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ABSTRACT

It is now well-established that neuropilins (NRP1 and NRP2), first described as mediators
of neuronal guidance, are also mediators of angiogenesis and tumor progression. NRPs
are receptors for the class-3 semaphorin (SEMA) family of axon guidance molecules
and also for the vascular endothelial growth factor (VEGF) family of angiogenic factors.
VEGF-NRP inferactions promote developmental angiogenesis as shown in mouse
knockout and zebrafish knockdown studies. There is also evidence that NRPs mediate
tumor progression. For example, overexpression of NRP1 enhances tumor growth
whereas NRP1 antagonists, such as soluble NRP1 and anti-NRP1 antibodies, inhibit
tumor growth. Furthermore, some class-3 SEMAs acting via NRPs inhibit tumor angiogen-
esis, progression and metastasis. Clinical data suggest that high NRP levels correlate with
poor prognosis and survival in a variety of cancer types. Taken together, these results
suggest that NRPs are potentially valuable targets for new anticancer therapies. We
analyze here the current knowledge on NRPs and their role in angiogenesis and tumor
progression and enumerate strategies for targeting these receptors.

NEUROPILIN BACKGROUND

Anti-VEGF antibodies have received much attention lately for their ability to block
tumor angiogenesis and prolong the life of cancer patients.! In 2004, Bevacizumab
(Avastin), a humanized monoclonal antibody against VEGF-A, became the first
antiangiogenic drug approved by the FDA as a first line treatment for metastatic colorectal
cancer in combination with chemotherapy. Another anti-VEGF antibody, Ranibizumab
(Lucentis), a monoclonal antibody Fab, has been successful in the treatment of
neovascularization associated with wet neovascular age-related macular degeneration
(AMD), thereby alleviating blindness in patients.” However, in cancer patients the
anti-VEGF-chemotherapy combination has had adverse effects including hypertension,
impaired wound healing and arterial thrombotic events.? Thus, a promising development
surfaced recently in an article by Pan et al.4 where it was reported that antibodies to
neuropilin-1 (NRP1) in combination with anti-VEGF enhanced the ability of anti-VEGF
to block tumor growth.

There are two NRPs, NRP1 and NRP2. These two NRPs are single pass transmembrane
glycoproteins. NRPs were first discovered to be expressed in neurons.’ Subsequently,
NRP1 was identified as the receptor for semaphorin 3A (SEMA3A), a mediator of axon
guidance that repels axons and collapses growth cones.® Surprisingly, NRPs were found
soon thereafter to be receptors for the VEGF family of angiogenesis factors, suggesting that
the receptor could be involved in blood vessel formation.” Structurally, NRPs have a large
extracellular domain (-840 amino acid residues) containing the A, B and C subdomains,
a short transmembrane domain (-25 residues) and a -40 residue long cytoplasmic
sequence (Fig. 1). VEGF, ;5 binds to the B domain, whereas class-3 SEMAs bind to both
the A and B domains.3'% VEGF is a modular protein consisting of eight exons, whose
differential splicing gives rise to different isoforms. Importantly, exon 4 binds to the high
affinity VEGFR-2 tyrosine kinase receptor, whereas it is exons 7 and 8 that bind to NRPs
(Fig. 2A). Thus, VEGF, (5 can bind simultaneously to two receptors, VEGFR-2 and
NRP. VEGF ¢ stimulates enhanced chemotaxis in EC that express VEGFR-2 and NRP1
compared to EC expressing VEGFR-2 alone.” Since NRPs do not have signaling motifs,
it has been suggested that NRP1 is a coreceptor for VEGFR-2.
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Figure 1. Schematic representation of the NRP domain structure. The sites
of interaction with the respective extracellular ligands, VEGF, ;5 and class-3
SEMAs, along with the intracellular binding partner, Neuropilin Inferacting
Protein (NIP), are shown.

