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Abstract Neuropilin 1 (NRP1) is a transmembrane gly-
coprotein that acts as a co-receptor for a number of extra-
cellular ligands including class III/IV semaphorins, certain
isoforms of vascular endothelial growth factor and trans-
forming growth factor beta. An exact understanding of the
role of NRP1 in the immune system has been obscured
by the differences in NRP1 expression observed between
mice and humans. In mice, NRP1 is selectively expressed
on thymic-derived Tregs and greatly enhances immunosup-
pressive function. In humans, NRP1 is expressed on plas-
macytoid dendritic cells (pDCs) where it aids in priming
immune responses and on a subset of T regulatory cells
(Tregs) isolated from secondary lymph nodes. Prelimi-
nary studies that show NRP1 expression on T cells confers
enhanced immunosuppressive activity. However, the mech-
anism by which this activity is mediated remains unclear.
NRP1 expression has also been identified on activated T
cells and Tregs isolated from inflammatory microenviron-
ments, suggesting NRP1 might represent a novel T cell
activation marker. Of clinical interest, NRP1 may enhance
Treg tumour infiltration and a decrease in NRP14 Tregs
correlates with successful chemotherapy, suggesting a spe-
cific role for NRP1 in cancer pathology. As a therapeutic
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target, NRP1 allows simultaneous targeting of NRPI-
expressing tumour vasculature, NRP1+ Tregs and pDCs.
With the development of anti-NRP1 monoclonal antibodies
and cell-penetrating peptides, NRP1 represents a promising
new target for cancer therapies. This paper reviews current
knowledge on the role and function of NRP1 in Tregs and
pDCs, both in physiological and cancer settings, as well as
its potential as a therapeutic target in cancer.
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Neuropilin 1

The Neuropilins are 120-140 kDa type I transmembrane
proteins involved in a wide range of physiological and
pathological processes. Neuropilin 1 (NRP1, CD304 or
BDCA-4) has been described in immunity, cardiovascular
development, neuronal guidance, cell migration, angio-
genesis and cancer pathogenesis [1-3]. In humans, NRP1
is expressed on plasmacytoid dendritic cells (pDCs) [4-6],
arterial endothelium [7] and a small subset of T regulatory
cells (Tregs) found in lymphoid tissue [8]. Recently, there
has been a great deal of interest in NRP1 as a mediator of
tumour development and progression since it was observed
to be extensively expressed in tumour vasculature, where
NRP1 over expression is associated with tumour progres-
sion and poor clinical outcome [9].

Two Neuropilin homologues have been identified in
vertebrates, NRP1 and NRP2. NRP2 consists of two fur-
ther splice variants, NRP2A and NRP2B, exhibiting vary-
ing levels of sequence homology with NRP1 (44 and 15 %,
respectively, across all domains) [3]. Given their struc-
tural similarities, particularly in the extracellular domains,
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NRP2A and NRPI are able to interact in a similar manner
with a number of ligands [3]. This paper will focus on the
interactions of NRP1 in the immune system and in particu-
lar, in cancer.

Structure

Neuropilin 1 has a small intracellular cytoplasmic domain,
a transmembrane domain and an extracellular domain. The
extracellular NRP1 domain is divided into 3 parts: a N-ter-
minal complement-binding CUB domain (al/a2), coagula-
tion factor V/VIII (b1/b2) domain, and a meprin or MAM
domain (c) [10].

The meprin domain, along with the transmembrane
domain, is involved in dimerisation; this is essential for
NRP1 co-receptor activity [3, 11]. The intracellular cyto-
plasmic domain interacts with and binds a number of pro-
teins including Myosin heavy chain proteins, Mhy-9 and
Mhy-10, focal adhesion (FA) proteins and PDZ-motif con-
taining proteins such as GIPC and synectin. PDZ proteins

are important in signal complex formation as well as in
maintaining the structural integrity of transmembrane pro-
teins, such as NRP1 [12]. The cytoplasmic domain is also
thought to be important in the pro-angiogenic activity of
NRP1, for example, through the binding of FA proteins
such as Filamin-A (FInA) [13].

Neuropilin 1 acts as a co-receptor for a number of
extracellular ligands: class III and class IV semaphor-
ins (SEMA3A/SEMAA4A, respectively) [14], a number of
growth factors including vascular endothelial growth factor
165, VEGF 45 [15, 16], in addition to both active transform-
ing growth factor beta (TGF-) and the inactive latent form
bound to latency-associated peptide (LAP), LAP-TGF-g
[17, 18]. The interactions of NRP1 with its extracellular
ligands are summarised in Table 1.

Several soluble isoforms of NRP1 (sNRP1) also exist
without transmembrane or cytoplasmic domains. These
sNRPI1s still express the extracellular domains allowing
them to bind NRP1 ligands [19]. Several sNRP1 isoforms
have been implicated in regulation and inhibition of NRP1

Table 1 Summary of NRP1 interactions with extracellular ligands and effects

Ligand NRP1 domain Effect References
SEMA3A CUB (al/a2) extracellular domain Promotes prolonged T cell-DC interaction and T cell activation  [14, 25, 87]
and IL-10 secretion
SEMA4A CUB (al/a2) extracellular domain Promotes contact-independent Treg function (via IL-10 & IL-35) [26]
and maintains Treg stability in vivo
TGF-B & TGF-BRI/IVIII bl1/b2 extracellular domain Activates latent LAP-TGF-f enhancing TGF-f immune sup- [17, 18]
pression and TGF-f mediated Treg generation. TGF-pR1—
NRP1 complex formation also enhances TGF-f activity
VEGF 45145 b1/b2 extracellular domain VEGF 45 enhances VEGFR2-NRP1 complex formation by [16, 33]
acting as a ‘bridging molecule’—this enhances pro-angiogenic
effects of VEGF ¢
VEGFR1/2 b1/b2 extracellular domain VEGFR2-NRP1 complex formation enhances VEGF,¢; binding  [31]
and pro-angiogenic effects
EGFR NRP1 extracellular domain, possibly NRP1 binds the oncogene EGFR enhancing its downstream [41]
b1/b2 domain signalling activity via AKT phosphorylation—this promotes
tumour cell differentiation and proliferation
HGF b1/b2 extracellular domain NRPI1-HGF binding enhances c-Met signalling promoting [42, 43]
endothelial cell proliferation and angiogenesis
HGEFR (or c-Met) CUB (al/a2) extracellular domain NRPI-HGFR complex is internalised in a HGF-dependent [43]
mechanism resulting in increased cancer cell invasiveness
(observed in a model of human PDAC)
PDGF Unconfirmed physical interaction PDGEF upregulates NRP1 expression promoting VSMC mobili-  [44]
with NRP1; possibly b1/b2 domain  sation and angiogenesis
PDGFR-a b1/b2 extracellular domain NRP1 binding enhances PDGFR-a affinity for PDGF, promot- [45, 46]
ing MSC and VSMC mobilisation, tissue remodelling and
angiogenesis
FGF2 Unconfirmed physical interaction NRP1 binding of FGF2 enhances the FGF2 growth stimulatory ~ [48]
with NRP1; possibly b1/b2 domain  functions and pro-angiogenic activity
PIGF b1/b2 extracellular domain PIGF signals through its receptor, NRP1, promoting angiogen-  [47]

esis and tumour growth

VSMC vascular smooth muscle cell, MSC mesenchymal stem cell, PDGF placenta derived growth factor, HGF hepatocyte growth factor, EGF
epidermal growth factor, FGF fibroblast growth factor, PIGF placental growth factor, PDAC pancreatic ductal adenocarcinoma
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activity by sequestering NRP1 ligands [19-22], or through
other pathways [23]. The full extent of SNRP1 functions,
however, is still not fully understood.

