity was detected in
endothelial cells based on morphological identification
of vessels and by CD34 immunostaining run in parallel
(Figure 3A, B; see magnified insets). Additionally,
NRP1 was detected in the surrounding tumor tissue.
The overall NRP1-positive area was significantly
higher in PDAC than in GAC, in agreement with RNA
expression data (Figure 3C).

Detection of NRP1 and VEGFR2 trans-complexes
in human cancer
To identify VEGFR2/NRP1 complexes in human
tumors, we performed antibody-mediated in situ PLA
on GAC and PDAC tumor samples. In situ PLA allows
the detection of molecular interactions on, for example,
tissue sections, visualizing the localization of interac-
tions in a complex milieu such as tumor tissues [24].

PLA was performed on GAC and PDAC samples
in the HPA-TMA and the nine-patient PDAC cohort.
In GAC and PDAC, complex formation was detected
within the vasculature as well as between endothelial
cells and adjacent tumor cells (Figure 4A, B). The speci-
ficity and reproducibility of antibodies against VEGFR2
and NRP1 were carefully controlled (supplementary
material, Figure S2A–H; see supplementary material,
Supplementary materials and methods for details).
The presence of VEGFR2/NRP1 trans-complexes
was scored from 0, not present, up to a maximum of
3. Trans-complexes were identified as PLA signals
located outside the CD34-positive vessel area but not
more than one nucleus away from the endothelial

cell (see Figure 4C for a schematic outline). Of the
PDAC tumors, 43% of the samples from the HPA-TMA
and the nine-patient cohort displayed VEGFR2/NRP1
trans-complexes, and of these, 21% received the high-
est score of 3 (Figure 4D). Forty percent of GAC
tumors displayed trans-complexes, although the general
frequency of complexes was markedly lower than in
PDAC, and none of the tumors received a score of 3
(Figure 4D).

To correlate the presence of VEGFR2/NRP1
trans-complexes to vessel parameters and tumor
proliferation, we immunostained tumor samples for
CD34 and Ki67 (Figure 4E). In congruence with the
findings on mouse T241 tumors expressing NRP1
or not on tumor cells (Figure 1), the presence of
VEGFR2/NRP1 trans-complexes in PDAC correlated
with reduced vascular area, vessel count, vessel branch-
ing, and tumor proliferation (Figure 4F–J), while the
individual vessel area was not affected (Figure 4H).
Importantly, GAC biopsies showed the same vessel
parameters and tumor proliferation irrespective of the
presence of VEGFR2/NRP1 trans-complexes (supple-
mentary material, Figure S3A–E), which occurred at
low density.

VEGFR2/NRP1 trans-complexes correlate
with improved patient survival in PDAC
To investigate if the presence of VEGFR2/NRP1
trans-complexes is of clinical relevance, PLA for
VEGFR2 and NRP1 was performed on a separate
cohort (the Umeå-TMA) consisting of 75 PDAC
patients with known survival outcome. The PLA
result was scored as trans or no-trans (see Figure 4C).
Kaplan–Meier analysis revealed that patients with

© 2018 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2018; 246: 311–322
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Figure 2. NRP1 and KDR mRNA expression in human GAC and PDAC. (A, B) Representative ISH images using NRP1 antisense probe on GAC
(A) and PDAC (B) tissue sections from the HPA-TMA. Arrowheads indicate NRP1-positive blood vessels and asterisks indicate NRP1-positive
tumor cells. Scale bars= 200 μm. Insets show the boxed regions at higher magnification. (C) Representative images of RNAscope ISH
detection of NRP1 (green) and KDR (red; gene name for human VEGFR2 protein) transcripts in PDAC. Blood vessels were visualized using
CD34 (magenta, left panel). Dotted line outlines CD34-positive vessels in the right panel. Lower panels are magnifications of the boxed
regions in the upper panels. Open arrowheads (green, NRP1; red, KDR) indicate examples with positive RNAscope signal. Scale bars= 10 μm.
(D–F) Manual scoring of NRP1 (dark grey) and KDR (light grey) expression by RNAscope ISH in GAC (D), PDAC (E) from the HPA-TMA, and (F)
the nine-patient PDAC cohort. Scoring indicates ‘not detected’ (triangle) and increasing expression: 1=weak; 2=moderate; and 3= strong.
One to three fields of vision were scored for NRP1 and KDR expression per tumor, separated by dotted lines.

