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Editorial on the Research Topic

Targeting Angiogenesis to Treat Autoimmune Diseases and Cancer

Angiogenesis is the process where new blood vessels sprout from existing ones to address increased
demand for oxygen and nutrients. Angiogenesis is physiologically required in development
and wound healing, and is pathologically associated with many chronic inflammatory diseases,
autoimmune diseases, and cancer (1). Within the tumor or inflamed microenvironment, epithelial,
or cancer cells interact with stromal cells to determine which factors are secreted and to what
extent. The balance between pro- and anti-angiogenic factors determines neovascularization.
When pro-angiogenic factors are in excess over anti-angiogenic ones, the “angiogenic switch”
is turned on resulting in the activation, proliferation, and migration of endothelial cells, and
their spatial organization as new blood vessels. These vessels that feed the tissue are often leaky
and permeable (2), and enable the infiltration of immune cells to the site, promoting a state of
chronic inflammation.

Interventions designed to block angiogenesis were developed and some are in clinical use.
Vascular endothelial growth factor (VEGF) or its receptors are targeted using monoclonal
antibodies or small molecule tyrosine kinase inhibitors (3, 4). However, too often inhibition
was transient, accompanied by off-target toxicities and a “rebound effect” of enhanced disease
progression upon treatment withdrawal. This highlighted the redundancies of pro-angiogenic
factors and the activation of compensatory mechanisms (5), and exemplified the complexity of the
system, and therefore requiring new and more efficient strategies. This Research Topic provides an
updated overview of new pro-angiogenic molecules and approaches to target familiar molecules.
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First, the advantages of using active peptide vaccination
against angiogenic targets is reviewed by Rahat. This strategy is
generally considered a simple approach, with high specificity,
reduced costs, easy synthesis, safe, and well-tolerated in
comparison to traditional use of monoclonal antibodies against
such targets. However, this strategy did not yield significant
clinical benefits, and the review discusses reasons for this failure,
including the choice of target, the type of peptides, the adjuvants,
and the delivery methods used. This analysis is then followed by
practical recommendations for peptide vaccinations.

The extracellular matrix (ECM) consisting of basement
membrane (BM) and the underlying stroma plays an important
role in angiogenesis. Members in the family of matrix
metalloproteinases (MMPs), MMP-9, MMP-14, and MMP-2 that
are strongly associated with angiogenesis, degrade the ECM
allowing migration of endothelial cells. Fields describes different
classes of selective MMP inhibitors, including antibodies and
their fragments, triple-helical peptides, and small molecule
compounds, developed specifically against these three MMPs
and the principle of their inhibitory activity. Since MMPs
can also activate anti-angiogenic factors (e.g., angiostatin,
endostatin) that promote vessel normalization and/or regression,
Fields reminds us that the correct timing or “window
of opportunity” for the use of such inhibitors should be
carefully determined.

Smani et al. explored the role of transient receptor
potential (TRP) channels expressed by endothelial cells in
growth-factor-induced angiogenesis. TRP channels are activated
by pro-angiogenic factors resulting in rise of intracellular
ions such as Ca2+ and activation of signaling pathways
that promote angiogenesis. Thus, selective pharmacological
TRP channel blockers may be additional strategies for anti-
angiogenic therapies.

Angiogenesis is closely associated with intracranial aneurysm
recurrence after surgery using the stent-jailing and stent-
jack techniques. Exploring the difference between these two
techniques, Xu et al. show that stent-jack causes higher
mechanical forces in cerebral vessels than stent-jailing. They
demonstrate lower micro-vessel density, TGFβ and Smad 2, 3,
and 4 levels in the stent-jailing group compared to the stent-
jack group, and conclude that the choice in surgical technique
of stent-jailing could reduce shear stress, TGFβ signaling,
and angiogenesis.

The role of angiogenesis in autoimmune diseases is beginning
to unfold, and new approaches to its targeting are described in
the next set of papers. Iragavarapu-Charyulu et al. review the role
of different classes of semaphorins, axonal guidance molecules,
with respect to their angiogenic activity and autoimmunity.
Classes 3, 4, and 5 mediate either angiogenic or anti-angiogenic
effects by signaling through neuropilins or plexins, and class
7 mediate angiogenic effects through binding to β1-integrin
and Plexin-C1. Different strategies to target semaphorins to
control angiogenesis and autoimmune diseases are addressed
in this paper. In another paper, Adi et al. demonstrate that

administration of Semaphorin 3A in an ovalbumin-induced
mouse model of allergic asthma effectively reduced lung
angiogenesis, eosinophil infiltration of lung bronchioles and
arteries, and inflammatory cells in broncho-alveolar lavage.
Another approach to targeting angiogenesis is demonstrated
by Simanovich et al. A novel prophylactic peptide epitope
was used to vaccinate against the pro-angiogenic protein
EMMPRIN/CD147 in a murine model of DSS-induced colitis
which mimics human Ulcerative Colitis. This vaccine resulted in
improved clinical symptoms, reduced EMMPRIN expression and
suppression of angiogenesis.

The critical role of angiogenesis in cancer is reviewed in
the next three papers. In a mini-review, Barbosa de Aguiar
and Zveiter de Moraes provide a perspective on targeting
VEGF with bevacizumab, a humanized monoclonal antibody
against VEGF, as both an angiogenesis inhibitor and modulator
of the immune response in the tumor microenvironment,
and discuss the contribution of the Fc and Fab domains of
the antibody to this effect. Another family called chitinase-
like proteins are glycoproteins whose levels are elevated in
cancer patients and associated with poor prognosis. YKL-
39 (chitinase 3-like protein 2), produced by tumor-associated
macrophages (TAMs), is chemotactic for monocytes and
stimulates angiogenesis. Kzhyshkowska et al. report that
YKL-39 expression in tumors was found to be prognostic
for metastasis after neoadjuvant chemotherapy in patients
with breast cancer, suggesting YKL-39 as a target for anti-
angiogenesis therapy. In the last paper, Huijbers et al. used
a different approach to target CD99, a protein expressed
by activated endothelial cells. Use of a conjugate vaccine
that induced antibodies against CD99, resulted in reduced
tumor micro-vessel density and functionality, and inhibition
of tumor growth in two tumor models with high and low
CD99 expression.

This collection of articles shows the tremendous
diversity of pro-angiogenic molecules orchestrating
angiogenesis in autoimmune diseases and in cancer,
contributing to disease progression. To find cures for
these diseases, new targets, and new approaches are
required, and this collection suggests some new and exciting
therapeutic possibilities.
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Angiogenesis is the growth of blood vessels mediated by proliferation, migration, and

spatial organization of endothelial cells. This mechanism is regulated by a balance

between stimulatory and inhibitory factors. Proangiogenic factors include a variety of

VEGF family members, while thrombospondin and endostatin, among others, have been

reported as suppressors of angiogenesis. Transient receptor potential (TRP) channels

belong to a superfamily of cation-permeable channels that play a relevant role in a

number of cellular functions mostly derived from their influence in intracellular Ca2+

homeostasis. Endothelial cells express a variety of TRP channels, including members

of the TRPC, TRPV, TRPP, TRPA, and TRPM families, which play a relevant role in a

number of functions, including endothelium-induced vasodilation, vascular permeability

as well as sensing hemodynamic and chemical changes. Furthermore, TRP channels

have been reported to play an important role in angiogenesis. This review summarizes the

current knowledge and limitations concerning the involvement of particular TRP channels

in growth factor-induced angiogenesis.

Keywords: angiogenesis, endothelial cells, VEGF, TRP channels, TRPC, TRPV, TRPM

THE ANGIOGENIC PROCESS

The endothelium is a monolayer of endothelial cells (ECs) that line the internal surface of the
vascular wall. In addition to serve as a barrier between circulation and the vascular smooth muscle
cells, the endothelium plays a relevant role sensing hemodynamic and chemical changes in blood,
regulating hemostasis and participating in the formation of new blood vessels, a process called
angiogenesis. To create new vessels, ECs need to proliferate, to migrate, and to be organized in three
dimensions. There are distinct processes of angiogenesis. The most rapid angiogenic mechanism is
known as intussusception. Common in vascular remodeling during development, intussusception
is the splitting of a preexisting vessel into two new smaller vessels. This occurs by penetration
of smooth muscle cells through the endothelial cell layer (Burri et al., 2004). The formation of
new vessels in adult during both physiological and pathological angiogenesis was also attributed to
circulating bone marrow—derived endothelial precursor cells (EPCs). Although EPCs are mainly
found in active sites of angiogenesis following a chemotactic signal (Patenaude et al., 2010), these
cells act as collaborator cells in close proximity to the endothelium and are not incorporated into the
vessel (Grunewald et al., 2006). Other angiogenicmechanisms occur during sprouting angiogenesis.
Indeed, special ECs of a preexisting vessel acquire the capacity to invade the surrounding tissue
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by forming an angiogenic sprout. The later is composed of
leading cells known as tip cells and trailing stalk cells. These
cells are required for the orientation and growth toward
the source of an angiogenic factor (Gerhardt and Betsholtz,
2005). As soon as two sprouts anastomose, sprouting is
accomplished by lumen formation and the initiation of blood
circulation (Fantin et al., 2010). The maturation of newly formed
sprouts into differentiated blood vessels requires the recruitment
of mural cells, the development of the surrounding matrix
and specialization of ECs in organ-specific manner. Pericytes
participate in the stabilization of the newly formed blood vessels
through direct physical contact and paracrine signaling.

Angiogenesis is regulated by a balance between stimulatory
and inhibitory factors. When this balance shifts in favor of
positive stimuli the “angiogenic switch” occurs (Hickey and
Simon, 2006). To date several negative regulators of angiogenesis
have been identified, however little is known about their exact
role during physiological angiogenesis. Among these regulators,
thrombospondin, previously reported to be secreted by epithelial
cells, was found to inhibit tumor growth angiogenesis (Henkin
and Volpert, 2011). Lately other anti-angiogenesis agents were
also identified including endostatin, tumstatin, vasostatin, and
lately anti-vascular endothelial growth factor (VEGF) (Norden
et al., 2009). In the adult, under physiological conditions
blood ECs are quiescent due to the increased levels of anti-
angiogenic factors (thrombospondin and endostatin) compared
to proangiogenic forces, such as the VEGF-A, placental growth
factor (PlGF), platelet-derived growth factor (PDGF), and others.
During pathological situations, including carcinogenesis and
chronic inflammation, angiogenic factors are upregulated, and
become more prominent than anti-angiogenic agents.