Functions
Class 11l and class 1V semaphorins

The semaphorins are a large group of membrane-bound
and secreted proteins. Initially identified as essential regu-
lators of axonal growth cone development, the semaphor-
ins are involved in cell apoptosis, cell migration, tumour
suppression and progression, angiogenesis, immune dys-
regulation [24]. NRP1 coupled with plexin A forms a high-
affinity co-receptor for the class III secreted semaphorin A,
SEMA3A or collapsin-1 [18]. NRP1 binds SEMA3A via the
CUB domain. This binding effectively ‘locks’ Plexin A and
SEMA3A together forming a ternary signalling complex that
enhances signal transduction and SEMA3A activity [14].
Interestingly, the interaction of SEMA3A with the NRP1-
Plexin A co-receptor complex has been implicated in the
inhibition of T cell activation and proliferation by disrupting
the formation of immunological synapse with DCs [25].

Very recent work has also identified a role for the class
IV semaphorin, SEMA4A, and its interactions with NRP1,
in maintaining Treg function and stability [26]. Similar to
SEMA3A, SEMA4A binds the CUB domain of NRP1, but
at a lower affinity than SEMA3A. SEMA4A ligation of
NRP1 expressed on Tregs was found to be essential for con-
tact-independent Treg-mediated suppression via secretion
of IL-10 and IL-35, as studied in an in vitro murine model.
SEMA4A-NRP1 ligation was also found to promote Treg
stability by restraining Akt-mTOR signalling. Akt phos-
phorylation and activation promotes exclusion of Foxo
transcription factors from the nucleus; these transcription
factors are important for FoxP3 expression and Treg devel-
opment. SEMA4A-NRPI1 ligation recruits phosphatase
and tensin homolog (PTEN) to the immunological synapse
inhibiting Akt phosphorylation and preventing exclusion
of Foxo transcription factors from the nucleus. This in turn
enhances Treg stability and functionality [26].

Vascular endothelial growth factor

Vascular endothelial growth factor (VEGF) is a glycopro-
tein growth factor and a key regulator of angiogenesis and
endothelial cell survival. In healthy individuals, VEGF pro-
motes wound healing, vascular homeostasis and healthy
embryo development [27-29]. In cancer, VEGF stimulates
tumour angiogenesis; without development of this vascula-
ture tumours cannot grow past 1-2 mm in size. Increased
VEGEF levels are associated with worsening prognosis and
cancer progression [30].

Neuropilin 1 is a high-affinity co-receptor for a num-
ber of VEGF-A isoforms, in particular VEGF 45 [15, 16].
NRP1 binds the VEGF tyrosine kinase receptor, VEGFR2,
via the NRP1 b1/b2 domain, resulting in increased affin-
ity of VEGF, 45 for the extracellular domain of VEGFR2
[31]. The intracellular PDZ-binding domain of NRP1 has
also been implicated in NRP1-VEGFR2 complex forma-
tion; deletion of the intracellular domain reduced NRP1-
VEGFR2 complex formation [32]. VEGF 45 can also con-
tribute to VEGFR2-NRP1 complex formation through its
own binding activity—it has distinct binding sites for both
NRP1 and VEGFR2, allowing it to bind both and act as
a ‘bridging molecule’ between them [16, 33]. Co-expres-
sion of NRP1 and VEGFR2 on endothelial and tumour
cells promotes angiogenesis and vasculature development
[34]. Given the role of NRPI in promoting tumour angi-
ognesesis, NRP1 has been identified as a potential target
for anti-angiogenic therapies. Post-transcriptional modi-
fication of NRPI1 at the glycosaminoglycan (GAG) site
can regulate VEGFR2 expression and also affect VEGF
activity; this could be utilised to dampen VEGFs pro-
tumour effects [35]. Another study that investigated the
in vivo efficacy of anti-VEGF therapies identified block-
ing of NRPI-VEGF coupling as an effective therapeutic
approach [36].

Transforming growth factor B

Transforming growth factor beta (TGF-f) is a cytokine
that plays essential roles in healthy physiological develop-
ment, inflammation, and host immunity [37, 38]. It has also
been shown to play a pathological role in promoting car-
cinoma initiation, progression and metastasis [39]. NRP1
acts as co-receptor for TGF-B enhancing TGF-f activity
via the SMAD?2/3 signalling pathway [18]. NRP1 is able
to activate the inactive membrane-bound latent form, LAP—
TGF-B, through the b1/b2 domain. NRP1 also enhances
affinity of TGF-B for its receptors, TGF-BRI/II/III, by
binding and linking the receptors together forming a co-
receptor complex that is internalised [17, 18]. TGF-f has
been implied in Treg generation and direct suppression of
T effector cells (Teff) [40]. NRP1 might therefore promote
immune suppression by enhancing TGF- activity.

Other growth factors

EGF promotes cellular differentiation and proliferation,
through its high-affinity receptor, EGFR. Enhanced EGFR
activity has been associated with tumour progression in a
number of cancers. Dysregulation of NRP1 expression
impairs EGFR function, inhibiting EGFR signalling activ-
ity and counter-acting its role in tumour growth and spread
[41]. HGF can also contribute to tumour progression
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through its role in regulating cellular proliferation and
morphogenesis through its proto-oncogene receptor, c-Met
or HGFR. Increased HGFR signalling and HGF secretion
from cancer-associated stroma and fibroblasts has been
observed in a number of cancers. Both NRP1 and NRP2
have been reported to enhance HGF activity and HGFR
signalling, contributing to tumour progression [42, 43],
while disruption of NRP1 expression on endothelial cells
was found to impair HGF activity and HGFR signalling
[42]. PDGF plays important roles in cellular proliferation,
and, in particular, blood vessel formation. Increased secre-
tion of tumour-derived PDGF and expression of its recep-
tors, PDGFR-a/f, on tumour vasculature have been shown
to promote tumour angiogenesis and vascular smooth mus-
cle cell (VSMC) mobilisation, a key step in pathological
angiogenesis [44—46]. NRP1 has been reported to mediate
these activities, through interactions with PDGF and pos-
sibly acting as a co-receptor for PDGFR, enhancing its
affinity for PDGF [44-46]. PDGF exerts its activity via its
receptor, NRP1. PIGF/NRP1 signalling has been shown to
promote tumour angiogenesis and tumour cell survival in
a murine model [47]. NRP1 also interacts with a number
of FGFs, including FGF2. FGF2-NRP1 binding enhances
FGF2 growth stimulatory activity thus contributing to
tumour progression [48].

T regulatory cells

Tregs are potent immunosuppressive cells with well-estab-
lished roles in physiological and pathological functioning,
including immune homeostasis, allergic responses, tumour
immunity, inflammation, and graft rejection [49]. Depletion
of Tregs in vivo breaks self-tolerance, leading to develop-
ment of potentially lethal autoimmune diseases [49]. The
most described Treg subsets are CD4+ cells express-
ing high levels of the IL-2 receptor alpha chain (CD25)
[50]. These CD4+CD25™ Tregs make up approximately
5-10 % of the peripheral CD4+ lymphocyte population
[49]. More recent studies identified the forkhead box P3
nuclear transcription factor (FoxP3) as a specific intracel-
lular Treg marker, and Tregs are currently identified as
CD4+CD25""FoxP3+ cells [51].