Why is anti-VEGF combined with anti-NRP1 more effective
as a tumor growth inhibitor than anti-VEGF alone? Presumably,
VEGF 45 exon 4 interactions with VEGFR-2 and VEGF 4 exons
7/8 interactions with NRPs constitute different signaling pathways
and therefore different targets. There is evidence that NRP signaling
can be independent of VEGFR-2, by binding of NRP interacting
protein (NIP), a PDZ domain-containing protein.!! NIP is identical
to RGS-GAIP- interacting protein (GIPC), which has been suggested
to be involved in vesicular trafficking.!?> GIPC interacts with the
NRP1 C-terminal residues, SEA-COOH. In zebrafish, GIPC knock-
down with morpholinos resulted in a vascular defect resembling
NRP1 knockdown.!! Another NIP is Synectin, which is required for
arterial branching independent of VEGF/VEGFR-2.1314

In the study by Pan et al. the properties of two anti-NRP
antibodies were investigated, anti-NRP14 and anti-NRP18, directed
against the NRP1 A or B domains, respectively. Both anti-NRP1
antibodies inhibited VEGFIGS-induced EC migration, EC sprouting
and neovascularization in the corneal pocket assay but did not
inhibit VEGF, ;s-induced VEGFR-2 phosphorylation or downstream
signaling, EC proliferation, or vascular permeability. Anti-NRP1B
was more effective, consistent with the B domain being the VEGF, 65
binding domain. Tumor blood vessels of mice treated with both
anti-VEGF and anti-NRP1 demonstrated low pericyte association
with tumor EC. Since pericytes stabilize tumor vessels, the lack of
pericytes suggests that the tumor blood vessels are more fragile and
susceptible to anti-angiogenesis therapy. Anti-NRP also inhibited
vascular remodeling in the mouse-developing retina. Thus, anti-NRP1
antibodies might prevent tumor vessel maturation and, in this way,
keep vessels dependent on VEGF and, thus, more susceptible to
anti-VEGF treatment.

NEUROPILINS AND ANGIOGENESIS

What is the evidence that NRPs mediate angiogenesis, both
normal and pathological? NRPs are expressed in the vascular
system with some degree of vessel type specificity, in the mouse,
chick, and zebrafish embryo. NRP1 is expressed in arterial EC
whereas NRP2 is expressed in vein and lymphatic EC.!51® Mouse
knockout studies have been invaluable in determining the role of
NRPs in blood vessel development. A number of animal models
have been used to delineate NRP function in angiogenesis. The
first indication that NRP1 was involved in angiogenesis was the
demonstration that overexpression of Nrp! in transgenic mice was
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embryonic-lethal and displayed vascular defects including excess
numbers of blood vessels, dilated blood vessels, hemorrhage, and
malformed hearts and limbs.!” Nrp-1-deficient mice died in utero at
E12.5 to E13.5 and exhibited vascular defects including abnormal
yolk sacs, abnormal neuronal vascularization, disorganized blood
vessels, lack of normal branching, missing capillary networks,
cardiovascular defects including agenesis of the bronchial arches,
defects in the dorsal aorta, and transposition of aortic arches.?’
Nrp2-deficient mice were viable,?! developed arteries and veins
normally but displayed a severe reduction of small lymphatic vessels
and capillaries.'® Double Nrp1/Nrp2 knockout mice died at E8.5
with a more severe vascular phenotype than Nrpl-deficient mice
including avascular yolk sacs, growth retardation and lack of vessel
development, capillary formation, and branching.??

In zebrafish, the knockdown of NRP1 by antisense morpholinos
(MO) resulted in vascular defects.?? These defects included a loss
of circulation via the intersegmental vessels (ISV), via the dorsal
longitudinal anastomotic vessels (DLAV), and via the caudal vein
plexus. The ISV correspond to angiogenic sprouts. Furthermore,
abnormal direct connections between the artery and vein resembling
fistulas resulted in aberrant return of blood circulation back to the
heart. Of interest, MO treatment at the 14 cell stage did not inhibit
axial vessel formation. Thus, in zebrafish, NRP1 is a regulator of
angiogenesis but not vasculogenesis.