VEGF FAMILY MEMBERS AND THEIR
RECEPTORS

The growth factors VEGFs, PDGF-BB, and PlGF are all grouped
in the VEGF superfamily (McDonald and Hendrickson, 1993),
and contain a cystine knot motif in their amino acid sequence.
In mammals five VEGF members have been identified, namely
VEGF-A, -B, -C, -D, and PlGF (McDonald and Hendrickson,
1993) (Figure 1). These growth factors mediate their function
on vascular and lymphatic ECs through their cognate receptors
VEGFR-1, -2, and -3 and the NP co-receptors. VEGF-A is able
to activate both VEGFR-1 and VEGFR-2, whereas VEGF-B and
PlGF are selective ligands for VEGFR-1 (Takahashi and Shibuya,
2005). VEGF-C and -D are the only known ligands for VEGFR-
3 and are also able to activate VEGFR-2 (Tammela et al., 2005).
The different expression of these receptors in various tissues
seemed to be responsible for the relatively specific function of
their ligands. Indeed, VEGFR-1 and VEGFR-2 are mainly found
in vascular ECs, VEGFR-3 is largely restricted to lymphatic
endothelium. Thus, according to their affinities for VEGFR-1
and -2, VEGF-A, -B, and PlGF exert angiogenic activities, while
VEGF-C and -D predominantly act as lymphangiogenic growth
factors by activating VEGFR-3. The interaction of VEGF with
VEGFR (Jakobsson et al., 2006) leads to receptor dimerization

leading to conformational changes and phosphorylation of their
tyrosine residues, which is important for downstream signal
mediators activation. The activation cascades outcome is the
elaboration of various VEGF biological responses such as cell
proliferation, survival, migration and ECs arrangement to form
vascular tubes. The activation of VEGFR can be repressed
by its dephosphorylation mediated by various phosphotyrosine
phosphatases (PTPs), including density enhanced phosphatase 1
(DEP1) and vascular endothelial PTP (VEPTP) (Kappert et al.,
2005).

VEGFR1
VEGFR1 (also known as Fms-like tyrosine kinase 1, Flt1,) binds
VEGF-A, VEGF-B, and PlGF (Wiesmann et al., 1997). Activation
of this receptor was found to induce various kinases including
phosphoinositide 3′ kinase (PI3K)/protein kinase B (PKB/AKT),
extracellular signal-regulated kinase (ERK)/mitogen-activated
protein kinase (MAPK), and the stress kinase p38MAPK
(Tchaikovski et al., 2008). VEGFR1 exists as a soluble form
(sFlt1) (Kendall and Thomas, 1993), that exhibits higher affinity
for VEGFA than VEGFR2. As a result, sFlt1 operates as a
negative regulator of angiogenesis by reducing VEGFA/VEGFR2
interaction (Ambati et al., 2006).

VEGFR2
VEGFR2 [KDR (kinase insert domain receptor, human) and
Flk1 (fetal liver kinase-1, mouse)]. Actively involved in vascular
permeability, this receptor is crucial for ECs function during
development. VEGFR2 is expressed most prominently in
vascular ECs, with highest expression levels during embryonic
vasculogenesis and angiogenesis (Millauer et al., 1993). VEGFR2
expression was also found increased during pathological
processes associated with neovascularization such as tumor
angiogenesis (Plate et al., 1993). VEGFR2 binds VEGF-A via
its extracellular Ig-like domains 2 and 3, but with a lower
affinity than VEGFR1 (Fuh et al., 1998). In contrast to VEGFR1,
VEGFR2 binds also VEGF-C and VEGF-D (McColl et al.,
2003) and represses binding to VEGFR3, which results in the
inhibition of the proliferation of lymphatic ECs (Albuquerque
et al., 2009). Interaction of VEGF-A and VEGFR2 promotes
receptor dimerization (Yang et al., 2010), allowing receptor
activation leading to several signaling mediators activation like
PLCγ (Cunningham et al., 1997), and the adapter proteins SHB
and SCK (Warner et al., 2000). These signals are required for
various EC functions including proliferation, cell survival and
migration, and vascular permeability.

VEGFR3
(also known as Flt4) binds VEGF-C and VEGF-D. Produced as
precursor proteins, when proteolytically cleaved show increased
affinity for both VEGFR2 and VEGFR3 (Joukov et al., 1997).
VEGF-C andVEGFR3 interaction is critical for lymphendothelial
function. Expressed in vascular ECs VEGFR3 is up-regulated
during active angiogenesis. Binding of VEGF-C or VEGF-D
to VEGFR3 leads to various kinases activation in VEGFR3
(Dixelius et al., 2003) and the activation of the PI3K/AKT
pathway (Mäkinen et al., 2001), critical in lymphendothelial cell
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FIGURE 1 | Schematic representation of various pathways activated by the VEGF-family members. By binding to their receptors (VEGFR1-3), indicated VEGF

members activate several intracellular pathways involved in a range of cellular functions leading to angiogenesis and lymphangiogenesis.

migration and sprouting of lymph EPCs and development of the
lymphatic system (Karkkainen et al., 2004). Furthermore, VEGF-
C-mediated AKT activation is required for embryonic and adult
lymphangiogenesis (Zhou et al., 2010).

Compelling evidence demonstrated that VEGFRs increase
intracellular Ca2+ concentration ([Ca2+]i), through the
activation of TRP and other Ca2+ channels, which modulates
signaling pathways leading to angiogenesis (Simons et al., 2016).
For instance, VEGF-A enhances inositol 1,4,5-trisphosphate
(IP3) generation, which results in Ca2+ store depletion and
the activation of store-operated Ca2+ entry in ECs and EPCs
(SOCE) (Faehling et al., 2002; Moccia et al., 2014a). Consistent

with this, SOCE inhibition or removal of extracellular Ca2+

has been reported to prevent VEGF-mediated Ca2+ oscillations
in endothelial colony forming cells (Dragoni et al., 2011).
Moreover, TRPC6 has been found to mediate VEGF-induced
Ca2+ influx in microvessel ECs (Pocock et al., 2004), and both
TRPC3 and TRPC6 mediate Ca2+ entry by VEGF in human
microvascular ECs in vivo (Cheng et al., 2006). Furthermore,
Mg2+ influx through TRP family members, such as TRPM6 and
TRPM7, has been provided to be relevant for EC proliferation
and angiogenesis (Nilius et al., 2003). TRP channels and VEGF
signaling exhibit a cross relationship, so that VEGFRs activation
has been reported to induce NFκB-mediated activation of
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transcription of certain TRP genes (Santoni et al., 2011)
(Figure 1), while Ca2+ influx via TRP channels has been found
to stimulate the transcription of genes encoding different
growth factors, including VEGF and PDGF, in ECs (Yao and
Garland, 2005).Therefore, TRP channels play a relevant role in
VEGF-mediated signaling in ECs, as summarized below.

OVERVIEW OF THE TRP SUPERFAMILY OF
CATION CHANNELS

In 1969, Cosens andManning reported their findings concerning
a blind mutant strain of Drosophila melanogaster whose
external appearance and histological sections of retinal structure
were indistinguishable from the wild-type strain but exhibited
abnormal electroretinogram (Cosens and Manning, 1969).
Further studies revealed that while short stimuli induce a similar
response in the wild-type and mutant fly, the response in the
mutant fly to longer light stimulation was characterized by
a marked decay in the receptor potential in the presence of
illumination. The trp mutant, called so due to the transient
receptor potential in response to light found in the retinular
cells of the mutant strain, as compared to the more sustained
receptor potential recorded in the wild-type fly, exhibited a defect
in the process that links excitation to the membrane conductance
(Minke et al., 1975; Minke, 1977). Later on, the light-sensitive
conductance in Drosophila photoreceptors was found to be
mediated by the Na+ and Ca2+-permeable channel trp and its
homolog trpl (Hardie and Minke, 1992; Phillips et al., 1992), and
comprises two distinct currents: one is conducted by the highly
Ca2+ selective trp channel while the second is conducted by the
trpl channel, which is supposed to be responsible for the residual
light-sensitive current in the trp mutants (Katz et al., 2017).

The first mammalian homolog ofDrosophila trp was identified
in mouse in 1995 (Petersen et al., 1995) and two independent
groups identified the first human transient receptor potential
(TRP) channel, called TRPC1, (Wes et al., 1995; Zhu et al., 1995).
Since the discovery of the first TRP channel in mammalian cells
28 TRP genes have been identified, which can be grouped into
three subfamilies closely related to Drosophila trp (TRPC, TRPV,
and TRPM), two more distantly related subfamilies (TRPP and
TRPML), and a less related TRPN group expressed in flies and
worms (Montell et al., 2002; Salido et al., 2011).