Thymic-derived and peripherally induced FoxP3+ Tregs

There are two major FoxP3+ Treg subsets: thymic Tregs
(tTregs) and peripherally derived Tregs (pTregs). tTregs
are generated in the thymus from naive lymphocytes via
high-affinity T cell receptor (TCR) interactions with self-
antigen presented by major histocompatibility complex
(MHC) class II molecules [52]. tTregs represent the major-
ity of Tregs and are found both in the thymus and in the
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periphery. Their function broadly entails raising the thresh-
old for all immune responses to occur and in maintaining
self-tolerance [53, 54]. pTregs are generated from naive
CD4+ T cells in the peripheral lymphoid tissue via subim-
munogenic TCR stimulation in the presence of TGF-f and
IL-2 which drives pTreg expansion [53]. tTregs can con-
tribute directly to pTreg generation by secretion of TGF-
B, IL-10 and IL-35, or else indirectly via ‘infectious toler-
ance’, where tTregs ‘infect’” CD4+ T cells acting through
dendritic cells (DCs) to induce pTreg generation [55]. The
exact functions and interactions between tTregs and pTregs
in vivo are not clear. Both subsets are required for effec-
tive immune system regulation. tTregs and pTregs have
significant overlapping gene expression signatures suggest-
ing similar effector mechanisms. Tregs induced in vitro via
polyclonal TCR activation with IL-2, TGF-f and all trans
retinoic acid exhibited a similar suppressive capacity to
freshly isolated tTregs [56]. The TCR repertoire of pTregs
differs from that of tTregs. pTregs may therefore supple-
ment tTreg function by expanding the range of recognised
antigens [57].

Neuropilin 1 expression in Tregs

NRP1 has been identified as a specific murine Treg marker
[58, 59] that is exclusively upregulated on murine Tregs and
downregulated on other T cell subsets, including recently
activated CD4+CD25M" T cells [58]. NRP1 expression was
found to closely correlate with FoxP3 expression through-
out Treg development, from the naive thymocyte stage to
mature Tregs. Yadav et al. [60] and Weiss et al. [61] recently
showed that NRP1 was an exclusive marker for murine
tTregs. They proposed that tTregs express the phenotype
CD4+CD25"INRP1, Using myelin basic protein (MBP)-
specific TCR transgenic mice crossed with recombination
activating gene (RAG)-deficient mice unable to produce
tTregs, Yadav et al. [60] generated pTregs via: (1) stimula-
tion of conventional CD4+ cells in vitro with TGF-B and
CD3/CD28 microbeads or Ag-primed antigen presenting
cells (APCs), (2) in vivo homeostatic conversion of naive T
cells transplanted into the RAG-deficient mice and (3) pro-
longed in vivo sub-immunogenic stimulation of ovalbumin
(OVA)-specific TCR transgenic mice with OVA peptide.
pTregs generated by all of these pathways were NRP-O'~,
In addition, pTregs isolated from gut-associated lymphoid
tissue, an important site for pTreg generation, expressed a
NRPYY~ phenotype. Weiss et al. [61] corroborated these
findings showing that pTregs generated through oral anti-
gen administration also expressed the NRP““'~ phenotype.

Importantly, both Yadav and Weiss reported that
NRP1X9~ pTregs and NRPIM! tTregs maintained sta-
ble expression of their NRP1 phenotypes after activa-
tion with plate-bound anti-CD3/CD28 in vitro or via APC
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presentation under homeostatic conditions both in vitro
and in vivo [60, 61]. FoxP3, in contrast, was significantly
upregulated under the same conditions. Interestingly, how-
ever, NRP1 was transiently upregulated on some NRP-*/~
Tregs in lymphopenic hosts [60]. Weiss et al. [61] further
observed that pTregs isolated from highly inflammatory
microenvironments, such as the spinal cord of mice with
spontaneous experimental autoimmune encephalomyelitis
(EAE) and the lungs of mice with chronic asthma, exhibited
highly upregulated levels of NRP1 expression and main-
tained NRP1 expression after removal from the inflamma-
tory environment. Tregs isolated from the spleen and lymph
nodes, however, maintained a NRPY?'~ phenotype. It seems
inflammatory microenvironments may upregulate NRP1
expression on murine pTregs in vivo; this is in contrast to
in vitro and in vivo activation under homeostatic conditions
where NRP1 was reported to be downregulated [60, 61].
Solomon et al. [62] found that expression of NRP1 on Tregs
in the central nervous system (CNS) attenuated EAE sever-
ity and progression in mice. On the other hand, NRP1 defi-
ciency resulted in induction of inflammatory Th17 cells and
rapid disease progression, while FoxP3 expression remained
constant throughout under these conditions [62]. tTreg defi-
ciency in mice causes spontaneous EAE development in all
cases [63]. These data suggest NRP1 may exert anti-inflam-
matory and immunosuppressive action independently of
FoxP3 and is a key functional marker of murine tTregs. It
was also reported that NRP1 expression is driven by TGF-8
secretion, while IL-6 inhibits TGF-8 induced NRP1 expres-
sion in vitro [61]. It will be important for future studies to
take into account the local cytokine milieu and alterations
such as found in inflammatory microenvironments that may
modulate NRP1 expression on T cell subsets.

Studies into NRP1 expression on human Tregs demon-
strate significant differences between the patterns of NRP1
expression in humans and mice. NRP1 is not differen-
tially expressed on human tTregs compared with murine
studies that report NRP1 was expressed on a majority of
murine Tregs—up to 70 % of circulating Tregs [64]. In
vivo, a NRP1+4 Treg subset has been identified in second-
ary lymph nodes [8, 65], while significantly higher NRP1
expression was observed on CD44 T cells isolated from
secondary lymphoid tissue compared with peripheral
blood [8, 64, 65]. Although there have not been extensive
investigations into NRP1 modulation on human Tregs in
inflammatory conditions, one study observed significant
NRP1 expression on Tregs isolated from the synovial fluid
of rheumatoid arthritis patients [66]. Recent unpublished
findings from Bluestone’s lab also described NRP14 Treg
accumulation in inflamed muscles, as mentioned in their
recent perspective [67].

Interestingly, a number of groups have described NRP1
upregulation on Tregs in cancer patients. A recent study

reported that NRP1 was significantly upregulated on Tregs
isolated from the peripheral blood of chronic lymphocytic
leukaemia (CLL) patients compared with healthy donors
[68]. Battaglia et al. also reported that Tregs isolated from
metastatic tumour draining lymph nodes (TDLN) were
significantly more enriched for NRP1 than metastasis-free
TDLN [8, 65]. The exact nature and function of NRP1
expression in humans, both under homeostatic and inflam-
matory conditions, remains to be elucidated, as will be dis-
cussed in the next section.

Role of NRP1 expression in Tregs and T cells
Activation marker

A number of recent publications have identified NRP1
upregulation on activated T cells and Tregs. Milpied et al.
[64] found that human FoxP3+ Tregs did not specifically
express NRP1. However, a population of Foxp3-NRP1+
T cells was detected in human secondary lymphoid organs,
and NRP1 expression was induced on peripheral blood T
cells upon activation in vitro with plate-bound anti-CD3/
CD28 antibodies [64]. Another study reported NRP1 was
expressed on activated T cells, but not resting T cells, fol-
lowing polyclonal stimulation or DC-induced activation
[69]. These activated T cells also expressed CD45RO, a T
cell activation marker that is commonly expressed on Tregs,
suggesting that the activated CD4+CD45RO+NRP14 T
cell subset may have comprised activated Tregs [70]. This
is in contrast to murine studies where NRP1 expression
on Tregs remained stable or was even downregulated fol-
lowing in vitro and in vivo activation [58, 60, 61]. These
data suggest NRP1 may be upregulated during activa-
tion acting as a T cell activation marker. However, fur-
ther investigations are required. For example, NRP1 has
been detected on resting T cells isolated from peripheral
blood mononuclear cells (PBMC) of healthy donors. This
was detected via immunoblot analysis and immunofluo-
rescence, unlike the majority of other studies that utilised
flow cytometry. NRP1 mRNA was also detected in these
resting T cells [6]. In addition, NRP1 expression has been
characterised on a follicular B helper T cell (Tgy) subset
isolated from human tonsils and identified as expressing a
CD4+ CD25—CD45RO+ phenotype [71]. Another study
identified a novel follicular T regulatory cell (Tpg) subset
expressing a similar phenotype to FoxP3+ Tregs [72]. The
CD45RO+ T cell subset described previously [69] might
even have been NRP1+ Tgy or Tgy cells.