VEGFR2/NRP1 trans-complexes had a significantly
improved overall survival compared with patients with
no trans-complexes (p= 0.033) (Figure 5A).

To test whether the presence of VEGFR2/NRP1
trans-complexes acts as an independent marker for
PDAC survival, multivariable analysis was performed
including trans score, sex, age, tumor differentia-
tion, and TNM stage. This analysis demonstrated

that the presence of VEGFR2/NRP1 trans-complexes
in tumor tissue is an independent marker for over-
all survival in PDAC patients (HR= 0.3, p= 0.008)
(Table 2).

Moreover, CD34-positive vessel density (Figure 5B)
and vessel count (Figure 5C) were decreased in
the samples containing trans-complexes, while the
individual vessel area was unaffected (Figure 5D). The
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Figure 3. NRP1 protein expression and distribution in human GAC and PDAC. (A, B) IHC for CD34 and NRP1 on GAC (A) and PDAC (B)
samples in the HPA-TMA, counterstained with hematoxylin and eosin. Arrowheads indicate NRP1-positive endothelial cells; asterisks
indicate NRP1-positive tumor cells adjacent to vessels. Insets highlight NRP1 expression in the vasculature and adjacent tumor cells.
Scale bars= 50 μm. (C) Quantification of NRP1 expression area in GAC and PDAC tumors. Statistical analysis by Student’s t-test, presented
as mean±SD. *p< 0.05. GAC n= 15, PDAC n= 19 tumor samples.

number of vessel branches per vessel was reduced in
trans-complex tumors (Figure 5E). Importantly, tumor
cell proliferation was significantly reduced in the pres-
ence of VEGFR2/NRP1 trans-complexes (Figure 5F).
Taken together, the association of trans-complexes with
reduced vessel parameters and tumor proliferation was
reproduced in this third cohort of PDAC patients. In
addition, the increased survival of PDAC patients whose
tumors contain trans-complexes shows the clinical rel-
evance of the interaction of VEGFR2 and NRP1 in
cancer.

Discussion

High tumor vessel density correlates directly with an
increased risk for liver metastasis and decreased overall
survival in PDAC patients [25–27]. Here, we showed
that the tumor vessel density in human PDAC was
reduced when NRP1 was expressed on tumor cells
adjacent to blood vessels, allowing the formation of
VEGFR2/NRP1 complexes in trans (Figure 6). Such
VEGFR2/NRP1 trans-complexes arrest VEGFR2 on the
endothelial cell surface, interfering with productive sig-
naling, for example, in the extracellular regulated kinase
(ERK) pathway [13], ultimately resulting in suppressed
tumor angiogenesis, reduced tumor cell proliferation,
and prolonged patient survival.

NRP1 also interacts with ligands and receptors apart
from VEGF/VEGFR2, such as semaphorins, fibroblast
growth factors, and platelet-derived growth factors,

influencing their downstream signaling in different
cell types [28,29]. Furthermore, NRP1 binds integrins,
either indirectly via semaphorin/plexin interactions with
integrins [30] or directly [31], thereby modulating cell
adhesion. We cannot exclude that tumor cell-expressed
NRP1 may influence tumor angiogenesis through other
interactions in addition to that with VEGFR2. However,
our previous work utilizing genetic mouse models that
allowed probing for NRP1’s function specifically in
complex formation with VEGFR2 [13] forms the basis
for the current work, where we have translated findings
from mouse to human cancer.