All TRP channels show a common architecture. They are
membrane proteins with six putative transmembrane domains
(TM1–TM6) and present a cation-permeable pore region created
by a loop between TM5 and TM6 (Figure 2). The N- and C-
termini are located intracellularly and show a great variability
both in length and amino acid sequence among the different
TRP members. The N- and C- terminal sequences include a
variety of functional domains (Ramsey et al., 2006), including:
(1) a variable number of ankyrin repeats (present in the members
of TRPA, TRPC, TRPV, and TRPN subfamilies) that have been
found to play a relevant role in channel sensing and gating
(Gaudet, 2008); (2) TRPC, TRPM and TRPN exhibit a “TRP
domain” sequence adjacent to the TM6, which shows highly
conserved sequences called TRP boxes 1 and 2, and has been

shown to be required for channel tetramerization and function
(Venkatachalam and Montell, 2007). Similarly, the TRPV1,
TRPA1, and TRPP channels show a TRP-like domain, which
shows a similar α-helical configuration and function to TRP
domains (García-Sanz et al., 2004; Zheng et al., 2018); (3) an
α-kinase domain present in TRPM6 and TRPM7 that regulates
channel function and sensitivity to Mg2+·ATP (Clark et al., 2008;
Zhang et al., 2014); (4) an ADPR hydrolase domain (Nudix-like
domain or NUDT9 homology domain) in TRPM2, which has
been reported to sense ADP-ribose concentration and convey this
information to the cell by activation of cation entry (Scharenberg,
2005); (5) a calmodulin- and IP3 receptor (IP3R)-binding site
(CIRB, present in TRPC, members), a domain that has been
reported to be involved in the modulation of TRPC6 channel
function by IP3R and Ca2+/calmodulin (Dionisio et al., 2011)
and to modulate plasma membrane location of TRPC3 channels
via an IP3R-independent pathway (Wedel et al., 2003); (6) an
EF-hand Ca2+-binding domain (present in members of the
TRPP, TRPML, and TRPA1) (Zurborg et al., 2007); (7) a large
extracellular loop between TM1 and TM2 in TRPP and TRPML,
which has recently been reported to play an essential role in
channel assembly and function (Salehi-Najafabadi et al., 2017);
and, (8) coiled-coil domains located in the C-terminal region
(for TRPV, TRPM, TRPA1, and TRPP) or in the N- and C-
terminal domains (for TRPC) (García-Sanz et al., 2004; Li et al.,
2011a) (Figure 2), which have been found to be involved in
subunit-subunit interaction (Launay et al., 2004), as well as in
the interaction of TRPs with channel modulators, such as the
interaction of TRPC proteins with the endoplasmic reticulum
Ca2+ sensor, STIM1 (Lee et al., 2014).

Mammalian TRP channels are permeable to monovalent
and divalent cations, with a permeability for Ca2+ over Na+

(ratio PCa/PNa) that ranges from channels that are selective for
monovalent cations, such as TRPM4 and TRPM5, to highly
Ca2+ selective channels, including TRPV5 and TRPV6, which
exhibit a ratio PCa/PNa over 100 (Freichel et al., 2012). It has also
been reported that TRP channels are permeable to metal ions,
such as manganese, magnesium, zinc, barium, strontium, nickel
or cobalt, and, certain TRP members exhibit a greater relative
permeability for these ions than for Ca2+ (for an extensive review
see Bouron et al., 2015).

TRP channels have been reported to be activated and/or
modulated by a number of chemical and physical stimuli, such
as extracellular and intracellular ions (including H+, Ca2+ and
Mg2+) (Liman, 2007; Zhang et al., 2014) and ligands, both
intracellular molecules [such as diacylglycerol (Hofmann et al.,
1999), phosphoinositide-4,5-bisphosphate (PIP2) (Nilius et al.,
2006; Jardín et al., 2008a)] and exogenous natural and synthetic
ligands (for a review see Harteneck et al., 2011; Vetter and Lewis,
2011), temperature and mechanical stretch (Venkatachalam and
Montell, 2007). Furthermore, TRPC channels have been reported
to be activated by intracellular Ca2+ store depletion via the
interaction with STIM1 and Orai1, the key elements for the
activation of store-operated Ca2+ entry (SOCE) (Zhang et al.,
2005; Feske et al., 2006). Ca2+ entry through SOCE is conducted
by two types of channels: the highly Ca2+ selective CRAC (Ca2+

release-activated Ca2+) channel, involving Orai1 subunits, and
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FIGURE 2 | Molecular structure and function of TRP channels. (A) Schematic representation of TRPC1 depicting functionally relevant domains. The cytoplasmic N-

and C-termini of each TRP family contain different structural and functional domains as indicated. (B) Cartoon representing the topology of a TRP monomer within the

plasma membrane, activation and functions associated to TRP channels in endothelial cells. The protein exhibits six transmembrane domains (TM1-TM6) with the

pore located between transmembrane domains 5 and 6, and both N-terminal and C-terminal domains located in the cytosol. Endothelial TRP channels can be

activated by receptor occupation, which, in turn, leads to the activation of phospholipase C and the generation of DAG and inositol 1,4,5-trisphosphate (IP3). DAG is

an endogenous activator of certain TRP channels and Ca2+ store depletion results in STIM1-dependent activation of TRPC1. Furthermore, TRP channels in

endothelial cells can be activated by shear stress and the different EETs or their expression can be upregulated by hypoxia. Calcium influx via TRP channels is involved

in Ca2+ store refilling, activation of Ca2+-binding proteins (CBP), cytoskeletal remodeling and the regulation of vascular permeability as well as the exocytosis of

smooth muscle cell relaxing factors.

the less selective store-operated Ca2+ (SOC) channels (Desai
et al., 2015). Despite the participation of TRPC channels in SOCE
has been a matter of intense debate in the past, there is now
a general consensus that TRPC1 is a component of the SOC
channels, forming a ternary complex with Orai1 and STIM1,
which confers store depletion sensitivity to SOC channels (Huang
et al., 2006; Jardin et al., 2008b; Desai et al., 2015; Ambudkar et al.,
2017).

TRP CHANNELS IN THE ENDOTHELIUM

ECs have been reported to express at the transcript and/or protein
level most of the mammalian TRP isoforms identified, including
TRPC1, 3, 4, 5, 6, and 7, TRPV1, 2, and 4, TRPP1 and 2, TRPA1
and TRPM1, 2, 3, 4, 6, 7, and 8, although differences in the
expression profile have been reported for different vasculatures
and species (Wong and Yao, 2011; Cao et al., 2018).

TRP channels contribute to the Ca2+ influx induced
by a plethora of vasoactive agents, including thrombin,
ATP, angiotensin II or bradykinin (Bishara and Ding, 2010;
Sundivakkam et al., 2013). Ca2+ entry through TRP channels
has been found to be involved in the activation of a number
of signaling pathways and cellular functions. Among the major
functional roles of ECs is the modulation of the vascular tone
through the release of a variety of factors that induce relaxation
of smooth muscle cells. TRP channels have been reported to
play an important role in this process, for instance, irisin,
an exercise-induced myokine, has been reported to induce
vasodilatation of rat mesenteric arteries through the activation
of endothelial TRPV4 channels, which are involved in Ca2+

influx induced by irisin in primary cultured rat mesenteric
artery ECs (Ye et al., 2018). Furthermore, TRPV4-deficient
mice exhibit attenuated acetylcholine-induced endothelium-
dependent vasodilatation associated to a reduced nitric oxide
(NO) release (Zhang et al., 2009).

Frontiers in Physiology | www.frontiersin.org 5 December 2018 | Volume 9 | Article 173111

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Smani et al. TRPs in Angiogenesis

TRP channels have also been found to play a relevant role
in vascular permeability, a cellular process that is based on
transcellular and paracellular pathways, being the later regulated
by the balance between cell-cell adhesive forces and contractile
forces generated by the endothelial cytoskeleton (Wong and
Yao, 2011). Probably, one of the most widely investigated
TRP channels for its implication in endothelial permeability is
TRPC6, which has been shown to be involved in lung ischemia-
reperfusion-induced edema in mice (Weissmann et al., 2012), as
well as in endotoxin-induced lung vascular permeability (Tauseef
et al., 2012). TRPC1 and TRPC4 have also been found to be
involved in vascular permeability. Expression of TRPC1 induced
by TNFα has been reported to enhanced Ca2+ influx and vascular
permeability (Paria et al., 2003) and TRPC4-deficient mice where
thrombin-evoked Ca2+ signals and endothelial permeability were
reduced (Tiruppathi et al., 2002). Other TRP channels, such
as TRPV4 or TRPM4, have been reported to play a relevant
role in vascular permeability. In isolated rat lung, activation
of TRPV4 by 4α-phorbol 12,13-didecanoate (4α-PDD), as well
as by 5,6- or 14,15-epoxyeicosatrienoic acids, has been found
to increase lung endothelial permeability in a Ca2+ entry-
dependent manner, which indicates that TRPV4 is involved in
the disruption of the alveolar septal barrier. Consistent with
this, the effect of the TRPV4 agonists was impaired in TRPV4-
deficient mice (Alvarez et al., 2006). TRPM4 has been reported
to be up-regulated in the ECs of blood vessels following spinal
cord injury, which has been associated to secondary hemorrhage
and progressive hemorrhagic necrosis (Gerzanich et al., 2009).
Although the mechanism underlying the role of TRPM4 in
vascular permeability remains unclear, there is a body of evidence
supporting that TRPM4 expression is involved in post-trauma
secondary hemorrhage, i.e., after spinal cord injury in rats, in vivo
gene suppression using Trpm4 antisense was found to preserve
capillary integrity and impair secondary hemorrhage, and similar
results were observed in TRPM4-deficient mice (Gerzanich et al.,
2009). Furthermore, 17β-estradiol, which attenuates TRPM4 and
sulfonylurea receptor-1, has been reported to suppress disruption
of the blood-spinal cord barrier and attenuate secondary
hemorrhage after spinal cord injury (Lee et al., 2015).

Finally, TRP channels have also been reported to play a
functional role in the ability of the ECs to sense hemodynamic
and chemical changes. Flow shear force results in rises in
cytosolic Ca2+ concentration ([Ca2+]i), which, in turn, lead to
the release of vasodilating factors. A number of TRP channels are
sensitive to flow shear stress, such as TRPV4. It has been reported
that flow shear stress induces relaxation of the carotid artery, an
effect that is mimicked by the TRPV4 activator 4α-PDD and is
prevented by the non-selective TRPV4 inhibitor ruthenium red
(Köhler et al., 2006). The involvement of TRPV4 in endothelial-
dependent vascular dilation was confirmed in TRPV4-deficient
mice, which exhibit attenuated response to stimulation with
endothelium-derived hyperpolarizing factor (Loot et al., 2008)
and, more recently, with studies reporting that TRPV4-TRPC1
heteromeric channels mediate flow shear-induced endothelial
Ca2+ influx by a mechanism that might involve an upstream
mechanosensitive pathway including phospholipase A2 and
cytochrome P450 epoxygenase activity (Loot et al., 2008; Ma

et al., 2010). The TRPP1-TRPP2 complex has also been suggested
to play a role in flow-induced ECs-mediated vascular dilation,
as Ca2+ influx and NO production in response to flow is
significantly reduced by TRPP1 or TRPP2 expression silencing
(Nauli et al., 2008; AbouAlaiwi et al., 2009); although the
mechanism underlying the activation of TRPP2-mediated Ca2+

entry by flow shear forces in ECs remains unclear. A more recent
study has identified the formation of a heteromeric channel
including the flow-sensitive TRPV4 and both TRPC1 and TRPP2,
which mediates the flow-induced Ca2+ influx in native vascular
ECs (Du et al., 2014). TRP channels also play a relevant
role sensing chemical blood components. For instance, TRPC3,
TRPC4, TRPM2, TRPM7, and TRPA1 have been reported to
be activated by oxidative stress, leading to Na+ and Ca2+

entry and, thus, mediating the vascular effects associated to
reactive oxygen species (ROS) (Wong and Yao, 2011). On the
other hand, in addition to sensing ROS, TRPA1 channels have
been found to detect molecular oxygen and are essential for
hyperoxia- and hypoxia-induced vagal responses (Takahashi
et al., 2011). The mechanistic details of the activation of TRPA1
by O2 as well as the transduction pathway remain unclear;
however, in cerebral arteries, TRPA1 in the endothelium ismostly
located within myoendothelial junction sites, where TRPA1-
mediated Ca2+ influx is associated to endothelium-dependent
smooth muscle cell vasodilatation through the activation of
Ca2+-activated K+ channels (KCa3.1), which, in turns, results
in ECs hyperpolarization that is conducted via myoendothelial
gap junctions to hyperpolarize the adjacent smooth muscle cell,
resulting in myocyte relaxation (Earley, 2012).