As recently reviewed, there is a strong correlation
between the expression of the Ikaros transcription fac-
tor, Helios, and NRP1 [73]. Both markers are recognised
as effective murine tTreg markers. Among pTreg produced
in vivo in RAG-deficient mice, 6 % expressed NRP1 and
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25 % expressed Helios. In contrast, 57 % of Tregs from
wild type (WT) control mice (both tTregs and pTregs)
expressed NRP1 and 60 % expressed Helios [60]. Other
work reported an even closer level of correlation between
NRP1 and Helios [61]. Helios has been identified as a
tTreg marker in murine models [74, 75]. However, these
results have been debated in human studies. A recent study
reported that both Helios+ and Helios— cells are found
within the human tTreg population [76]. Although it is rec-
ognised that two distinct Helios+ and Helios— Treg subsets
exist in human FoxP3+ Tregs, their role and function are
still subject to debate and Helios is currently not regarded
as a definitive marker to differentiate between pTregs and
tTregs [67, 77]. It has been suggested that Helios may act
as a T cell activation marker since Helios upregulation was
observed on both murine and human T cell subsets fol-
lowing in vitro activation and also upon Treg proliferation
in vitro [78]. Helios upregulation has also been observed
on T cells and tumour-infiltrating T cell subsets in cancer
patients [79]. If Helios is indeed a T cell activation marker,
the close correlation observed between NRP1 and Helios
expression on Tregs may support the potential role of
NRPI as a novel T cell activation marker.

Lymphoid tissue provides an interesting model to study in
vivo T cell activation. Upon presentation of antigen by APC,
‘lymphocyte trapping’ occurs, where lymphocytes are desen-
sitised to sphingosine 1-phosphate (SIP1), a factor involved
in inducing lymphocyte exit from lymph nodes. Lymphocyte
trapping causes lymphocyte accumulation within the lymph
nodes. During this period, T cells interact closely with APCs
resulting in enhanced T cell activation. If NRP1 is indeed
an activation marker, it may explain the reports that NRP1
is expressed at significantly higher levels in lymph nodes
[8, 65] and tonsils [64]: up to 0.98 and 0.51 %, respectively,
compared with 0.06 % in peripheral blood. NRP1+ Tregs
isolated from human lymph nodes [8] and murine spleen
[58] displayed typical Treg features including anergy, cell-
contact mediated suppression of autologous Teff and sup-
pression of IL-2 and IFN-y secretion by Teff. In both studies,
these NRP14 Tregs displayed increased in vitro suppres-
sive capacity compared with NRP1— Tregs. Battaglia et al.
[8] reported increased numbers of NRP1+ Tregs correlated
with increasing CD25 expression on Tregs isolated from
lymph nodes. The high NRP1 expression and co-expression
with the activation marker CD25 on Tregs, isolated from
secondary lymphoid tissues compared with peripheral blood
Tregs might correlate with increased T cell activation. Inter-
estingly, addition of anti-NRP1 mAbs to NRP1+ Tregs did
not significantly affect suppressive activity [8]. This is in
contrast to murine studies, where neutralisation of NRP1 by
anti-NRP1 mAbs abrogated suppressive function on Tregs
[58], again highlighting the difference in NRP1 function in
mice and humans.
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These observations support the theory that NRP1 might
not be directly involved in an immunosuppressive mecha-
nism but instead represents a novel activation marker of
human T cells, both in vitro and in vivo. NRP1 expres-
sion, however, may vary depending on the activation route
and whether the study is in vitro or in vivo. In addition,
it appears NRP1 expression can be modulated by factors
associated with inflammatory microenvironments and pos-
sibly certain tumours.

The mechanisms by which NRP1 might be induced on
CD4+ T cells following activation or exposure to inflam-
matory microenvironments can also be speculated upon.
Previous work has shown NRP1 can be transferred to
human CD4+ T cells via trogocytosis [80] where NRP1
is transferred directly from the surface of NRP1+ DCs to
CD4+ T cells via vesicles budding off from NRP1+ DCs
or by ‘nibbling’ of NRP1 expressed on DC membranes.
In this study, NRP1 was expressed on CD4+NRP1— T
cells following co-culture with NRP1-expressing imma-
ture DCs (iDCs). Trogocytosis occurred independently of
activation status of T cells and did not require antigen pres-
entation; it did, however, require NRP1 expression on the
APCs utilised in co-culture. Blockade of de novo protein
synthesis with cycloheximide did not affect NRP1 expres-
sion either [80]. On the other hand, Milpied et al. [64]
showed NRP1 could be induced on T cells by in vitro acti-
vation plate-bound anti-CD3/CD28. Magnetic purification
of these cells to isolate CD44- and CD8+- T cells prior to
activation, excluding monocytes and DCs, did not decrease
NRP1 expression. In fact, a greater proportion of these
sorted cells expressed NRP1 upon activation compared
with the unsorted cell culture suggesting membrane trans-
fer of NRP1 by trogocytosis was not the mechanism behind
NRPI expression [64]. Both these studies utilised human
PBMC, the differences observed may be attributable to the
mechanisms of activation used. While Milpied et al. [64]
used conventional activation with plate-bound anti-CD3/
CD28, Bourbie-Vaudaine’s group utilised Staphylococcus
enterotoxin E (SEE) superantigen to mimic a strong in vivo
immune response [80].

Immunosuppressive activity

A number of in vivo studies in mice found that inducing
NRP1 expression on CD4+ T cells conferred immuno-
suppressive function [18, 58, 60, 61, 81]. NRP1+ Tregs
inhibited CD4+4-CD25— Teff proliferation more effec-
tively than NRP1— Tregs (p = 0.05). As the Treg:Teff
ratio was increased from 1:1 to 1:10, the superior sup-
pressive activity of NRP1+ Tregs compared with NRP1—
Tregs was even more evident [8]. Blockade of NRP1 on
murine NRP1+ Tregs by anti-NRP1 mAbs also inhib-
its suppression of T cell proliferation [82]. From these
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data, it seems NRP1 might confer enhanced immunosup-
pressive function in murine Tregs and is expressed when
cells require extra suppressive activity. If NRP1 is indeed
an activation marker in humans, as discussed earlier, the
increased immunosuppressive activity exerted by NRP1+
Tregs could be attributed to their activation status rather
than any mechanism directly related to NRP1 expression
since Treg activation is required for effective immune sup-
pression [83]. The immunosuppressive activity exerted by
CD4+NRP1+ Teff remains to be explained since these
cells do not naturally exert any suppressive activity and
activation would not induce any suppressive function.
There are several mechanisms by which NRP1 might con-
fer immunosuppressive function, as shown in Fig. 1 and
discussed below:

1. FoxP3 induction: FoxP3 expression has been found
to correlate with NRP1 expression; retroviral induc-
tion of FoxP3 also results in increased NRP1 expres-
sion [58]. FoxP3 is essential for Treg development and
acquisition of suppressive function [51]. Naive periph-
eral T cells induced to express FoxP3 via retroviral
gene transfer acquire suppressive function and have
been utilised to control allergy and prevent transplant
rejection in murine models [84, 85]. NRP1 expression
might confer suppressive function by inducing FoxP3
expression on CD4+ T cells, thus inducing a regula-
tory phenotype, although this remains to be confirmed
in practical studies.