To identify the expression pattern of NRP1, tran-
scripts (ISH, RNAscope ISH), proteins (IHC), as well
as protein complexes (in situ PLA) were studied in the
intact tumor tissue. While transcript and protein levels
may not strictly correlate [32], we found similar trends in
the different analyses, namely that GAC and PDAC both
expressed NRP1 transcript and protein in tumor cells,
albeit at higher levels in PDAC.

The use of in situ PLA to directly show the presence
of VEGFR2/NRP1 complexes in human cancer has
challenges, for example in deducing the exact localiza-
tion of the PLA dots. To corroborate the identification
of PLA signals as corresponding to VEGFR2/NRP1
trans-complexes, we studied mouse fibrosarcoma where
tumor cells expressed NRP1, allowing trans-complexes
to be established (Figure 1). The position of PLA sig-
nals in this condition was compared with fibrosarcomas
lacking NRP1 expression in tumor cells, negating the
formation of trans-complexes. Strikingly, the presence

© 2018 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2018; 246: 311–322
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Figure 4. VEGFR2/NRP1 trans-complexes associated with reduced tumor vasculature parameters and tumor proliferation in PDAC patients.
(A, B) In situ PLA showing VEGFR2/NRP1 complexes (red) in GAC (A) and PDAC (B). Nuclei were counterstained with Hoechst 33342 (blue)
and blood vessels were visualized using CD34 (green). Note the presence of autofluorescent erythrocytes within the vessel lumen. Insets
highlight the interface of vessels and surrounding tumor tissue; dotted lines delineate the vessel–tumor border; and white dashes indicate
VEGFR2/NRP1 complexes located in trans. Scale bars= 20 μm. (C) Schematic diagram of the scoring method for VEGFR2/NRP1 complex
formation in trans. Tumors with complexes located adjacent to the endothelium were defined as trans (between the endothelium and the
dotted white line). Complexes overlapping with the CD34 staining were not considered trans, but represented cis-complexes on endothelial
cells (not quantified). Scoring was as follows: 0, no PLA signal; 1, one to two PLA signals per cell; 2, three to four PLA signals per cell; and
3, more than four PLA signals per cell in the trans configuration. (D) Distribution of the trans scores in GAC and PDAC tumors from the
HPA-TMA (GAC and PDAC) and nine-patient cohort (PDAC), presented as percentage of tumors. PDAC n= 24, GAC n= 20 tumor samples.
(E) Representative images of PDAC tumors scored as no-trans (upper panel) and trans (lower panel). Panels, from left to right, show
CD34-positive endothelial cells (red), Ki67-positive nuclei (green), and merged images combined with Hoechst 33342 (blue). The rightmost
column depicts vessel branching, identifying individual branches (yellow lines) and branch points (red dots). Scale bars= 100 μm. (F–J)
Vessel parameters and tumor proliferation in PDAC tumors from the HPA-TMA and nine-PDAC patient cohort. (F) Total vessel area, (G)
vessel number, and (H) area of individual vessels in no-trans and trans tumors. (I) Branches per individual vessel area (see the rightmost
column in E). (J) Tumor proliferation (Ki67-positive area) per field of vision. Statistical analysis using Student’s t-test, presented as mean±SD.
*p< 0.05. Trans n= 10, no-trans n= 14 tumor samples.
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Figure 5. PDAC patients exhibiting NRP1 in trans show prolonged survival. (A) Kaplan–Meier curve of the relationship between the presence
of VEGFR2/NRP1 complexes in trans and the overall survival of PDAC patients. The grey line represents patients positive for trans-complexes
(n= 17). The black line represents patients negative for trans-complexes (n= 47). (B–F) Vessel parameters and tumor proliferation in PDAC
tumor samples on the Umeå-TMA. (B) Total vessel area, (C) vessel number, and (D) area of individual vessels in no-trans and trans tumors.
(E) Branches per individual vessel area. (F) Tumor proliferation (Ki67-positive area) per field of vision. Statistical analysis using Students’
t-test, presented as mean±SD. *p< 0.05, **p< 0.01. (B–E) Trans n= 24, no-trans n= 75 tumor samples (one to three tumor samples per
patient). (F) Trans n= 17, no-trans n= 66 tumor samples (one to three tumor samples per patient).