TRP CHANNELS IN ANGIOGENESIS

TRP channels have also been found to play a relevant
role in angiogenesis. Compelling evidence demonstrated that
angiogenic growth factors activate TRP channels, causing a
subsequent rise in endothelial [Ca2+]i, which modulates the
signal transduction pathways leading to angiogenesis (Kwan
et al., 2007). It is known that both tumor and physiological
angiogenesis are initiated in hypoxic environment principally
due to secretion of several growth factors, such as VEGF.
These growth factors stimulate proliferation, migration, and tube
formation of ECs, resulting in the generation of new capillary
(Kohn et al., 1995). Most studies used particularly VEGF to
investigate neovascularization in different experimental model.
Briefly, tyrosine phosphorylation of VEGFR triggers activation of
phospholipase C (PLC), inositol 1,4,5-triphosphate (InsP3) and
diacylglycerol (DAG) generation. The consequent Ca2+ entry
following the classic Ca2+ release modulates signaling pathways
leading to angiogenesis (Simons et al., 2016). Several reports
demonstrated that VEGF-induced Ca2+ entry through different
isoforms of TRP in several cell types, such as TRPC3 and TRPC6
(Hamdollah Zadeh et al., 2008; Andrikopoulos et al., 2017);
TRPM2 through reactive oxygen generation (Mittal et al., 2015);
or TRPV1 (Garreis et al., 2016). Certainly, in ECs some TRPs
associate to others isoforms forming heteromeric channels (Loot
et al., 2008; Nauli et al., 2008; AbouAlaiwi et al., 2009; Ma et al.,
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2010), however most studies of angiogenesis focused on only one
isoform of TRPs as detailed below.

Role of TRPCs
The participation of TRPC3 in angiogenesis has been
characterized in Human Umbilical Vein ECs (HUVEC)
treated with VEGF. TRPC3 inhibition or its silencing with
siRNA attenuated VEGF activation of ERK1/2 phosphorylation,
and stimulation of [Ca2+]i transients in HUVEC. Additionally,
siRNA of TRPC3 significantly suppressed endothelial tube
formation, an indicator of angiogenesis (Andrikopoulos et al.,
2017). This study suggests that TRPC3 is activated by the
generation of DAG downstream of VEGFR in HUVECs, causing
Na+ influx by subsequent activation of the Na+/Ca2+ exchanger
in reversal mode, contributing ultimately to angiogenesis
(Andrikopoulos et al., 2017). The role of TRPC3 in angiogenesis
has also been evaluated in EPCs (Dragoni et al., 2013). As stated
above, EPCs are adult stem cells having the ability to differentiate
into ECs, and thereby they promote postnatal vasculogenesis
and endothelial repair after vascular intima injury (Djohan et al.,
2018). Molecular and pharmacological inhibition of TRPC3,
using siRNA and Pyr3 respectively, abrogated VEGF-induced
Ca2+ response and inhibited proliferation of EPCs (Dragoni
et al., 2013). The selectivity of Pyr3 on TRPC3 might be
questioned, nevertheless the effect of TRPC3 silencing suggest
that this channels might be relevant for vasculogenesis.

Independently of ECs stimulation with VEGF, silencing
the expression of TRPC3, TRPC4, or TRPC5 also prevented
spontaneous [Ca2+]i oscillations and inhibited tube formation
in human umbilical vein-derived EC line EA.hy926 and
HUVECs (Antigny et al., 2012). A recent study performed
in retina microvascular ECs showed that hypoxia, a potent
trigger of angiogenesis, enhanced the expression of TRPC4,
whose silencing inhibited VEGF-induced ECs proliferation and
migration and in vitro angiogenesis evaluated by tube formation
(Song et al., 2015). More recently, silencing of TRPC4 attenuated
oxLDL-induced human coronary ECs proliferation; migration
and in vitro angiogenesis-tube formation on matrigel, suggesting
that suppression of TRPC4 might be an alternative therapeutic
strategy for atherosclerotic neovascularization (Qin et al., 2016).

TRPC6 seems also critical for angiogenesis and Ca2+ entry
in response to VEGF and 1-oleoyl-2-acetyl-sn-glycerol (OAG,
a membrane-permeant DAG analog) in human microvascular
ECs and in HUVEC. Experiments using a dominant-negative
mutant of TRPC6, made with three mutations in the pore
region, reduced ECs proliferation, migration and sprouting in
matrigel assay (Hamdollah Zadeh et al., 2008). Similar results
were observed in HUVEC, where a dominant-negative form of
TRPC6 inhibited VEGF-induced cation current, HUVEC growth
and proliferation, as well as VEGF-evoked capillary formation in
vitro (Ge et al., 2009). The role of TRPC6 in ECs proliferation and
tube formation was also observed when 11,12-EET (11,12-cis-
epoxyeicosatrienoic acid) was used to stimulate ECs (Ding et al.,
2014).

Other studies have focused on the role of TRPC1 in
angiogenesis. Indeed, a proangiogenic role for TRPC1 has been
described in vivo in zebrafish, where authors have identified

severe angiogenic defects in intersegmental vessel sprouting after
knockdown of TRPC1 (Yu et al., 2010). Furthermore, TRPC1
likely controls cell proliferation and tubulogenesis in normal
EPCs and in those isolated from peripheral blood of tumor
patients (Moccia et al., 2014b). Recently, in vivo matrigel assay
confirmed that EPCs isolated from TRPC1 knockout mice has
substantially reduced functional activities, including migration
and tube formation, indicating that TRPC1 plays an important
role in angiogenesis (Du et al., 2018). Nevertheless, other studies
suggested that TRPC1 is not relevant for angiogenesis. The use of
siRNAs, dominant-negative mutants or neutralizing antibodies,
failed to demonstrate that TRPC1 is required for VEGF-induced
Ca2+ increase in HUVECs and tube formation (Li et al., 2011b;
Antigny et al., 2012). Interestingly, TRPC1 knockout mice
developed normal vasculature (Schmidt et al., 2010). Therefore,
more investigations are still required to clarify the real role of
TRPC1 in the angiogenic processes.

Role of TRPVs
TRPV4 has long been known to regulate angiogenesis and
neovascularization by stimulating ECs proliferation and
migration as reviewed recently (Moccia, 2018). TRPV4 plays
an important role in cytoskeletal reorganization and changes in
cell adhesion, which coordinate ECs proliferation and motility
via mechanotransduction (Köhler et al., 2006; Reddy et al.,
2015; Adapala et al., 2016; Thoppil et al., 2016). TRPV4 is
dramatically up-regulated in breast tumor-derived ECs, and is
required for arachidonic acid (AA)-evoked Ca2+ entry, which
increase the rate of ECs migration and motility as compared to
control ECs (Fiorio Pla et al., 2012). Moreover, the absence of
TRPV4 in knockout mice was associated with an increase in basal
Rho/Rho kinase activity, significant increase in ECs proliferation,
migration, and abnormal tube formation in vitro (Thoppil et al.,
2016). Interestingly, another study from the same group
confirmed that overexpression or pharmacological activation
of TRPV4, using GSK1016790, restored the aberrant ECs
mechanosensitivity, migration and normalized tube formation
in matrigel assay. TRPV4 activation and overexpression likely
normalized the abnormal angiogenesis evoked by tumor ECs
through the inhibition of the exacerbated Rho activity (Adapala
et al., 2016). Therefore, TRPV4 activation seems relevant to
normalize tumor angiogenesis via modulation of Rho/Rho
kinase pathway.

TRPV1 has been found to be pro-angiogenic. Intraperitoneal
injection of mice with a TRPV1 ligand, evodiamine, promoted
vascularization in matrigel plugs used in vivo in wild type mice.
In contrast, the induced angiogenesis was markedly reduced
in TRPV1 knockout mice (Ching et al., 2011). Similarly, using
knockout mice TRPV1 appears crucial for 14,15-EET-induced
Ca2+ influx, NO production and angiogenesis evaluated by
tube formation and in vivo matrigel assays (Su et al., 2014a).
In addition, in human microvascular ECs TRPV1 activation is
involved in simvastatin-activated Ca2+ influx, which induced the
activation of CaMKII signaling and enhanced the formation of
TRPV1–eNOS complex, leading to NO production and in vitro
angiogenesis-tube formation (Su et al., 2014b).
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Role of TRPMs
TRPM2, TRPM4, and TRPM7 have also been found to be
involved in angiogenesis (Zhou et al., 2014). Recently, a
study demonstrated that VEGF stimulated ECs migration and
induced ROS-dependent Ca2+ entry through TRPM2 activation.
In addition, they showed that matrigel plugs supplemented
with VEGF injected subcutaneously in TRPM2 knockout mice
presented significantly reduced vessel formation compared to
wild type mice. Using the mouse aortic ring assay, they also
observed defective capillary sprouting and reduced capillary
lengths isolated fromTRPM2 knockoutmouse rings as compared
with WT mice, indicating that TRPM2 was required for
angiogenesis and ischemic neovascularization (Mittal et al.,
2015). Moreover, TRPM4 is upregulated in vascular endothelium
following hypoxia/ischemia in vitro and in vivo, and in HUVECs
following oxygen–glucose deprivation. Pharmacological blocking
of TRPM4, or its silencing with siRNA, enhanced tube formation
on matrigel and improved capillary integrity in vivo (Loh
et al., 2014). Previously, a report demonstrated that silencing of
TRPM7, mimics the effect of Mg2+ deficiency in microvascular
ECs growth and migration, proposing magnesium and TRPM7
as a modulator of angiogenesis (Baldoli and Maier, 2012).