2. SEMA3A: SEMA3A has been shown to inhibit T cell
proliferation and activation by disrupting T cell-den-
dritic cell interactions [25]. During antigen presenta-
tion by DCs, an immunological synapse forms between
T cells and DCs. TCR clustering occurs and a number
of co-stimulatory factors are localised into the immu-
nological synapse, including NRP1. Actin cytoskel-
eton re-arrangement is a key step in the formation of
the immunological synapse as it allows TCR clus-
tering and localisation. Binding of SEMA3A to the
NRP1/Plexin A co-receptor complex disrupts cytoskel-
eton re-arrangement, thus inhibiting successful T cell
activation [86]. SEMA3A is normally secreted at a
late stage in T cell activation suggesting that its nor-
mal physiological role is to control T cell activity by
down modulating DC-induced T cell activation [25].
Increased NRP1 expression on T cells may prevent
effective T cell responses due to increased binding of
SEMA3A with subsequent inhibition of T cell activa-
tion. In a murine model, SEMA3A binding with the
NRP1/Plexin A co-receptor complex has been shown
to increase secretion of IL-10, an anti-inflammatory
cytokine associated with Treg-mediated immune sup-
pression [87].

SEMA4A: SEMA4A is selectively expressed on B
cells and DCs. It has been shown to enhance the in
vitro activation of T cells and the generation of anti-
gen-specific T cells in vivo where it provides a co-
stimulatory signal and interacts with its receptor, T cell
immunoglobulin domain and mucin domain-2 (Tim-
2)—a protein that is upregulated on activated T cells
[88]. Recent work has identified SEMA4A-ligation of
NRP1 as a key mechanism for promoting Treg stabil-
ity and functional activity [26]. As described earlier,
SEMAA4A-ligation of NRP1 was observed to potenti-
ate Treg function and stability by recruiting PTEN to
the immunological synapse and restraining Akt signal-
ling. This in turn inhibits exclusion of Foxo transcrip-
tion factors from the nucleus allowing normal Treg
development and expression of FoxP3 that is essential
for Treg development and suppressive activity. Par-
ticularly interesting was the finding that SEMA4A or
NRP1 blockade in mice significantly reduced tumour
growth and promoted tumour infiltration by CD8+ T
cells; this was not associated with the development
of any autoimmune disorders. In a murine model of
established inflammatory colitis, SEMA4A or NRP1
blockade prevented Tregs from controlling the disease
[26]. These data suggest SEMA4A-NRP1 ligation
may contribute to immune suppression by maintaining
Treg stability and may be particularly important in this
role in tumours and other inflammatory environments.
SEMAA4A interactions with NRP1 will need to be stud-
ied in humans.

VEGF/VEGFR2: NRPI1 couples with VEGFR2 to
enhance the affinity of VEGFR2 for VEGF ¢ [31]. A
recent study found VEGFR2 was selectively expressed
on CD4+CD25+FoxP3™ Tregs [89] and activated
CD4+CD25+ T cells [90]. There are opposing views
regarding the role of VEGF/VEGFR?2 activity in immu-
nosuppressive mechanisms. One recent study reported
VEGF,¢; and VEGFR2 blockade inhibited Treg pro-
liferation in cancer patients [91]. Other work reported
VEGF inhibited T cell activation acting via VEGFR2
[92]. The differences observed could be attributed to
the differing conditions under which the studies were
conducted. Given the variable activity of VEGF on
T cell activation, NRP1 coupling with VEGFR2 may
either stimulate or inhibit T cell activation and prolif-
eration depending on the microenvironment.

TGF-B: NRP1 could also act through a TGF- medi-
ated mechanism. NRP1 is a high-affinity receptor for
TGF-B and its receptors, particularly TGF-fR1. NRP1
also binds and activates the latent form, LAP-TGF-8
[17, 18]. Relevant for Treg activity, NRP1 was found
to interact with and activate LAP-TGF-p associated
with Glycoprotein A Repetition Predominant (GARP
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or LRRC32) [18]. In the immune system, GARP is
mainly expressed on the surface of activated CD25M"
FoxP3+ Tregs [93-95] where it has been shown to
be essential for surface expression of LAP-TGF-f by
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anchoring LAP-TGF-f to the cell membrane [94].
NRP1 is also able to bind and co-internalise with
LAP-TGF-B expressed on cell surfaces, followed
by intra-cellular proteolytic processing that activates
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«Fig. 1 Proposed functions of NRP1 (i) In the upper figure, NRP1
couples with Plexin A and localises into the immunological syn-
apse. This prolongs DC-T cell interaction resulting in T cell activa-
tion. In the lower figure, SEMA3A interacts with the NRP1-plexin
A co-receptor complex to disrupt immunological synapse forma-
tion between DCs and NRP1+ T cells, thus inducing T cell anergy.
SEMA3A also induces secretion of the immunosuppressive cytokine
IL-10 (ii) NRP1 binds to VEGFR2 enhancing its affinity for VEGF.
This induces NRP1+ Treg infiltration of tumours in a VEGF-directed
mechanism, resulting in suppression of tumour-specific immune
responses. (iii) NRP1 activates the membrane-bound LAP-TGF-8
forming the active TGF-p homodimer. NRP1 also couples with TGF-
BR1 and TGF-BR2 enhancing TGF-f binding. This results in direct
suppression of T effector cells by membrane-bound TGF-f and con-
version of NRP1 expressing CD4+ T cells into Tregs that also sup-
press T effector cell responses

TGF-B [18]. NRP1 expression on human and murine
CD4+ T cells confers an immunosuppressive activity
that is abrogated by addition of anti-TGF-§ monoclo-
nal antibodies (mAbs) suggesting a specific role for the
cytokine [17]. This would also explain the immunosup-
pressive effects of NRP1-expressing CD4+4 T conven-
tional cells.

As recently reviewed, TGF-f contributes to Treg-medi-
ated suppression via number of different mechanisms [40].
Secreted TGF-§ is prominent in inducing Treg generation
from CD4+4-CD25— precursors, in combination with TCR
stimulation. Membrane-bound TGF- on Tregs is also able
to induce Treg generation via infectious tolerance. TGF-
B itself is recognised as an immunosuppressive cytokine
capable of directly inducing T cell anergy and apopto-
sis. It has also been suggested that active TGF-f might
enhance Treg survival and maintain their suppressive phe-
notype in vivo by upregulating anti-apoptotic signals and
FoxP3 expression [96, 97]. NRP1 might therefore promote
Treg generation and direct TGF-$ mediated suppression
of Teff cells by enhancing TGF-8 activity and activating
LAP-TGF-f.

Tregs and Neuropilin 1 in cancer

Treg accumulation in tumours and peripheral blood of can-
cer patients has been studied extensively and is linked to
cancer progression, tumour immune evasion, worsening
prognosis and a lack of responsiveness to therapy [98].
Neuropilin 1 has been implicated in Treg-mediated
tumour immune evasion mechanisms. NRP1 functions as a
VEGF co-receptor and has been shown to play an impor-
tant role in Treg infiltration of tumours. Acting through
NRP1 expressed on Tregs, tumour-derived VEGF attracts
NRP1+ Tregs into tumour tissue where they suppress anti-
tumour immune responses and inhibit TAA-specific Teff
cell proliferation, as observed in a subcutaneous transplan-
tation model of murine melanoma [99]. Specifically, VEGF

has been shown to act through VEGFR2 to induce lympho-
cyte chemotaxis and migration across endothelial mem-
branes, including tumour vasculature [100]. NRP1 binds
VEGFR2 forming a co-receptor complex that enhances
VEGF activity and may thus contribute to Treg infiltra-
tion into VEGF-producing tumours. NRPI1-expressing
endothelial cells are attracted into tumour tissue via a simi-
lar VEGF-mediated mechanism [101]. Murine NRP1+ T
cells were able to migrate down a VEGF gradient in vitro
while NRP1— T cells could not [99]. Abrogation of NRP1
expression on Tregs or inhibition of VEGF production
results in decreased Treg infiltration into tumours [99]. In
both cases, decreased Treg infiltration of tumours is asso-
ciated with increased tumour-specific CD8+ cytotoxic T
cell activation. Although NRP1 is not extensively expressed
on human Tregs, this VEGF-NRP1 infiltration mechanism
may affect the NRP14 Treg population identified in sec-
ondary lymph nodes [8, 65].