Table 2. Multivariable analysis for overall survival in the PDAC
patient cohort
Number (n= 75) HR (95% CI) P value

Trans score
No trans 1
Trans 0.3 (0.2–0.8) 0.008*
Sex
Male 1
Female 0.6 (0.3–1.2) 0.1
Age (years)
< 60 1
≥ 60 0.8 (0.3–2.5) 0.7
Tumor differentiation
Well 1
Moderate 2.0 (0.9–4.1) 0.06
Poor/undifferentiated 9.3 (2.7–31.5) < 0.001*
TNM stage
Ia 1
Ib 3.8 (0.3–43.2) 0.3
IIa 2.2 (0.2–25.1) 0.5
IIb 5.5 (0.6–53.0) 0.1
III/IV 2.8 (0.2–40.2) 0.5

CI= confidence interval; HR= hazard ratio. A Cox proportional hazards model
was applied using trans score as a categorical variable in multivariable analysis.
*p< 0.05 is considered significant.

of VEGFR2/NRP1 trans-complexes correlated with
reduced vessel counts and reduced vessel branching,
along with reduced tumor proliferation, in both the
mouse cancer model and human PDAC (Figures 1,
4, and 5). In contrast, the expression levels of NRP1
in GAC samples were too low to allow robust for-
mation of VEGFR2/NRP1 complexes by PLA. In
accordance, tumor vessel parameters and tumor
cell proliferation in GAC were not suppressed with
VEGFR2/NRP1 complex formation in trans. These
data indicate that the level of NRP1 expression
in tumor cells relative to endothelial cells dictates
whether trans-complexes (VEGFR2/NRP1 complexes
between endothelial and tumor cells) dominate over
cis-complexes (VEGFR2/NRP1 complexes on endothe-
lial cells). The eventual outcome results in suppressed
or augmented angiogenesis, respectively, which may
influence the patient’s prognosis. In agreement with the
data presented here, VEGF-dependent vessel branching
has previously been shown to require VEGFR2/NRP1
cis-complex formation [33–35].

NRP1 is expressed in a wide range of non-tumor
cells that may be present in a tumor, including
endothelial cells, fibroblasts, and bone marrow-derived
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Figure 6. Effects of NRP1 in cis and trans. Schematic illustration of VEGFR2/NRP1 complex formation in trans and cis affecting blood vessel
formation and morphology. The presence of VEGF can induce VEGFR2/NRP1 complex formation when both molecules are present on the
same cell (cis) and when cells adjacent to the endothelial cell present NRP1 (trans). VEGFR2/NRP1 interaction in trans reduces tumor vessel
branching and number, correlating with reduced tumor proliferation and improved overall survival.

macrophages and immune cells [36]; moreover, tumor
cells may also express NRP1 [37]. The potential
prognostic effect of NRP1 expression in cancer has,
however, remained unclear. In colon cancer, tumor
expression of NRP1 is associated with a better progno-
sis [38]. In cutaneous squamous cell carcinoma, NRP1
is expressed in highly differentiated tumors, suggesting
that it could function as a reservoir to sequester VEGFA
to the epithelial compartment, thereby limiting its
bioactivity [39], reducing angiogenesis and tumor
progression. On the other hand, in human glioma and
breast and prostate cancer, NRP1 expression correlates
with higher tumor grade and worse prognosis [14–16],
and in oral squamous carcinoma, NRP1 expression
has been correlated with poor prognosis and disease
relapse [17]. Higher levels of overall NRP1 expression
correlate with poor prognosis in PDAC as well [40].
Of note, the overall level of NRP1 was increased in
trans-complex-containing samples (supplementary
material, Figure S2H). However, based on our findings,
it is essential to determine whether NRP1 is expressed
in tumor cells close to endothelial cells (allowing the
establishment of VEGFR2/NRP1 trans-complexes)
rather than the overall NRP1 expression level, as the
former parameter correlates with reduced vessel den-
sity, reduced tumor proliferation, and increased patient
survival.