Others TRPs’ Role in Angiogenesis
Little is known regarding the participation of TRPA and TRPP
isoforms in the angiogenic process. Few years ago, TRPA1 was
suggested as the downstream effector for simvastatin—evoked
activation of TRPV1-Ca2+ signaling in ECs, since its inhibition
markedly decreased eNOS activation, NOproduction and in vitro
angiogenesis-tube formation (Su et al., 2014b). The role of TRPA1
was further confirmed using matrigel plugs in vivo in TRPA1
knockout mice, whereby simvastatin—induced angiogenesis was
partially reduced (Su et al., 2014b).

CONCLUSION

ECs activity, such as proliferation, migration, and survival is
required for angiogenesis under both physiological conditions,
(vessel growth and renewal) and pathological conditions,
(cardiovascular diseases and tumors initiation and progression).
Alteration of these functions resulted from exaggerated or
reduced bioavailability of various downstream effectors of VEGF

receptors. For example increased Akt and ERK activation
following sustained VEGFRs-VEGF interaction induces tumor
angiogenesis and growth, whereas, reduced Nitric oxide (NO)
production seemed to cause endothelial dysfunction such as
deficiency in vascular relaxation. It is now evident that TRP
channels are critically involved in physiological and pathological
angiogenic process. By controlling Ca2+ homeostasis, different
TRP isoforms are activated by pro-angiogenic stimuli that evoke
ECs proliferation and migration, as well as the formation of new
capillary derived either from ECs or from EPCs. Nevertheless,
considerable work is needed to fully understand why many TRPs
from different subfamilies are activated by similar pro-angiogenic
stimuli such as VEGFs, and whether these TRPs might associate
between them to promote their angiogenic effect. To the best
of our knowledge, and from the point of view of angiogenesis,
the organization and interactions between closely related TRP
channels have not been addressed. Several questions still remain
unsolved concerning the role or TRP channels in angiogenesis
such as are different TRPs located inmicrodomains with different
VEGF-receptors? Are different Ca2+ signals generated by these
TRP complexes inducing different cellular functions? Further
studies will definitely clarify these and other functional aspects.

In light of the reported findings, the search of selective
pharmacological blockers or activator of TRP channels stands out
among the strategies for obtaining promising molecular drugs
to normalize angiogenesis or for anti-angiogenic therapies to
prevent tumor neovascularization.

AUTHOR CONTRIBUTIONS

TS, A-MK, and JR conceived the concept of the review. TS,
A-MK, LG, GS, and JR wrote the review. SR, GW, and A-MK
designed and formatted the figures. TS, LG, SR, GW, GS, A-MK,
and JR read and edited the review manuscript.

ACKNOWLEDGMENTS

This work was supported by MINECO [Grants BFU2016-74932-
C2], by the Institute of Carlos III [Grant PI15/00203], by the
Andalusia Government [Grant: PI-0313-2016] and Junta de
Extremadura-FEDER (IB16046 and GR18061). This study was
co-financed by FEDER Funds.

REFERENCES

AbouAlaiwi, W. A., Takahashi, M., Mell, B. R., Jones, T. J., Ratnam, S.,

Kolb, R. J., et al. (2009). Ciliary polycystin-2 is a mechanosensitive calcium

channel involved in nitric oxide signaling cascades. Circ. Res. 104, 860–869.

doi: 10.1161/CIRCRESAHA.108.192765

Adapala, R. K., Thoppil, R. J., Ghosh, K., Cappelli, H. C., Dudley, A. C.,

Paruchuri, S., et al. (2016). Activation of mechanosensitive ion channel TRPV4

normalizes tumor vasculature and improves cancer therapy. Oncogene 35,

314–322. doi: 10.1038/onc.2015.83

Albuquerque, R. J., Hayashi, T., Cho, W. G., Kleinman, M. E., Dridi, S., Takeda, A.,

et al. (2009). Alternatively spliced vascular endothelial growth factor receptor-2

is an essential endogenous inhibitor of lymphatic vessel growth. Nat. Med. 15,

1023–1030. doi: 10.1038/nm.2018

Alvarez, D. F., King, J. A., Weber, D., Addison, E., Liedtke, W., and Townsley, M.

I. (2006). Transient receptor potential vanilloid 4-mediated disruption of the

alveolar septal barrier: a novel mechanism of acute lung injury. Circ. Res. 99,

988–995. doi: 10.1161/01.RES.0000247065.11756.19

Ambati, B. K., Nozaki, M., Singh, N., Takeda, A., Jani, P. D., Suthar, T., et al. (2006).

Corneal avascularity is due to soluble VEGF receptor-1. Nature 443, 993–997.

doi: 10.1038/nature05249

Ambudkar, I. S., de Souza, L. B., and Ong, H. L. (2017). TRPC1, Orai1,

and STIM1 in SOCE: friends in tight spaces. Cell Calcium 63, 33–39.

doi: 10.1016/j.ceca.2016.12.009

Andrikopoulos, P., Eccles, S. A., and Yaqoob, M. M. (2017). Coupling between the

TRPC3 ion channel and the NCX1 transporter contributed to VEGF-induced

ERK1/2 activation and angiogenesis in human primary endothelial cells. Cell.

Signal. 37, 12–30. doi: 10.1016/j.cellsig.2017.05.013

Frontiers in Physiology | www.frontiersin.org 8 December 2018 | Volume 9 | Article 173114

https://doi.org/10.1161/CIRCRESAHA.108.192765
https://doi.org/10.1038/onc.2015.83
https://doi.org/10.1038/nm.2018
https://doi.org/10.1161/01.RES.0000247065.11756.19
https://doi.org/10.1038/nature05249
https://doi.org/10.1016/j.ceca.2016.12.009
https://doi.org/10.1016/j.cellsig.2017.05.013
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Smani et al. TRPs in Angiogenesis

Antigny, F., Girardin, N., and Frieden, M. (2012). Transient receptor potential

canonical channels are required for in vitro endothelial tube formation. J. Biol.

Chem. 287, 5917–5927. doi: 10.1074/jbc.M111.295733

Baldoli, E., and Maier, J. A. (2012). Silencing TRPM7 mimics the effects of

magnesium deficiency in human microvascular endothelial cells. Angiogenesis

15, 47–57. doi: 10.1007/s10456-011-9242-0

Bishara, N. B., and Ding, H. (2010). Glucose enhances expression of TRPC1 and

calcium entry in endothelial cells. Am. J. Physiol. Heart Circ. Physiol. 298,

H171–H178. doi: 10.1152/ajpheart.00699.2009

Bouron, A., Kiselyov, K., and Oberwinkler, J. (2015). Permeation, regulation and

control of expression of TRP channels by trace metal ions. Pflugers Arch. 467,

1143–1164. doi: 10.1007/s00424-014-1590-3

Burri, P. H., Hlushchuk, R., and Djonov, V. (2004). Intussusceptive angiogenesis:

its emergence, its characteristics, and its significance. Dev. Dyn. 231, 474–488.

doi: 10.1002/dvdy.20184

Cao, S., Anishkin, A., Zinkevich, N. S., Nishijima, Y., Korishettar, A., Wang, Z.,

et al. (2018). Transient receptor potential vanilloid 4 (TRPV4) activation by

arachidonic acid requires protein kinase A-mediated phosphorylation. J. Biol.

Chem. 293, 5307–5322. doi: 10.1074/jbc.M117.811075

Cheng, H. W., James, A. F., Foster, R. R., Hancox, J. C., and Bates, D.

O. (2006). VEGF activates receptor-operated cation channels in human

microvascular endothelial cells.Arterioscler. Thromb. Vasc. Biol. 26, 1768–1776.

doi: 10.1161/01.ATV.0000231518.86795.0f

Ching, L. C., Kou, Y. R., Shyue, S. K., Su, K. H., Wei, J., Cheng, L. C., et al.

(2011). Molecular mechanisms of activation of endothelial nitric oxide synthase

mediated by transient receptor potential vanilloid type 1. Cardiovasc. Res. 91,

492–501. doi: 10.1093/cvr/cvr104

Clark, K., Middelbeek, J., Dorovkov, M. V., Figdor, C. G., Ryazanov, A. G.,

Lasonder, E., et al. (2008). The alpha-kinases TRPM6 and TRPM7, but not eEF-

2 kinase, phosphorylate the assembly domain of myosin IIA, IIB and IIC. FEBS

Lett. 582, 2993–2997. doi: 10.1016/j.febslet.2008.07.043

Cosens, D. J., and Manning, A. (1969). Abnormal electroretinogram from a

Drosophila mutant. Nature 224, 285–287. doi: 10.1038/224285a0

Cunningham, S. A., Arrate, M. P., Brock, T. A., and Waxham, M. N. (1997).

Interactions of FLT-1 and KDR with phospholipase C gamma: identification

of the phosphotyrosine binding sites. Biochem. Biophys. Res. Commun. 240,

635–639. doi: 10.1006/bbrc.1997.7719

Desai, P. N., Zhang, X., Wu, S., Janoshazi, A., Bolimuntha, S., Putney,

J. W., et al. (2015). Multiple types of calcium channels arising from

alternative translation initiation of the Orai1 message. Sci. Signal. 8:ra74.

doi: 10.1126/scisignal.aaa8323

Ding, Y., Fromel, T., Popp, R., Falck, J. R., Schunck, W. H., and Fleming, I. (2014).

The biological actions of 11,12-epoxyeicosatrienoic acid in endothelial cells are

specific to the R/S-enantiomer and require the G(s) protein. J. Pharmacol. Exp.