NEUROPILINS AND SEMAPHORINS

The other set of ligands for NRPs are the class-3 family of
semaphorins (SEMA), of which there are seven members (A-G).
SEMAs were first described as negative mediators of axon pathfinding
that repel axons and collapse growth cones.&24 Surprisingly, it turned
out that some semaphorins are angiogenesis inhibitors as well. The
SEMA-NRP complex alone does not transmit signals. Instead, NRPs
form complexes with plexins, that are transmembrane proteins that
act as substrates for kinases, and that transduce the SEMA signal.25’26
SEMA3A inhibits EC adhesion, migration and sprouting.y’28
Semaphorins also inhibit tumor growth, tumor angiogenesis and
metastasis. Overexpression of SEMA3F in melanoma cells in vivo
inhibited tumor angiogenesis and metastasis.?’ Interestingly, it
appeared that SEMA3F acted by repelling EC and preventing
the invasion of tumor by blood vessels. This mechanism mimics
the well-characterized SEMA repulsion of axons. SEMA3B also
appears to be an inhibitor of tumor progression. Adenocarcinoma
cells transfected with SEMA3B are less tumorigenic compared to
controls.® Another mechanism involves p53, a tumor suppressor.
p53 increases the levels of SEMA3E?3! which in turn is also considered
to be a tumor suppressor.3? p53 knockdowns show enhanced tumor
angiogenesis concomitant with lower SEMA3F and NRP2 gene
expression.?! Tt should be noted that SEMA3E is an exception to
the rule. In contrast to other class-3 SEMAs, SEMA3E directly
binds to Plexin-D1; SEMA3E-plexin D1 interactions are required
for the patterning of intersomitic blood vessels (ISV) and do so in a
NRP-independent way.?? In contrast with other SEMAs whose activity
is suppressed by furin-dependent proteolysis,>* SEMA3E becomes
activated by cleavage and in turn promotes lung metastasis.>

Importantly, SEMA3A and VEGF ;5 are competitive inhibitors.
VEGF ¢ inhibits SEMA3A-induced dorsal root ganglia (DRG)
collapse, whereas SEMA3A inhibits VEGF | ;s-induced EC morility.?®
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Figure 2. (A) Schematic view of the VEGF exon organization. Amino acid residues encoded by exons
3 and 4, respectively, are responsible for interaction with VEGFR-1 and VEGFR-2, respectively. Exons
6 and 7 represent the VEGF heparan sulphate proteoglycan (HSPG) binding domains. Exons 7 and 8
are involved in NRP binding. The asterisks represent the two major targets of therapeutics, (VEGFR-2
and NRP). (B Strategies to inhibit VEGF, 45 signaling through VEGFR-2. These include VEGFR-2 kinase
inhibitors (e.g., PTK787), soluble VEGFRs (e.g., VEGF-rap), antibodies against VEGFR-2 (e.g., DC101)
and antibodies against VEGF (Bevacizumab, Ranibizumab). (C) Strategies to target VEGF, 4 5 interaction
with neuropilins. These include: anti-NRP1 antibodies, soluble NRP isoforms and semaphorins (e.g.,
SEMA3A, SEMA3B, SEMASF). In addition, there are a number of peptide-mimetics of VEGF, ;5 exons
7/8 which block interaction with NRPs such as VEGF, .5 (137-160), A7R, EG3287, Tuftsin and its

analog TKPPR (see Table 2).