The potential benefit of blocking NRP1 function has
been tested using neutralizing anti-NRP1 antibodies on
human cancer-xenografted mice. The anti-NRP1 anti-
bodies showed additive effects in slowing tumor growth
when combined with anti-VEGFA antibodies [41]. As
a follow-up, early clinical trials were performed with
an antibody blocking VEGFA and VEGFB binding
to NRP1, in combination with VEGFA neutralization
using bevacizumab. This therapy combination was, how-
ever, discontinued due to the development of proteinuria
[42,43].

Anti-angiogenic therapy has been established pref-
erentially in combination with chemotherapy for a
number of cancers [44]. Bevacizumab, inhibiting the
binding of VEGFA to VEGFR2, has shown positive
effects in many cancer types. However, the clinical
response is very variable, which we hypothesize in part
may depend on the expression pattern of NRP1. Phase
III clinical trials of bevacizumab on GAC (AVAGAST)
and in a separate study on PDAC patients have failed
to show clinical benefit in overall survival, while,
in both cases, progression-free survival was signifi-
cantly prolonged [45,46]. In the GAC AVAGAST trial,
bevacizumab/chemo-treated GAC patients with low
NRP1 levels showed a significantly increased overall
and progression-free survival compared with those
with higher NRP1 expression [47]. A trend towards a
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better response to bevacizumab was also observed
in breast cancer tumors with low NRP1 expres-
sion [48]. An improved response to anti-angiogenic
therapy in cancer types with low NRP1 expression
could be dependent on the preferential formation of
VEGFR2/NRP1 cis-complexes within the endothelium,
promoting angiogenesis, which would be blocked by
bevacizumab. In contrast, in tumors with a high degree
of trans-complexes, anti-VEGF treatment would poten-
tially interrupt the complexes and unleash VEGFR2
signaling, thereby promoting tumor angiogenesis.

To our knowledge, this is the first time that complexes
between VEGFR2 and NRP1, and their correlation with
vessel and tumor cell parameters, have been described
in human cancer. We have shown that trans-complexes
correlate with reduction of several vessel parameters
and tumor proliferation, as well as increased patient
survival. It would be highly relevant to continue stud-
ies of this interaction in a larger cohort of PDAC
patients, and also to investigate if the same effect of
VEGFR2/NRP1 trans-complexes can be observed in
other cancer types not explored in detail here. Another
important question is whether the trans-group of PDAC
patients shows a therapy response distinct from that of
patients lacking trans-complexes. We propose that the
VEGFR2/NRP1 complex status could be of significant
value as a prognostic marker and a potential predictive
marker of anti-angiogenic therapy in PDAC and possibly
other cancer types.

Acknowledgements

We thank the Science for Life Laboratory (SciLifeLab)
facilities, ‘PLA proteomics’, for expert assistance with
the PLA application. Sina Gerbach (Koch) is grate-
fully acknowledged for laying the groundwork for this
study. We also thank Dr Adrian Jubb for sharing the
anti-NRP1 antibody. This study was made possible
through grants to LCW from the Swedish Research
Council (2015-02375), the Swedish Cancer Foundation
(CAN2016/578), and the Knut and Alice Wallenberg
Foundation (KAW 2015.0030 and KAW 2015.0275).

Author contributions statement

EM and LCW conceived the project. EM, ES, CT, VT,
SK, TS, and LCW planned the experiments. EM, ES,
CT, and SK performed experiments. EM and ES ana-
lyzed and evaluated the ISH, IH, IF, and PLA data. CLB,
MS, DÖ, and OF provided critical tumor samples. EM,
ES, and LCW wrote the manuscript. All authors went
through and accepted the text and figures.

References
1. Carmeliet P, Jain RK. Principles and mechanisms of vessel nor-

malization for cancer and other angiogenic diseases. Nat Rev Drug
Discov 2011; 10: 417–427.