Ther. 350, 14–21. doi: 10.1124/jpet.114.214254

Dionisio, N., Albarran, L., Berna-Erro, A., Hernandez-Cruz, J. M., Salido, G. M.,

and Rosado, J. A. (2011). Functional role of the calmodulin- and inositol

1,4,5-trisphosphate receptor-binding (CIRB) site of TRPC6 in human platelet

activation. Cell. Signal. 23, 1850–1856. doi: 10.1016/j.cellsig.2011.06.022

Dixelius, J., Makinen, T., Wirzenius, M., Karkkainen, M. J., Wernstedt, C., Alitalo,

K., et al. (2003). Ligand-induced vascular endothelial growth factor receptor-

3 (VEGFR-3) heterodimerization with VEGFR-2 in primary lymphatic

endothelial cells regulates tyrosine phosphorylation sites. J. Biol. Chem. 278,

40973–40979. doi: 10.1074/jbc.M304499200

Djohan, A. H., Sia, C. H., Lee, P. S., and Poh, K. K. (2018). Endothelial

progenitor cells in heart failure: an authentic expectation for potential future

use and a lack of universal definition. J. Cardiovasc. Transl. Res. 11, 393–402.

doi: 10.1007/s12265-018-9810-4

Dragoni, S., Laforenza, U., Bonetti, E., Lodola, F., Bottino, C., Berra-

Romani, R., et al. (2011). Vascular endothelial growth factor stimulates

endothelial colony forming cells proliferation and tubulogenesis by inducing

oscillations in intracellular Ca2+ concentration. Stem Cells 29, 1898–1907.

doi: 10.1002/stem.734

Dragoni, S., Laforenza, U., Bonetti, E., Lodola, F., Bottino, C., Guerra, G., et al.

(2013). Canonical transient receptor potential 3 channel triggers vascular

endothelial growth factor-induced intracellular Ca2+ oscillations in endothelial

progenitor cells isolated from umbilical cord blood. Stem Cells Dev. 22,

2561–2580. doi: 10.1089/scd.2013.0032

Du, J., Ma, X., Shen, B., Huang, Y., Birnbaumer, L., and Yao, X. (2014). TRPV4,

TRPC1, and TRPP2 assemble to form a flow-sensitive heteromeric channel.

FASEB J. 28, 4677–4685. doi: 10.1096/fj.14-251652

Du, L. L., Shen, Z., Li, Z., Ye, X., Wu, M., Hong, L., et al. (2018). TRPC1

deficiency impairs the endothelial progenitor cell function via inhibition

of calmodulin/eNOS pathway. J. Cardiovasc. Transl. Res. 11, 339–345.

doi: 10.1007/s12265-018-9798-9

Earley, S. (2012). TRPA1 channels in the vasculature. Br. J. Pharmacol. 167, 13–22.

doi: 10.1111/j.1476-5381.2012.02018.x

Faehling, M., Kroll, J., Fohr, K. J., Fellbrich, G., Mayr, U., Trischler, G., et al. (2002).

Essential role of calcium in vascular endothelial growth factor A-induced

signaling: mechanism of the antiangiogenic effect of carboxyamidotriazole.

FASEB J. 16, 1805–1807. doi: 10.1096/fj.01-0938fje

Fantin, A., Vieira, J. M., Gestri, G., Denti, L., Schwarz, Q., Prykhozhij, S., et al.

(2010). Tissue macrophages act as cellular chaperones for vascular anastomosis

downstream of VEGF-mediated endothelial tip cell induction. Blood 116,

829–840. doi: 10.1182/blood-2009-12-257832

Feske, S., Gwack, Y., Prakriya, M., Srikanth, S., Puppel, S. H., Tanasa, B., et al.

(2006). A mutation in Orai1 causes immune deficiency by abrogating CRAC

channel function. Nature 441, 179–185. doi: 10.1038/nature04702

Fiorio Pla, A., Ong, H. L., Cheng, K. T., Brossa, A., Bussolati, B., Lockwich,

T., et al. (2012). TRPV4 mediates tumor-derived endothelial cell migration

via arachidonic acid-activated actin remodeling. Oncogene 31, 200–212.

doi: 10.1038/onc.2011.231

Freichel, M., Almering, J., and Tsvilovskyy, V. (2012). The role of TRP proteins in

mast cells. Front. Immunol. 3:150. doi: 10.3389/fimmu.2012.00150

Fuh, G., Li, B., Crowley, C., Cunningham, B., andWells, J. A. (1998). Requirements

for binding and signaling of the kinase domain receptor for vascular endothelial

growth factor. J. Biol. Chem. 273, 11197–11204. doi: 10.1074/jbc.273.18.

11197

García-Sanz, N., Fernandez-Carvajal, A., Morenilla-Palao, C., Planells-Cases, R.,

Fajardo-Sanchez, E., Fernandez-Ballester, G., et al. (2004). Identification of a

tetramerization domain in the C terminus of the vanilloid receptor. J. Neurosci.

24, 5307–5314. doi: 10.1523/JNEUROSCI.0202-04.2004

Garreis, F., Schroder, A., Reinach, P. S., Zoll, S., Khajavi, N., Dhandapani, P.,

et al. (2016). Upregulation of transient receptor potential vanilloid type-1

channel activity and Ca2+ influx dysfunction in human pterygial cells. Invest.

Ophthalmol. Vis. Sci. 57, 2564–2577. doi: 10.1167/iovs.16-19170

Gaudet, R. (2008). A primer on ankyrin repeat function in TRP channels and

beyond.Mol. Biosyst. 4, 372–379. doi: 10.1039/b801481g

Ge, R., Tai, Y., Sun, Y., Zhou, K., Yang, S., Cheng, T., et al. (2009). Critical role

of TRPC6 channels in VEGF-mediated angiogenesis. Cancer Lett. 283, 43–51.

doi: 10.1016/j.canlet.2009.03.023

Gerhardt, H., and Betsholtz, C. (2005). How do endothelial cells orientate? EXS 94,

3–15. doi: 10.1007/3-7643-7311-3_1

Gerzanich, V., Woo, S. K., Vennekens, R., Tsymbalyuk, O., Ivanova, S., Ivanov, A.,

et al. (2009). De novo expression of Trpm4 initiates secondary hemorrhage in

spinal cord injury. Nat. Med. 15, 185–191. doi: 10.1038/nm.1899

Grunewald, M., Avraham, I., Dor, Y., Bachar-Lustig, E., Itin, A., Jung, S., et al.

(2006). VEGF-induced adult neovascularization: recruitment, retention, and

role of accessory cells. Cell 124, 175–189. doi: 10.1016/j.cell.2005.10.036

Hamdollah Zadeh, M. A., Glass, C. A., Magnussen, A., Hancox, J. C.,

and Bates, D. O. (2008). VEGF-mediated elevated intracellular calcium

and angiogenesis in human microvascular endothelial cells in vitro are

inhibited by dominant negative TRPC6. Microcirculation 15, 605–614.

doi: 10.1080/10739680802220323

Hardie, R. C., and Minke, B. (1992). The trp gene is essential for a light-

activated Ca2+ channel in Drosophila photoreceptors. Neuron 8, 643–651.

doi: 10.1016/0896-6273(92)90086-S

Harteneck, C., Klose, C., and Krautwurst, D. (2011). Synthetic modulators

of TRP channel activity. Adv. Exp. Med. Biol. 704, 87–106.

doi: 10.1007/978-94-007-0265-3_4

Henkin, J., and Volpert, O. V. (2011). Therapies using anti-angiogenic peptide

mimetics of thrombospondin-1. Expert Opin. Ther. Targets 15, 1369–1386.

doi: 10.1517/14728222.2011.640319

Hickey, M. M., and Simon, M. C. (2006). Regulation of angiogenesis by

hypoxia and hypoxia-inducible factors. Curr. Top. Dev. Biol. 76, 217–257.

doi: 10.1016/S0070-2153(06)76007-0

Frontiers in Physiology | www.frontiersin.org 9 December 2018 | Volume 9 | Article 173115

https://doi.org/10.1074/jbc.M111.295733
https://doi.org/10.1007/s10456-011-9242-0
https://doi.org/10.1152/ajpheart.00699.2009
https://doi.org/10.1007/s00424-014-1590-3
https://doi.org/10.1002/dvdy.20184
https://doi.org/10.1074/jbc.M117.811075
https://doi.org/10.1161/01.ATV.0000231518.86795.0f
https://doi.org/10.1093/cvr/cvr104
https://doi.org/10.1016/j.febslet.2008.07.043
https://doi.org/10.1038/224285a0
https://doi.org/10.1006/bbrc.1997.7719
https://doi.org/10.1126/scisignal.aaa8323
https://doi.org/10.1124/jpet.114.214254
https://doi.org/10.1016/j.cellsig.2011.06.022
https://doi.org/10.1074/jbc.M304499200
https://doi.org/10.1007/s12265-018-9810-4
https://doi.org/10.1002/stem.734
https://doi.org/10.1089/scd.2013.0032
https://doi.org/10.1096/fj.14-251652
https://doi.org/10.1007/s12265-018-9798-9
https://doi.org/10.1111/j.1476-5381.2012.02018.x
https://doi.org/10.1096/fj.01-0938fje
https://doi.org/10.1182/blood-2009-12-257832
https://doi.org/10.1038/nature04702
https://doi.org/10.1038/onc.2011.231
https://doi.org/10.3389/fimmu.2012.00150
https://doi.org/10.1074/jbc.273.18.11197
https://doi.org/10.1523/JNEUROSCI.0202-04.2004
https://doi.org/10.1167/iovs.16-19170
https://doi.org/10.1039/b801481g
https://doi.org/10.1016/j.canlet.2009.03.023
https://doi.org/10.1007/3-7643-7311-3_1
https://doi.org/10.1038/nm.1899
https://doi.org/10.1016/j.cell.2005.10.036
https://doi.org/10.1080/10739680802220323
https://doi.org/10.1016/0896-6273(92)90086-S
https://doi.org/10.1007/978-94-007-0265-3_4
https://doi.org/10.1517/14728222.2011.640319
https://doi.org/10.1016/S0070-2153(06)76007-0
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Smani et al. TRPs in Angiogenesis

Hofmann, T., Obukhov, A. G., Schaefer, M., Harteneck, C., Gudermann, T., and

Schultz, G. (1999). Direct activation of human TRPC6 and TRPC3 channels by

diacylglycerol. Nature 397, 259–263. doi: 10.1038/16711

Huang, G. N., Zeng, W., Kim, J. Y., Yuan, J. P., Han, L., Muallem, S., et al. (2006).