NRP1 expression has been extensively studied on Tregs
in the TDLN of cervical cancer patients [8, 65, 102]. In
TDLN, tumour-associated antigen (TAA) is presented to T
cells resulting in TAA-specific T cell activation. In TDLN,
NRP1+ Treg levels are significantly increased compared
with NRP1— Tregs [8, 65]. As mentioned previously,
Tregs observed in metastatic TDLN were also significantly
enriched for NRP1 compared with metastasis-free TDLN
[65]. More recent work observed NRPI is significantly
upregulated on Tregs isolated from the peripheral blood of
chronic lymphocytic leukaemia (CLL) patients compared
with healthy donors (42.6 vs 16.1 %, respectively) [68].

We observed a similar trend in our own unpublished
data. NRP1 was selectively upregulated on Tregs isolated
from the peripheral blood of patients with malignant pan-
creatic adenocarcinoma (PAC) and colorectal cancer (CRC)
metastasis to the liver. In contrast, NRP1 expression on
Tregs isolated from healthy donors was negligible. Inter-
estingly, a patient with pancreatic ductal adenocarcinoma
(PDAC) (stage T3N1MO) with spread to lymph nodes that
underwent RO resection surgery completely removing the
tumour showed no NRP1 expression on Tregs isolated from
peripheral blood. Another patient with a similar histopatho-
logical diagnosis of PDAC (Stage T3N1Mx) who did not
undergo surgery showed an increase in NRP1+4 Tregs in
peripheral blood. These observations along with the notion
that NRP1 is selectively upregulated in cancer patients,
suggests NRP1+ expression may be directly linked with
the presence of tumours or tumour-derived factors. NRP1
might represent a novel biomarker for activated T cells and
also a marker for tumour progression within certain can-
cers. Indeed, successful preoperative chemoradiotherapy in
cervical cancer patients resulted in a significant decrease in
NRP1+ Treg levels in TDLN whereas NRP1— Treg levels
remained relatively stable [8]. This correlated directly with
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reduced tumour mass, possibly through re-establishment
of the tumour-specific cytotoxic T cell and natural killer
(NK) cell response. Piechnik et al. [68] also report a sig-
nificantly greater decrease in NRP1+ Tregs than NRP1—
Tregs isolated from the peripheral blood of CLL patients
following treatment with the anti-angiogenic drug thalido-
mide, although this could be attributed to decreased VEGF
serum levels. Piechnik et al. [68] also observed a significant
reduction in in vitro NRPI expression on CD4+CD25™!
Tregs treated with thalidomide, compared with CD4+
T cells similarly treated—this might not, however, be a
direct effect of thalidomide therapy. As noted earlier, NRP1
expression may be modulated by the local cytokine milieu
and certain factors present in the dynamic in vivo environ-
ment of the peripheral blood of a CLL patient might upreg-
ulate NRP1 expression; removal of NRP1+ Tregs from this
environment might therefore decrease NRP1 expression.

Plasmacytoid dendritic cells
Role and function of pDCs

pDCs are one of the two main types of dendritic cells. DCs
develop via two major pathways: (1) the myeloid pathway
producing conventional myeloid DCs (mDCs) that are gen-
erally thought to play a role in immune stimulation and (2)
the lymphoid pathway that produces pDCs; they are gener-
ally thought to aid in immune suppression [103]. In real-
ity, both subsets share immune stimulatory and inhibitory
responsibilities depending on their microenvironment.

While inactive pDCs express low levels of MHC class
II; upon activation they secrete pro-inflammatory and anti-
viral cytokines including the type I interferons (IFN o/p),
tumour necrosis factor alpha (TNF-a), IL-6 and IL-12.
Activated pDCs also upregulate co-stimulatory molecules
(CD80, CD86 and CD40), increase MHC class II expres-
sion and develop a mDC-like morphology—all of these
changes enhance their capacity as APCs enabling them
to activate both Tregs and T helper cells more efficiently,
although still not as effectively as mDCs [104]. pDCs have
been found in peripheral blood, lymphoid tissue and have
also been observed to accumulate in inflammatory sites
including skin hyperplasias [105] and cancers with inflam-
matory components such as head and neck squamous cell
carcinomas (HNSCC) [106].

Neuropilin 1 expression in pDCs
In humans, NRP1 is highly expressed on pDCs in the
peripheral blood [4-6], cord blood [107] and bone marrow

[71]. This is the only human peripheral blood cell subset
upon which NRPI is consistently expressed in the steady
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state (confirmed in our own unpublished data). They con-
stitute 0.3-0.5 % of the peripheral blood mononuclear
cell (PBMC) population. A number of markers are cur-
rently used to identify pDCs, including CD123, BDCA-2
(CD303) and NRPI. In addition, pDCs downregulate
expression of the common dendritic cell marker CD11c
[108], B-cell lineage markers (CD19, CD21) and myeloid
lineage markers (CD13, CD14, CD33) [109]. Tregs are
able to induce expression of indoleamine 2,3 dioxygenase
(IDO), inducible T cell co-stimulator ligand (ICOS-L)
and programmed death 1 ligand 1 (PD-L1) on DCs [110].
These molecules stimulate Treg development and are active
in suppressing self-reactive T cell proliferation.

NRP1 expression enhances the ability of DCs to ini-
tiate immune responses via prolonged interactions with
NRP1+ T cells [6], as shown in Fig. 2. NRP1 expressed
on the surface of T cells localises into the peripheral
supramolecular activation cluster (pSMAC) region of the
immunological synapse during T cell-DC interactions.
NRP1 expressed on DCs and T cells interacts homotypi-
cally, enhancing formation of immunological synapses
and prolonging T cell-DC interactions at the synapse.
A prolonged interaction allows for more MHC class II-
Ag peptide complexes to be recruited into the synapse
increasing the likelihood of T cell activation, as observed
in a murine model [82]. This means NRP1+ T cells will
be more sensitive to activation by a lower amount of anti-
gen. NRP1 expression on murine Tregs promoted pro-
longed Treg—iDC interactions that enhanced Treg activa-
tion [82]. When presented with equal amounts of antigen,
NRP1+ Tregs have an advantage over NRP1— T helper
cells—immune suppression will occur by default, which
is useful in maintaining immune tolerance. In measles-
infected DCs, where NRP1 is prevented from localising
into the pSMAC region of the immunological synapse, T
cell activation is significantly reduced [111]. In addition,
inducing ectopic expression of NRP1 on murine Tregs
resulted in longer and more numerous NRP1+4 Treg—iDC
contacts [82]. These results re-affirm the crucial role of
NRP1 in promoting successful formation of the immuno-
logical synapse and in T cell activation.