2. Young RJ, Reed MW. Anti-angiogenic therapy: concept to clinic.

Microcirculation 2012; 19: 115–125.

3. Oettle H. Progress in the knowledge and treatment of advanced

pancreatic cancer: from benchside to bedside. Cancer Treat Rev

2014; 40: 1039–1047.

4. Kindler HL, Niedzwiecki D, Hollis D, et al. Gemcitabine plus

bevacizumab compared with gemcitabine plus placebo in patients

with advanced pancreatic cancer: phase III trial of the Cancer

and Leukemia Group B (CALGB 80303). J Clin Oncol 2010; 28:
3617–3622.

5. Heinemann V, Reni M, Ychou M, et al. Tumour–stroma interac-

tions in pancreatic ductal adenocarcinoma: rationale and current

evidence for new therapeutic strategies. Cancer Treat Rev 2014; 40:
118–128.

6. Soker S, Miao HQ, Nomi M, et al. VEGF165 mediates formation

of complexes containing VEGFR-2 and neuropilin-1 that enhance

VEGF165-receptor binding. J Cell Biochem 2002; 85: 357–368.

7. Soker S, Takashima S, Miao HQ, et al. Neuropilin-1 is expressed

by endothelial and tumor cells as an isoform-specific receptor for

vascular endothelial growth factor. Cell 1998; 92: 735–745.

8. Whitaker GB, Limberg BJ, Rosenbaum JS. Vascular endothelial

growth factor receptor-2 and neuropilin-1 form a receptor complex

that is responsible for the differential signaling potency of VEGF165

and VEGF121. J Biol Chem 2001; 276: 25520–25531.

9. Wang L, Zeng H, Wang P, et al. Neuropilin-1-mediated vascular

permeability factor/vascular endothelial growth factor-dependent

endothelial cell migration. J Biol Chem 2003; 278: 48848–48860.

10. Lanahan AA, Hermans K, Claes F, et al. VEGF receptor 2 endocytic

trafficking regulates arterial morphogenesis. Dev Cell 2010; 18:
713–724.

11. Salikhova A, Wang L, Lanahan AA, et al. Vascular endothelial

growth factor and semaphorin induce neuropilin-1 endocytosis via

separate pathways. Circ Res 2008; 103: e71–e79.

12. Roth L, Prahst C, Ruckdeschel T, et al. Neuropilin-1 mediates

vascular permeability independently of vascular endothelial growth

factor receptor-2 activation. Sci Signal 2016; 9: ra42.

13. Koch S, van Meeteren LA, Morin E, et al. NRP1 presented in

trans to the endothelium arrests VEGFR2 endocytosis, preventing

angiogenic signaling and tumor initiation. Dev Cell 2014; 28:
633–646.

14. Osada H, Tokunaga T, Nishi M, et al. Overexpression of the neu-

ropilin 1 (NRP1) gene correlated with poor prognosis in human

glioma. Anticancer Res 2004; 24: 547–552.

15. Latil A, Bieche I, Pesche S, et al. VEGF overexpression in clini-

cally localized prostate tumors and neuropilin-1 overexpression in

metastatic forms. Int J Cancer 2000; 89: 167–171.

16. Feng GK, Liu RB, Zhang MQ, et al. SPECT and near-infrared

fluorescence imaging of breast cancer with a neuropilin-1-targeting

peptide. J Control Release 2014; 192: 236–242.

17. Chu W, Song X, Yang X, et al. Neuropilin-1 promotes

epithelial-to-mesenchymal transition by stimulating nuclear

factor-kappa B and is associated with poor prognosis in human oral

squamous cell carcinoma. PLoS One 2014; 9: e101931.

18. Gu C, Rodriguez ER, Reimert DV, et al. Neuropilin-1 conveys

semaphorin and VEGF signaling during neural and cardiovascular

development. Dev Cell 2003; 5: 45–57.

19. Uhlen M, Zhang C, Lee S, et al. A pathology atlas of the human

cancer transcriptome. Science 2017; 357; 6352.