STIM1 carboxyl-terminus activates native SOC, I(crac) and TRPC1 channels.

Nat. Cell Biol. 8, 1003–1010. doi: 10.1038/ncb1454

Jakobsson, L., Kreuger, J., Holmborn, K., Lundin, L., Eriksson, I., Kjellen, L., et al.

(2006). Heparan sulfate in trans potentiates VEGFR-mediated angiogenesis.

Dev. Cell. 10, 625–634. doi: 10.1016/j.devcel.2006.03.009

Jardin, I., Lopez, J. J., Salido, G. M., and Rosado, J. A. (2008b). Orai1 mediates

the interaction between STIM1 and hTRPC1 and regulates the mode of

activation of hTRPC1-forming Ca2+ channels. J. Biol. Chem. 283, 25296–25304.

doi: 10.1074/jbc.M802904200

Jardín, I., Redondo, P. C., Salido, G. M., and Rosado, J. A. (2008a).

Phosphatidylinositol 4,5-bisphosphate enhances store-operated calcium entry

through hTRPC6 channel in human platelets. Biochim. Biophys. Acta 1783,

84–97. doi: 10.1016/j.bbamcr.2007.07.007

Joukov, V., Sorsa, T., Kumar, V., Jeltsch, M., Claesson-Welsh, L., Cao, Y., et al.

(1997). Proteolytic processing regulates receptor specificity and activity of

VEGF-C. EMBO J. 16, 3898–3911. doi: 10.1093/emboj/16.13.3898

Kappert, K., Peters, K. G., Bohmer, F. D., and Ostman, A. (2005). Tyrosine

phosphatases in vessel wall signaling. Cardiovasc. Res. 65, 587–598.

doi: 10.1016/j.cardiores.2004.08.016

Karkkainen, M. J., Haiko, P., Sainio, K., Partanen, J., Taipale, J., Petrova, T. V.,

et al. (2004). Vascular endothelial growth factor C is required for sprouting

of the first lymphatic vessels from embryonic veins. Nat. Immunol. 5, 74–80.

doi: 10.1038/ni1013

Katz, B., Payne, R., andMinke, B. (2017). “TRP channels in vision,” inNeurobiology

of TRP Channels, 2nd Edn., ed T. L. R. Emir (Boca Raton, FL: CRC Press/Taylor

& Francis) 27–63.

Kendall, R. L., and Thomas, K. A. (1993). Inhibition of vascular endothelial

cell growth factor activity by an endogenously encoded soluble receptor.

Proc. Natl. Acad. Sci. U.S.A. 90, 10705–10709. doi: 10.1073/pnas.90.22.

10705

Köhler, R., Heyken, W. T., Heinau, P., Schubert, R., Si, H., Kacik, M., et al. (2006).

Evidence for a functional role of endothelial transient receptor potential V4

in shear stress-induced vasodilatation. Arterioscler. Thromb. Vasc. Biol. 26,

1495–1502. doi: 10.1161/01.ATV.0000225698.36212.6a

Kohn, E. C., Alessandro, R., Spoonster, J., Wersto, R. P., and Liotta, L. A. (1995).

Angiogenesis: role of calcium-mediated signal transduction. Proc. Natl. Acad.

Sci. U.S.A. 92, 1307–1311. doi: 10.1073/pnas.92.5.1307

Kwan, H. Y., Huang, Y., and Yao, X. (2007). TRP channels in endothelial

function and dysfunction. Biochim. Biophys. Acta 1772, 907–914.

doi: 10.1016/j.bbadis.2007.02.013

Launay, P., Cheng, H., Srivatsan, S., Penner, R., Fleig, A., and Kinet, J. P. (2004).

TRPM4 regulates calcium oscillations after T cell activation. Science 306,

1374–1377. doi: 10.1126/science.1098845

Lee, J. Y., Choi, H. Y., Na, W. H., Ju, B. G., and Yune, T. Y. (2015). 17beta-

estradiol inhibits MMP-9 and SUR1/TrpM4 expression and activation and

thereby attenuates BSCB disruption/hemorrhage after spinal cord injury in

male rats. Endocrinology 156, 1838–1850. doi: 10.1210/en.2014-1832

Lee, K. P., Choi, S., Hong, J. H., Ahuja, M., Graham, S., Ma, R., et al. (2014).

Molecular determinants mediating gating of Transient Receptor Potential

Canonical (TRPC) channels by stromal interaction molecule 1 (STIM1). J. Biol.

Chem. 289, 6372–6382. doi: 10.1074/jbc.M113.546556

Li, J., Cubbon, R. M., Wilson, L. A., Amer, M. S., McKeown, L., Hou, B.,

et al. (2011b). Orai1 and CRAC channel dependence of VEGF-activated

Ca2+ entry and endothelial tube formation. Circ. Res. 108, 1190–1198.

doi: 10.1161/CIRCRESAHA.111.243352

Li, M., Yu, Y., and Yang, J. (2011a). Structural biology of TRP channels. Adv. Exp.

Med. Biol. 704, 1–23. doi: 10.1007/978-94-007-0265-3_1

Liman, E. R. (2007). “The Ca(2+)-activated TRP channels: TRPM4 and TRPM5,”

in TRP Ion Channel Function in Sensory Transduction and Cellular Signaling

Cascades, eds W. B. Liedtke and S. Heller (Boca Raton: CRC Press/Taylor &

Francis).

Loh, K. P., Ng, G., Yu, C. Y., Fhu, C. K., Yu, D., Vennekens, R., et al. (2014).

TRPM4 inhibition promotes angiogenesis after ischemic stroke. Pflugers Arch.

466, 563–576. doi: 10.1007/s00424-013-1347-4

Loot, A. E., Popp, R., Fisslthaler, B., Vriens, J., Nilius, B., and Fleming, I.

(2008). Role of cytochrome P450-dependent transient receptor potential

V4 activation in flow-induced vasodilatation. Cardiovasc. Res. 80, 445–452.

doi: 10.1093/cvr/cvn207

Ma, X., Qiu, S., Luo, J., Ma, Y., Ngai, C. Y., Shen, B., et al. (2010). Functional role of

vanilloid transient receptor potential 4-canonical transient receptor potential

1 complex in flow-induced Ca2+ influx. Arterioscler. Thromb. Vasc. Biol. 30,

851–858. doi: 10.1161/ATVBAHA.109.196584

Mäkinen, T., Veikkola, T., Mustjoki, S., Karpanen, T., Catimel, B., Nice, E. C.,

et al. (2001). Isolated lymphatic endothelial cells transduce growth, survival

and migratory signals via the VEGF-C/D receptor VEGFR-3. EMBO J. 20,

4762–4773. doi: 10.1093/emboj/20.17.4762

McColl, B. K., Baldwin, M. E., Roufail, S., Freeman, C., Moritz, R. L., Simpson, R.

J., et al. (2003). Plasmin activates the lymphangiogenic growth factors VEGF-C

and VEGF-D. J. Exp. Med. 198, 863–868. doi: 10.1084/jem.20030361

McDonald, N. Q., and Hendrickson, W. A. (1993). A structural superfamily

of growth factors containing a cystine knot motif. Cell 73, 421–424.

doi: 10.1016/0092-8674(93)90127-C

Millauer, B., Wizigmann-Voos, S., Schnurch, H., Martinez, R., Moller, N. P., Risau,

W., et al. (1993). High affinity VEGF binding and developmental expression

suggest Flk-1 as a major regulator of vasculogenesis and angiogenesis. Cell 72,

835–846. doi: 10.1016/0092-8674(93)90573-9

Minke, B. (1977). Drosophila mutant with a transducer defect. Biophys. Struct.

Mech. 3, 59–64. doi: 10.1007/BF00536455

Minke, B., Wu, C., and Pak,W. L. (1975). Induction of photoreceptor voltage noise

in the dark in Drosophila mutant. Nature 258, 84–87. doi: 10.1038/258084a0

Mittal, M., Urao, N., Hecquet, C. M., Zhang, M., Sudhahar, V., Gao, X. P., et al.

(2015). Novel role of reactive oxygen species-activated Trp melastatin channel-

2 in mediating angiogenesis and postischemic neovascularization. Arterioscler.

Thromb. Vasc. Biol. 35, 877–887. doi: 10.1161/ATVBAHA.114.304802

Moccia, F. (2018). Endothelial Ca(2+) signaling and the resistance to

anticancer treatments: partners in crime. Int. J. Mol. Sci. 19:E217.

doi: 10.3390/ijms19010217

Moccia, F., Dragoni, S., Poletto, V., Rosti, V., Tanzi, F., Ganini, C.,

et al. (2014b). Orai1 and transient receptor potential channels as novel

molecular targets to impair tumor neovascularization in renal cell carcinoma

and other malignancies. Anticancer. Agents Med. Chem. 14, 296–312.

doi: 10.2174/18715206113139990315

Moccia, F., Tanzi, F., and Munaron, L. (2014a). Endothelial remodelling

and intracellular calcium machinery. Curr. Mol. Med. 14, 457–480.

doi: 10.2174/1566524013666131118113410

Montell, C., Birnbaumer, L., Flockerzi, V., Bindels, R. J., Bruford, E. A., Caterina,

M. J., et al. (2002). A unified nomenclature for the superfamily of TRP cation

channels.Mol. Cell 9, 229–231. doi: 10.1016/S1097-2765(02)00448-3

Nauli, S. M., Kawanabe, Y., Kaminski, J. J., Pearce, W. J., Ingber, D. E., and Zhou, J.

(2008). Endothelial cilia are fluid shear sensors that regulate calcium signaling

and nitric oxide production through polycystin-1. Circulation 117, 1161–1171.

doi: 10.1161/CIRCULATIONAHA.107.710111

Nilius, B., Droogmans, G., and Wondergem, R. (2003). Transient receptor

potential channels in endothelium: solving the calcium entry puzzle?