The functional activity of DCs varies greatly depend-
ing on their maturation state: fully mature DCs that
express co-stimulatory molecules (CD40, CD80 and
CD86), induce Teff proliferation. On the other hand, iDCs
found in non-lymphoid tissue are not activated and do not
express CD80 or CD86. They induce T cell anergy and
T cell deletion and can induce the secretion of immuno-
suppressive cytokines such as IL-10 and TGF-B by Tregs
[112]. Hence, iDCs do not normally induce T cell acti-
vation. However, NRP1-expressing iDCs were shown to
induce NRP1+ Treg activation due to enhanced interac-
tions with NRP1 [82], as shown in Fig. 2. The function of
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Fig. 2 NRPI1 expression enhances T cell-immature pDC interac-
tions. Following engagement of the TCR with the MHC-peptide
complex on immature pDCs, naive NRP1— T cells do not receive the
co-stimulatory signals required for T cell activation. This results in a
short duration of contact between pDC and T cell that induces T cell
anergy and conversion of CD4+ T cells into Tregs. NRP1 expressed
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NRP1 was well described by Mizui as a ‘glue’ between
Tregs and DCs [113].

Another study found that anti-NRP1 mAbs significantly
reduce IFN-a secretion by pDCs [114]. Although the exact
mechanism could not be explained, this finding suggests
NRP1 is also important in regulating pDC function, in
addition to its role in prolonging T cell-DC interactions.

Importantly, NRP1 only enhances Treg—iDC interactions
under steady state conditions. In inflammatory or ‘danger’
conditions, iDCs become activated and mature, and they
begin expressing co-stimulatory molecules, which greatly
enhance the ability of DCs to activate T cells, thus abrogat-
ing the benefits of NRP1-mediated contact on T cell activa-
tion [82]. In addition, while NRP1 is expressed on human
pDCs, it is not constitutively expressed on human Tregs. In
humans, a small NRP1+ Treg population is present in sec-
ondary lymphoid tissue [64]. Mature DCs residing in lym-
phoid tissues express co-stimulatory molecules and are able
to effectively activate T cells without NRP1 involvement.
Theoretically, NRP1 expression should have no significant
impact on Treg activation in this scenario.

pDCs in cancer

Plasmacytoid dendritic cells have been shown to accumu-
late in several different tumours including HNSCC, cuta-
neous melanomas and ovarian cancer [106, 115, 116]. The
exact impact on clinical outcome of tumour-infiltrating
or tumour-associated pDCS (TA pDCs) varies between
patients although significant accumulation of TA pDCs has
been reported to correlate with poor clinical outcome in
certain cases [106, 115].
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on Tregs interacts homotypically with NRP1 on the immature pDC
prolonging pDC-Treg interaction. The immature pDC is thus able to
deliver a co-stimulatory signal resulting in Treg activation and pro-
liferation, despite the lack of expression of co-stimulatory molecules
(CD40, CD80, CD86)

Plasmacytoid dendritic cells abundantly secrete
interferon-a (IFN-a) upon activation of their toll-like
receptors (TLRs): TLR1, TLR7 and most prominently
TLR9 [117]. IFN-a is a potent anti-tumour cytokine, pro-
moting anti-tumour immunity [118] and inhibiting Treg
activation [119]. It is currently used for treatment of a num-
ber of cancers including hairy cell leukaemia, chronic mye-
loid leukaemia, non-Hodgkin’s lymphoma and malignant
melanoma [120]. Theoretically, infiltration of activated
pDCs into tumours should promote anti-tumour immune
responses. However, within the tumour microenviron-
ment, TLR9 expression and IFN-a secretion are signifi-
cantly impaired. In a HNSCC model, IFN-a secretion by
TA pDCs and by pDCs cultured in vitro with tumour cell
supernatant was decreased by up to 1,000 fold [106]. Real-
time PCR revealed that mRNA expression for TLRs was
significantly reduced, especially TLR9 in which mRNA
transcripts were decreased by more than 50 %. Similar
findings were reported in ovarian and breast cancer studies
[115, 121].

In addition, DCs in cancer patients have impaired anti-
gen-presenting function. This affects their ability to acti-
vate tumour-specific Teff and cytotoxic CD8+ cells [122].
Tumour-derived VEGF inhibits maturation of DCs resulting
in an increased iDC population [123, 124]. iDCs are una-
ble to effectively activate T cells and instead induce T cell
anergy and Treg proliferation. In addition, TA pDCs remain
inactive as the microbial stimuli they require, such as CpG
DNA, are not present in the tumour microenvironment. Inac-
tive pDCs stimulate a tolerogenic Th2 response [125] and
CD8+ T regulatory cell expansion [126], thus further con-
tributing to tumour immune evasion mechanisms. CXCR4
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and stromal derived growth factor-1 (SDF-1) have been
suggested to aid in guiding pDCs into tumour tissue [127].
NRP1 may also be involved in pDC tumour infiltration via
its interactions with tumour-derived VEGF, as observed in
endothelial cell and Treg migration. More recently, it has
been shown that inactive TA pDCs induce in situ expansion
of a FoxP3+ ICOS+ Treg subset. These ICOS+ Tregs exert
increased immunosuppressive activity, thus further contrib-
uting to tumour immune evasion [128, 129].

Interestingly, expression of SEMA4A has been char-
acterised on murine pDCs. A recent study, describing
the role of SEMA4A-NRPI ligation in enhancing Treg
functionality and stability, also reported that the major-
ity of SEMA4A+ tumour-infiltrating cells were SEM4A-
expressing pDCs (up to 57 % of the total SEMA4A+
tumour-infiltrating cell population) [26].

Intra-tumoural pDC depletion in murine models of
breast cancer completely inhibited tumour metastasis and
T regulatory cell accumulation, while cytotoxic CD8+

C
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Function blocking mAbs

Fig.3 NRPI1 as a therapeutic target. CPPs, and any co-administered
molecules, nanoparticles or drugs, are internalised through the bl/
b2 domain allowing selective targeting and effective penetration
of NRPI-expressing tissue and cells, including tumour vascula-
ture, NRP1+ Tregs and pDCs. mAbs specific to each extra-cellular
domain of NRP1 allow specific functional blocking of NRP1 co-
receptor activity: (i) Anti-MAM disrupts NRP1 homotypic interac-
tions, preventing prolonged DC-T cell interactions. Short DC-T cell
interactions induce T cell anergy and clonal deletion. (ii) Anti-b1/b2
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cells were activated [130]. Additionally activation of intra-
tumoural pDCs with CpG led to complete regression of
colon adenocarcinoma and melanoma in murine models
[131]. Since NRP1 is constitutively expressed on human
pDCs, anti-NRP1 antibodies could be useful for specific
pDC depletion. pDC depletion might also destabilise the
suppressive phenotype of Tregs in cancers by preventing
SEMA4A-NRP1 ligation. This, however, requires further
investigation. Stimulation of TLR7 and TLR9 has also been
shown to be effective in countering anti-tumour immunity
and inducing tumour reduction; TLR agonists are currently
being tested for their efficacy in cancer therapies and as
adjuvants to enhance adoptive T cell therapies [132].

Neuropilin 1 in therapy

Given the myriad of NRP1 functions and interactions
with extracellular ligands in the immune system, NRP1

Co-administered

= molecule

/
—

,tf—'

Targeted delivery

T cell anergy
Clonal deletion

Prevents Tregtumour-infiltration
Inhibits Treg generation
Inhibits TGF-B mediated immune suppression
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Suppresses IL-10 production
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disrupts VEGF 45 binding to NRP1, thus inhibiting VEGF-mediated
NRPI1+ Treg infiltration into tumours and also the angiogenic effects
of VEGFE. Anti-b1/b2 also inhibits TGF-§ binding, thus preventing
TGF-B mediated Treg generation and immune suppression. (iif) Anti-
CUB inhibits SEMA3A binding to NRP1, thus preventing SEMA3A-
mediated disruption of the immunological synapse and also reducing
IL-10 secretion. It may also inhibit SEMA4A ligation of NRP1, thus
compromising Treg stability and lineage; this has yet to be tested
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presents a potentially valuable therapeutic target. A num-
ber of studies have investigated NRP1 as a novel target in
immunotherapy.