20. Uhlen M, Fagerberg L, Hallstrom BM, et al. Proteomics.

Tissue-based map of the human proteome. Science 2015; 347:
1260419.

21. Kiflemariam S, Andersson S, Asplund A, et al. Scalable in situ

hybridization on tissue arrays for validation of novel cancer and

tissue-specific biomarkers. PLoS One 2012; 7: e32927.

© 2018 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2018; 246: 311–322
on behalf of Pathological Society of Great Britain and Ireland. www.pathsoc.org www.thejournalofpathology.com



322 E Morin et al

22. Wang F, Flanagan J, Su N, et al. RNAscope: a novel in situ RNA
analysis platform for formalin-fixed, paraffin-embedded tissues.
J Mol Diagn 2012; 14: 22–29.

23. Barretina J, Caponigro G, Stransky N, et al. The Cancer Cell Line
Encyclopedia enables predictive modelling of anticancer drug sen-
sitivity. Nature 2012; 483: 603–607.

24. Soderberg O, Gullberg M, Jarvius M, et al. Direct observation
of individual endogenous protein complexes in situ by proximity
ligation. Nat Methods 2006; 3: 995–1000.

25. Nishida T, Yoshitomi H, Takano S, et al. Low stromal area and high
stromal microvessel density predict poor prognosis in pancreatic
cancer. Pancreas 2016; 45: 593–600.

26. Seo Y, Baba H, Fukuda T, et al. High expression of vascular
endothelial growth factor is associated with liver metastasis and a
poor prognosis for patients with ductal pancreatic adenocarcinoma.
Cancer 2000; 88: 2239–2245.

27. Ikeda N, Adachi M, Taki T, et al. Prognostic significance of
angiogenesis in human pancreatic cancer. Br J Cancer 1999; 79:
1553–1563.

28. Lampropoulou A, Ruhrberg C. Neuropilin regulation of angiogen-
esis. Biochem Soc Trans 2014; 42: 1623–1628.

29. Koch S. Neuropilin signalling in angiogenesis. Biochem Soc Trans
2012; 40: 20–25.

30. Serini G, Napione L, Arese M, et al. Besides adhesion: new perspec-
tives of integrin functions in angiogenesis. Cardiovasc Res 2008;
78: 213–222.

31. Fukasawa M, Matsushita A, Korc M. Neuropilin-1 interacts with
integrin β1 and modulates pancreatic cancer cell growth, survival
and invasion. Cancer Biol Ther 2007; 6: 1173–1180.

32. Bauernfeind AL, Babbitt CC. The predictive nature of transcript
expression levels on protein expression in adult human brain. BMC
Genomics 2017; 18: 322.

33. Kawamura H, Li X, Goishi K, et al. Neuropilin-1 in regulation
of VEGF-induced activation of p38MAPK and endothelial cell
organization. Blood 2008; 112: 3638–3649.

34. Lee S, Jilani SM, Nikolova GV, et al. Processing of VEGF-A
by matrix metalloproteinases regulates bioavailability and vascular
patterning in tumors. J Cell Biol 2005; 169: 681–691.

35. Ruhrberg C, Gerhardt H, Golding M, et al. Spatially restricted
patterning cues provided by heparin-binding VEGF-A control blood
vessel branching morphogenesis. Genes Dev 2002; 16: 2684–2698.

36. Roy S, Bag AK, Singh RK, et al. Multifaceted role of neuropilins
in the immune system: potential targets for immunotherapy. Front
Immunol 2017; 8: 1228.

37. Jubb AM, Strickland LA, Liu SD, et al. Neuropilin-1 expression in
cancer and development. J Pathol 2012; 226: 50–60.

38. Kamiya T, Kawakami T, Abe Y, et al. The preserved expression of
neuropilin (NRP) 1 contributes to a better prognosis in colon cancer.
Oncol Rep 2006; 15: 369–373.

39. Shahrabi-Farahani S, Wang L, Zwaans BM, et al. Neuropilin 1
expression correlates with differentiation status of epidermal cells
and cutaneous squamous cell carcinomas. Lab Invest 2014; 94:
752–765.