The structural basis for this competitiveness may be that SEMAs
and VEGF (5 both bind to the NRP1/NRP2 B domain suggesting
that they have some binding sites in common. Thus, the ratio of
VEGF, ;5 to SEMA might tip the balance between promoting and
blocking angiogenesis. An evidence for this possibility is that a high
VEGF, ;s/SEMA ratio has been correlated with poor prognosis in
ovarian carcinoma patients.3

NEUROPILINS AND TUMORS

NRP1-driven angiogenesis contributes to tumor growth in
mice. For example, inducible overexpression of NRP1 in prostate
carcinoma cells in vivo resulted in larger and highly vascular tumors.”
Tumor sections had high levels of VEGF165 protein, suggesting
that VEGF, ;5 was retained in the tumor by binding to NRPI.
Similarly, human colon adenocarcinoma cells overexpressing NRP1
led to larger and more angiogenic tumors compared to controls.?
Overexpression of NRP1 in U87MG human glioblastoma, which
expresses relative low levels of the receptor, resulted in accelerated
tumor growth and angiogenesis compared to control tumors.>> On
a different note, overexpression of NRP1 in pancreatic cancer cells
renders these cells less susceptible to detachment-induced apoptosis
(anoikis) and more resistant to chemotherapy (gemcitabine and
5-fluorouracil).“* However, opposite results in pancreatic cancer were
obtained by Gray et al.4! In this study, overexpression of NRP1 led to
decreased tumorigenity of a pancreatic cancer line and, by contrast,
NRP1 silencing significantly increased tumorigenity.

NEUROPILIN EXPRESSION IN CANCER PATIENTS

Clinical samples derived from cancer patients have demonstrated
that in many different varieties of tumors, NRP expression is elevated
and that this enhancement is correlated with poor prognosis
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tasis and shorter survival than patients
with low levels of NRP4 In gastrointes-
tinal cancers NRP1 expression correlated
with increased invasive growth.#> NRP2
expression can also correlate with tumor
progression. For example, osteosarcomas
with NRP2 expression showed significantly
increased vascularity and poorer prognosis. 40
Expression of both NRP1 and NRP2 was
significantly higher in ovarian carcinomas
than in benign tumors. Interestingly, SEMA
was strongly expressed in benign tumors and much less expressed in
late stage carcinomas.® Patients with a high VEGF to SEMA ratio
showed poorer survival than those with low VEGF/SEMA ratios.
The expression of NRP1 and NRP2 in nonsmall cell lung carcinomas
(NSCLC) was higher compared to the expression in extraneoplastic
tissue.*” Moreover, patients with coexpression of the two NRDs
showed poorer prognosis and increased vessel counts compared to
individuals without coexpression. In nonsmall cell lung carcinoma,
the levels of NRP1 and NRP2 increased during different stages of
lung cancer, progressing from dysplasia to microinvasive carcinoma.“8
VEGEF was also elevated whereas SEMA3F levels remained low, again
showing an inverse relationship of VEGF and SEMA expression
in cancer. Although these studies appear to be strong evidence for
NRP expression being elevated in tumors, there is a contrary report
indicating that expression of NRP1 contributes to a better prognosis
in colon cancer.4? Gene expression levels of NRP1 in this tumor were
decreased compared to the extra-neoplastic tissue levels. On the other
hand, NRP2 expression was not diminished in these tumors.

NEUROPILIN ANTAGONISTS

Antagonists of VEGF-VEGF receptor interactions have shown
promise as inhibitors of tumor angiogenesis. These antagonists
include anti-VEGF antibodies (Bevacizumab and Ranimizumab,
Genentech),’ anti-VEGFR-2 antibody (DC101),°! VEGR kinase
inhibitors (e.g., PTK?787)%2 and soluble VEGFRs, such as VEGF-trap,
a soluble receptor consisting of the second Ig domain of VEGFR-1
fused to the third Ig domain of VEGFR-2 (Fig. 2B).>3