Anti-NRP1 mAbs

NRP1 function-blocking mAbs have been developed for its
three extra-cellular domains, allowing for specific blockade
of co-receptor functions [133], as described in Fig. 3.

Since NRPI is extensively expressed on tumour vascu-
lature, where over expression promotes tumour progression
and angiogenesis [9, 34], NRP1 has proven particularly val-
uable as a target for anti-angiogenic therapies [134]. Anti-
NRP1 mAbs specific to the b1/b2 domain have been devel-
oped, which interact with VEGF,,s—these mAbs are able
to inhibit VEGF,¢s-induced tumour growth and angiogen-
esis [134—136]. An anti-NRP1 mAb, MNRP1685A, is cur-
rently in Phase I clinical trials for patients with advanced
solid tumours and has been shown to significantly reduce
tumour burden via blockade of the VEGF pathway. It
proved especially effective when used in combination with
the anti-VEGF mAb, bevacizumab [136]. Other work has
identified specific peptides able to block NRP1 interactions
with VEGF 45 and induce apoptosis of NRPI1-expressing
tumour cells [137]. Blockade of NRP1 might also exert
therapeutic effects by modulating the function of NRP1-
interacting growth factors such as PDGF, FGF, EGF and
HGEF that have also been implicated in tumour progression.
NRP1 silencing has been shown to impair the activity of
these growth factors and inhibit tumour growth in certain
cases [41-48], although further investigations are required
to verify this.

Cell-penetrating peptides

Another interesting development for NRP1 in therapy is
that of cell-penetrating peptides (CPPs). CPPs, and their
role in novel cancer and immunotherapies, have recently
been reviewed [138]. In summary, CPPs express a C-ter-
minal consensus R/KXXR/K sequence that interacts with
the b1/b2 domain of NRP1 inducing internalisation of the
CPP into NRP1-expressing cells via an endocytic ‘bulk
transport” mechanism. The consensus sequence must
be expressed at the C-terminus end of the CPP; this is
often referred to as the ‘C-end Rule’, or CendR. Utilis-
ing NRPI1 as an entry mechanism into NRP1-expressing
cells, CPPs allow specific targeting of NRP1-expressing
tissue [139]. CPPs can be combined with therapeutic
agents for improved delivery and selective tissue pen-
etration. As noted earlier, NRP1 is highly expressed on
a number of tumours making CPPs particularly valuable
for anti-cancer therapies where drug efficacy depends
on effective tumour infiltration, and the minimisation of

toxic side effects requires selective targeting of tumour
tissues.

CPPs can also be engineered to function as tumour-pen-
etrating peptides (TPPs). TPPs express a tumour-homing
motif and a masked CendR motif that is revealed by prote-
olytic cleavage within tumour tissue—several are currently
being developed including a truncated form of the CPP
Lyp-1 that has shown efficacy in targeting breast cancers
[138, 140]. TPPs can be co-administered with cancer drugs,
mAbs and nanoparticles to enhance penetration into tumour
tissue and have even been utilised to enhance optical imag-
ing of tumours as studied in a model of Lyp-1 coated with
iron oxide nanoparticles [140-142].

Other therapeutic approaches

Secreted sNRP1s may also contribute to control of NRP1
pro-angiogenic activity acting as ‘natural regulators’.
sNRP1s can sequester VEGF,¢s, inhibiting VEGF from
interacting with tumour cells and other NRP1-expressing
cells [22, 23, 143]. sNRP1s have been observed to reduce
tumour growth in murine studies where it impairs devel-
opment of tumour vasculature that is essential for tumour
progression, and in a human study of non-small cell lung
cancer (NSCLC), where sNRP1 impaired cancer cell inva-
siveness in vitro [19, 144, 145]. Interestingly, an increase in
circulating NRP1 has been observed in human serum fol-
lowing administration of an anti-NRP1 mAb specific to the
b1/b2 domain [21]. This circulating NRP1 is thought to be
released by membranous ‘shedding’ and could potentially
sequester VEGF, promoting anti-NRP1 mAb efficacy [21].
Small interfering RNA (siRNA) have also been utilised to
target NRP1 and have been shown to reduce tumour growth
in a murine model of hepatocellular carcinoma and in a
human study of NSCLC, where siRNA-mediated knock-
down of NRPI1 reduced in vitro cancer cell invasiveness
[145, 146].

Given the structural similarities between NRP1 and
NRP2A, NRP2A also has potential for use in therapy in
many similar settings, as recently reviewed [147]. This also
includes a role in tumour targeting via its interactions with
TPPs [140]. Using anti-NRP1 mAbs or CPPs in cancer
treatments would allow simultaneous targeting of tumour-
infiltrating pDCs, NRP1+4 Tregs and NRPI1-expressing
tumour vasculature—this makes NRP1 an exciting new tar-
get and future prospect for cancer therapies.

Concluding remarks
While the majority of investigations have focussed on

NRP1 expression in murine models, recent human stud-
ies report significant differences, and seemingly divergent
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roles, for NRP1 expression in humans and mice. In mice,
NRP1 is selectively expressed on tTregs and greatly
enhances their immunosuppressive effects. It also con-
fers immunosuppressive function to CD4+ T cells;
CD4+4-NRP1+ cells have been utilised to successfully
prevent cardiac transplant graft rejection in immunocom-
petent mice [81]. In humans, NRP1 expression has only
been described on pDCs, a Treg subset found in second-
ary lymphoid tissue and small CD4+ T cell populations in
lymph nodes and peripheral blood. In lymph nodes, NRP1
expression on T cells prolongs interactions with imma-
ture NRP1+4 pDCs, enhancing T cell activation. NRP1+
Tregs isolated from humans have also been observed to
exert increased immunosuppressive activity. NRP1 block-
ade in humans does not significantly affect immune sup-
pression, as opposed to mice where NRP1 blockade abro-
gates immunosuppressive function. The exact nature of
NRPI1 involvement in any immunosuppressive mechanism
remains to be confirmed.

It has also been hypothesised that NRP1 might repre-
sent a novel human T cell activation marker. Indeed, sev-
eral studies report NRP1 upregulation on Tregs following
in vitro and in vivo activation as well as on Tregs isolated
from inflammatory environments; this could also explain
the increased immunosuppressive effects of NRP1+4 Tregs
observed.

NRP1 might also represent a novel prognostic bio-
marker for certain cancers. Preliminary work suggests
NRP1 is upregulated on Tregs in the peripheral blood of
cancer patients and also in metastatic lymph nodes. Suc-
cessful chemotherapy was shown to correlate with a signifi-
cant decrease in NRP1+ Tregs rather than NRP1— Tregs.
Given its interactions with numerous ligands and growth
factors involved in tumour development and angiogenesis,
NRPI may contribute significantly to tumour progression
and other immune disorders. NRP1 therefore presents an
interesting and novel therapeutic target. NRP1 has been
implicated in enhanced tumour immune evasion by pro-
moting Treg tumour infiltration through a tumour-derived
VEGF gradient. The recent development of CPPs allows
for selective delivery of therapeutic agents into NRPI-
expressing cells and tissue, including tumour vasculature,
tumour-infiltrating pDCs and NRP1+ Tregs, all of which
correlate with poor prognosis and tumour immune evasion.
Anti-NRP1 mAbs have also been developed to block NRP1
co-receptor functions.

Despite uncertainty regarding NRP1 as a human tTreg
marker, it seems NRP1 plays significant, if diverse, roles in
immune regulation and function via its wide-ranging inter-
actions in the immune system. Further research is required
to elucidate the exact function of NRPI expression on
human T cell subsets, its value as a prognostic marker and
as a target for novel cancer therapies.
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