40. Ben Q, Zheng J, Fei J, et al. High neuropilin 1 expression
was associated with angiogenesis and poor overall survival in
resected pancreatic ductal adenocarcinoma. Pancreas 2014; 43:
744–749.

41. Pan Q, Chanthery Y, Liang WC, et al. Blocking neuropilin-1 func-
tion has an additive effect with anti-VEGF to inhibit tumor growth.
Cancer Cell 2007; 11: 53–67.

42. Patnaik A, LoRusso PM, Messersmith WA, et al. A Phase Ib
study evaluating MNRP1685A, a fully human anti-NRP1 mono-
clonal antibody, in combination with bevacizumab and paclitaxel in
patients with advanced solid tumors. Cancer Chemother Pharmacol
2014; 73: 951–960.

43. Weekes CD, Beeram M, Tolcher AW, et al. A phase I study of the
human monoclonal anti-NRP1 antibody MNRP1685A in patients
with advanced solid tumors. Invest New Drugs 2014; 32: 653–660.

44. Jayson GC, Kerbel R, Ellis LM, et al. Antiangiogenic therapy in
oncology: current status and future directions. Lancet 2016; 388:
518–529.

45. Ohtsu A, Shah MA, Van Cutsem E, et al. Bevacizumab in combi-
nation with chemotherapy as first-line therapy in advanced gastric
cancer: a randomized, double-blind, placebo-controlled phase III
study. J Clin Oncol 2011; 29: 3968–3976.

46. Van Cutsem E, Vervenne WL, Bennouna J, et al. Phase III trial
of bevacizumab in combination with gemcitabine and erlotinib in
patients with metastatic pancreatic cancer. J Clin Oncol 2009; 27:
2231–2237.

47. Van Cutsem E, de Haas S, Kang YK, et al. Bevacizumab in combi-
nation with chemotherapy as first-line therapy in advanced gastric
cancer: a biomarker evaluation from the AVAGAST randomized
phase III trial. J Clin Oncol 2012; 30: 2119–2127.

48. Jubb AM, Miller KD, Rugo HS, et al. Impact of exploratory
biomarkers on the treatment effect of bevacizumab in metastatic
breast cancer. Clin Cancer Res 2011; 17: 372–381.

*49. Rozen S, Skaletsky H. Primer3 on the WWW for general users
and for biologist programmers. Methods Mol Biol 2000; 132:
365–386.

*50. Carson JP, Thaller C, Eichele G. A transcriptome atlas of the
mouse brain at cellular resolution. Curr Opin Neurobiol 2002; 12:
562–565.

*51. Yaylaoglu MB, Titmus A, Visel A, et al. Comprehensive expression
atlas of fibroblast growth factors and their receptors generated by a
novel robotic in situ hybridization platform. Dev Dyn 2005; 234:
371–386.

*52. Paavilainen L, Edvinsson A, Asplund A, et al. The impact of tissue
fixatives on morphology and antibody-based protein profiling in
tissues and cells. J Histochem Cytochem 2010; 58: 237–246.

*53. Schindelin J, Arganda-Carreras I, Frise E, et al. Fiji: an open-source
platform for biological-image analysis. Nat Methods 2012; 9:
676–682.

*54. Lamprecht MR, Sabatini DM, Carpenter AE. CellProfiler: free,
versatile software for automated biological image analysis.
Biotechniques 2007; 42: 71–75.

*Cited only in supplementary material.

SUPPLEMENTARY MATERIAL ONLINE
Supplementary materials and methods

Supplementary figure legends

Figure S1. GAC and PDAC transcript expression

Figure S2. Antibody validation and proximity ligation assay (PLA) technical and biological controls

Figure S3. Vessel parameters and tumor proliferation in GAC tumors

© 2018 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2018; 246: 311–322
on behalf of Pathological Society of Great Britain and Ireland. www.pathsoc.org www.thejournalofpathology.com