Theefficacy of anti-NRP1 antibody as an inhibitor of tumor growth
in a preclinical tumor model4 suggests that it could be worthwhile
to develop other strategies for inhibiting NRP activity. A number
of NRP antagonists have been reported. These antagonists include
anti-NRP1 antibodies (described above), semaphorins (described
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Table T Correlation between neuropilin expression and tumor progression
Tumor Type NRP1 NRP2 Status Reference
Glioma 0 na.' Poorer prognosis 42
Acute myeloid leukemia T n.a. Poorer survival 43
Colon cancer 0 n.a. Poorer survival, higher lymph node and liver metastasis 44
Gastrointestinal cancer T n.a. Higher invasiveness 45
Osteosarcoma n.a. T Increased vascularity, poorer prognosis 46
Ovarian carcinoma T T Poorer prognosis; high VEGF/SEMA ratio is prognostic for poor survival 36
Nonsmall cell lung carcinoma (NSCLC) 0 Poorer prognosis; increased vascularity 47
Nonsmall cell lung carcinoma (NSCLC) T NRPT, NRP2, and VEGF, 4 increase with tumor stage; loss 48
of SEMAGF in premalignant lesions
Colon cancer \) n.c.2 Poorer prognosis 49
n.a.): not analyzed; n.c2: no change.
Table 2 Anti-neuropilin strategies
Factor Mechanism Reference
Semaphorins Competition for VEGF 5 binding to NRPs; Repulsion of EC (SEMASF) 28; 29
Anti-NRP antibody Inhibition of VEGF, 45 binding to fulllength NRP; Additive effect with anti-VEGF in tumor growth inhibition 4
Soluble NRP Inhibition of VEGF, 45 signaling; antitumor activity 55; 56
NRP B domain Inhibition of VEGF, 45 binding to full-length NRP 8
VEGF, 45 (137-160)! Inhibition of VEGF-induced EC proliferation 58
ATWLLPR (A7R)? Inhibition of VEGF, .5 binding to NRP; Antiangiogenic and antitumor activity 61
EG32873 Inhibition of VEGFR-2 phosphorylation and downstream signaling 59
TKPPR4 Inhibition of VEGFR-2 activation 60

IVEGF, 5 fragment consisting of exon 7 (amino acids 22-44) and the first amino acid of exon 8, a cysteine residue; 2Peptide identified by screening a mutated phage library against an anti-VEGF antibody that blocks
VEGF, ;;-dependent EC proliferation; *Byciclic peptide consisfing of exon 7 (amino acids 23—4) and exon 8; “Tuftsin-like peptide (TKPR). Homologous fo VEGF  exon 8.

above), soluble NRP1 (sNRP1), and peptides derived from VEGF
and from NRPs that block VEGF
Table 2).

Naturally occurring sSNRPs originate from alternative splicing of
the NRP gene within introns yielding several spliced isoforms.>%>>
At the protein level sSNRPs consist of the extracellular NRP domains,
in particular the A and B subdomains.>4-56 Overexpression of SNRP1
in prostate cancer cells resulted in tumors that were severely apoptotic

165
165-NRP interactions (Fig. 2C and

and contained mainly damaged and hemorrhagic tumor vessels,
ostensibly by inhibiting VEGF function.>> Thus, sNRP1 may be
acting as 2 VEGF trap. Similarly, sNRP1 inhibited human breast
carcinoma cell migration by a mechanism implying sequestering of
endogenous VEGF, ..%¢ Taken together, these data suggest that NRP
soluble isoforms might act as VEGF 5 antagonists that sequester
VEGF, ;5 and prevent the tumorigenic and angiogenic effects
mediated by the full-length NRP.

VEGF ¢ via its exons 7/8 binds solely to the NRP B domain
(Geretti E and Klagsbrun M, unpublished).®>5” Thus, a NRP B
domain peptide is a potential competitive inhibitor of VEGF-NRP
interactions. An advantage of the NRP B domain peptide would be
that it targets VEGF | .5 only, and not the SEMAs, which require both
the A and B domains for optimal interaction with receptor (Geretti E
and Klagsbrun M, unpublished).”!? This selectivity might be

important for in vivo anti-angiogenesis applications where it would
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be desirable to inhibit VEGF activity but not semaphorins, which are
angiogenesis inhibitors.

Strategies have been developed to target VEGF-NRP1 interaction
based on interfering with VEGF exons 7 and 8 binding to NRP1.
For example, a peptide corresponding to VEGF exon 7 (44 amino
acids) and 8 (6 amino acids) inhibited VEGF, ;5 binding to NRP1
and VEGF, js-induced EC proliferation.”® The active region was
found to be in the second half of exons 7, amino acids 22-44
plus the first amino acid of exon 8, a cysteine residue. A bicyclic
peptide, EG3287, based on a NRP1 binding site located in VEGF
exons 7 and 8, inhibited VEGF, 5 binding to PAE-NRP1 cells
but not to PAE cells expressing VEGF receptor tyrosine kinases
(VEGFR-1 and VEGFR-2).>? The bicyclic peptide, however, did
inhibit cross-linking of VEGF ;5 to VEGFR-2 in ECs coexpressing
VEGFR-2 and NRP1, and as a result inhibited VEGF, ;5 signaling,
e.g., VEGFR-2, PLC-y and ERK phosphorylation.>® The importance
of VEGF exon 8 for NRP binding was further substantiated by a
study showing that Tuftsin (TKPR), an analogue of VEGF exon 8
(CDKPRR), inhibited VEGF, ;s binding to NRP1.°" An analogous
synthetic peptide, TKPPR, was even a higher affinity antagonist.
TKPPR inhibited VEGF, js-induced VEGFR-2 activation without
directly inhibiting VEGF, 65 binding to VEGFR-2. Another peptide,
ATWLLPR (A7R), inhibited VEGF165 binding to NRP1 but not
to VEGFR-2. A7R inhibited EC proliferation, tube formation and
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growth of MDA-MB231 mouse xenografts.° Taken together it
appears that a class of VEGF, (5 inhibitors has been developed that
consists of rationally designed peptides for the purpose of blocking
VEGF-NRP interactions.

FUTURE DIRECTIONS FOR NRP RESEARCH

There is solid evidence that NRPs mediate tumor progression,
either as stimulators in VEGF-mediated pathways or as inhibitors
in SEMA-mediated pathways. Several areas of research might prove
to be beneficial. One would be to develop more NRP antagonists
in a rational manner. For example, anti-NRP1 antibody has
proven to be effective in inhibiting tumor growth in combination
with anti-VEGF antibody. An anti-NRP2 antibody could prove
to be useful in curbing tumor progression in combination with
anti-NRP1 antibody. An anti-NRP2 antibody might be useful in
inhibiting lymphangiogenesis in tumors since lymphatic EC express
solely NRP2.

Besides the antibody approach, another strategy that is being
developed and holds promise is to target VEGF exon 7 interactions
with the NRP B domain. NRP soluble fragments and VEGF exons
7/8 mimetics that do so have been described and these studies could
be expanded. The availability of B domain crystal structures, for
example, the bl domain of NRP1%? and the B domain of NRP1,
cocrystallized with Tuftsin,% offer valuable starting points for rational
structure-based inhibitor design. For example, mutations in the B
domain that would bind VEGF more tightly might be efficient in
sequestering VEGF (Geretti E and Klagsbrun M, unpublished). In
all of these strategies, it would be important not to affect adversely
SEMA binding to NRPs since some SEMAs are inhibitors of tumor
progression.

Another important aspect of NRP relationship to tumors would
be to expand analysis of NRPs expression along with VEGF and
SEMAEs levels in patients. So far, it has been found that at least seven
tumor types show an increase in NRP1, NRP2 or both NRP levels.
A larger sampling of patient data would be critical in ascertaining
reliability. Most of this work is based on immunohistological
analysis of tumor sections but it would be beneficial to develop
more quantitative analytical methods (e.g., ELISA) for this purpose.
An interesting possibility is that the VEGF/SEMA ratios might be
diagnostic. Finding ways of upregulating endogenous SEMAs (3A,
3B and 3F) might counteract VEGF activity.

In summary, NRPs can mediate either the stimulation (VEGF)
or the inhibition (SEMA) of tumor angiogenesis and progression.
Inhibiting VEGF-NRP interactions while promoting SEMA-NRP
interactions might be rational approaches to regulating tumor
angiogenesis and progression.
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