Endothelium 10, 5–15. doi: 10.1080/10623320303356

Nilius, B., Mahieu, F., Prenen, J., Janssens, A., Owsianik, G., Vennekens,

R., et al. (2006). The Ca2+-activated cation channel TRPM4 is

regulated by phosphatidylinositol 4,5-biphosphate. EMBO J. 25, 467–478.

doi: 10.1038/sj.emboj.7600963

Norden, A. D., Drappatz, J., Muzikansky, A., David, K., Gerard, M., McNamara,

M. B., et al. (2009). An exploratory survival analysis of anti-angiogenic

therapy for recurrent malignant glioma. J. Neurooncol. 92, 149–155.

doi: 10.1007/s11060-008-9745-8

Paria, B. C., Malik, A. B., Kwiatek, A. M., Rahman, A., May, M. J., Ghosh, S., et al.

(2003). Tumor necrosis factor-alpha induces nuclear factor-kappaB-dependent

TRPC1 expression in endothelial cells. J. Biol. Chem. 278, 37195–37203.

doi: 10.1074/jbc.M304287200

Patenaude, A., Parker, J., and Karsan, A. (2010). Involvement of endothelial

progenitor cells in tumor vascularization. Microvasc. Res. 79, 217–223.

doi: 10.1016/j.mvr.2010.01.007

Petersen, C. C., Berridge, M. J., Borgese, M. F., and Bennett, D. L. (1995). Putative

capacitative calcium entry channels: expression of Drosophila trp and evidence

Frontiers in Physiology | www.frontiersin.org 10 December 2018 | Volume 9 | Article 173116

https://doi.org/10.1038/16711
https://doi.org/10.1038/ncb1454
https://doi.org/10.1016/j.devcel.2006.03.009
https://doi.org/10.1074/jbc.M802904200
https://doi.org/10.1016/j.bbamcr.2007.07.007
https://doi.org/10.1093/emboj/16.13.3898
https://doi.org/10.1016/j.cardiores.2004.08.016
https://doi.org/10.1038/ni1013
https://doi.org/10.1073/pnas.90.22.10705
https://doi.org/10.1161/01.ATV.0000225698.36212.6a
https://doi.org/10.1073/pnas.92.5.1307
https://doi.org/10.1016/j.bbadis.2007.02.013
https://doi.org/10.1126/science.1098845
https://doi.org/10.1210/en.2014-1832
https://doi.org/10.1074/jbc.M113.546556
https://doi.org/10.1161/CIRCRESAHA.111.243352
https://doi.org/10.1007/978-94-007-0265-3_1
https://doi.org/10.1007/s00424-013-1347-4
https://doi.org/10.1093/cvr/cvn207
https://doi.org/10.1161/ATVBAHA.109.196584
https://doi.org/10.1093/emboj/20.17.4762
https://doi.org/10.1084/jem.20030361
https://doi.org/10.1016/0092-8674(93)90127-C
https://doi.org/10.1016/0092-8674(93)90573-9
https://doi.org/10.1007/BF00536455
https://doi.org/10.1038/258084a0
https://doi.org/10.1161/ATVBAHA.114.304802
https://doi.org/10.3390/ijms19010217
https://doi.org/10.2174/18715206113139990315
https://doi.org/10.2174/1566524013666131118113410
https://doi.org/10.1016/S1097-2765(02)00448-3
https://doi.org/10.1161/CIRCULATIONAHA.107.710111
https://doi.org/10.1080/10623320303356
https://doi.org/10.1038/sj.emboj.7600963
https://doi.org/10.1007/s11060-008-9745-8
https://doi.org/10.1074/jbc.M304287200
https://doi.org/10.1016/j.mvr.2010.01.007
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Smani et al. TRPs in Angiogenesis

for the existence of vertebrate homologues. Biochem. J. 311 (Pt 1), 41–44.

doi: 10.1042/bj3110041

Phillips, A. M., Bull, A., and Kelly, L. E. (1992). Identification of

a Drosophila gene encoding a calmodulin-binding protein with

homology to the trp phototransduction gene. Neuron 8, 631–642.

doi: 10.1016/0896-6273(92)90085-R

Plate, K. H., Breier, G., Millauer, B., Ullrich, A., and Risau, W. (1993). Up-

regulation of vascular endothelial growth factor and its cognate receptors in

a rat glioma model of tumor angiogenesis. Cancer Res. 53, 5822–5827.

Pocock, T. M., Foster, R. R., and Bates, D. O. (2004). Evidence of

a role for TRPC channels in VEGF-mediated increased vascular

permeability in vivo. Am. J. Physiol. Heart Circ. Physiol. 286, H1015–1026.

doi: 10.1152/ajpheart.00826.2003

Qin,W., Xie,W., Xia, N., He, Q., and Sun, T. (2016). Silencing of transient receptor

potential channel 4 alleviates oxLDL-induced angiogenesis in human coronary

artery endothelial cells by inhibition of VEGF and NF-kappaB.Med. Sci. Monit.

22, 930–936. doi: 10.12659/MSM.897634

Ramsey, I. S., Delling, M., and Clapham, D. E. (2006). An

introduction to TRP channels. Annu. Rev. Physiol. 68, 619–647.

doi: 10.1146/annurev.physiol.68.040204.100431

Reddy, K., Khaliq, A., and Henning, R. J. (2015). Recent advances in the diagnosis

and treatment of acute myocardial infarction. World J. Cardiol. 7, 243–276.

doi: 10.4330/wjc.v7.i5.243

Salehi-Najafabadi, Z., Li, B., Valentino, V., Ng, C., Martin, H., Yu, Y., et al.

(2017). Extracellular loops are essential for the assembly and function of

polycystin receptor-ion channel complexes. J. Biol. Chem. 292, 4210–4221.

doi: 10.1074/jbc.M116.767897

Salido, G. M., Jardin, I., and Rosado, J. A. (2011). The TRPC ion channels:

association with Orai1 and STIM1 proteins and participation in capacitative

and non-capacitative calcium entry. Adv. Exp. Med. Biol. 704, 413–433.

doi: 10.1007/978-94-007-0265-3_23

Santoni, G., Morelli, M. B., Santoni, M., and Nabissi, M. (2011). New deals on

the transcriptional and post-transcriptional regulation of TRP channel target

genes during the angiogenesis of glioma. J. Exp. Integr. Med. 1, 221–234.

doi: 10.5455/jeim.290711.ir.006

Scharenberg, A. M. (2005). TRPM2 and TRPM7: channel/enzyme fusions

to generate novel intracellular sensors. Pflugers Arch. 451, 220–227.

doi: 10.1007/s00424-005-1444-0

Schmidt, K., Dubrovska, G., Nielsen, G., Fesus, G., Uhrenholt, T. R., Hansen, P. B.,

et al. (2010). Amplification of EDHF-type vasodilatations in TRPC1-deficient

mice. Br. J. Pharmacol. 161, 1722–1733. doi: 10.1111/j.1476-5381.2010.00985.x

Simons, M., Gordon, E., and Claesson-Welsh, L. (2016). Mechanisms and

regulation of endothelial VEGF receptor signalling. Nat. Rev. Mol. Cell Biol.

17, 611–625. doi: 10.1038/nrm.2016.87

Song, H. B., Jun, H. O., Kim, J. H., and Fruttiger, M. (2015). Suppression of

transient receptor potential canonical channel 4 inhibits vascular endothelial

growth factor-induced retinal neovascularization. Cell Calcium 57, 101–108.

doi: 10.1016/j.ceca.2015.01.002

Su, K. H., Lee, K. I., Shyue, S. K., Chen, H. Y., Wei, J., and Lee, T. S.

(2014a). Implication of transient receptor potential vanilloid type 1 in 14,15-

epoxyeicosatrienoic acid-induced angiogenesis. Int. J. Biol. Sci. 10, 990–996.

doi: 10.7150/ijbs.9832

Su, K. H., Lin, S. J., Wei, J., Lee, K. I., Zhao, J. F., Shyue, S. K., et al. (2014b). The

essential role of transient receptor potential vanilloid 1 in simvastatin-induced

activation of endothelial nitric oxide synthase and angiogenesis. Acta Physiol.

(Oxf). 212, 191–204. doi: 10.1111/apha.12378

Sundivakkam, P. C., Natarajan, V., Malik, A. B., and Tiruppathi, C. (2013).

Store-operated Ca2+ entry (SOCE) induced by protease-activated receptor-

1 mediates STIM1 protein phosphorylation to inhibit SOCE in endothelial

cells through AMP-activated protein kinase and p38beta mitogen-activated

protein kinase. J. Biol. Chem. 288, 17030–17041. doi: 10.1074/jbc.M112.

411272

Takahashi, H., and Shibuya, M. (2005). The vascular endothelial growth

factor (VEGF)/VEGF receptor system and its role under physiological and

pathological conditions. Clin. Sci.109, 227–241. doi: 10.1042/CS20040370

Takahashi, N., Kuwaki, T., Kiyonaka, S., Numata, T., Kozai, D., Mizuno, Y., et al.

(2011). TRPA1 underlies a sensing mechanism for O2. Nat. Chem. Biol. 7,

701–711. doi: 10.1038/nchembio.640

Tammela, T., Enholm, B., Alitalo, K., and Paavonen, K. (2005). The biology

of vascular endothelial growth factors. Cardiovasc. Res. 65, 550–563.

doi: 10.1016/j.cardiores.2004.12.002

Tauseef, M., Knezevic, N., Chava, K. R., Smith, M., Sukriti, S., Gianaris, N.,

et al. (2012). TLR4 activation of TRPC6-dependent calcium signaling mediates

endotoxin-induced lung vascular permeability and inflammation. J. Exp. Med.

209, 1953–1968. doi: 10.1084/jem.20111355

Tchaikovski, V., Fellbrich, G., and Waltenberger, J. (2008). The

molecular basis of VEGFR-1 signal transduction pathways in primary

human monocytes. Arterioscler. Thromb. Vasc. Biol. 28, 322–328.

doi: 10.1161/ATVBAHA.107.158022

Thoppil, R. J., Cappelli, H. C., Adapala, R. K., Kanugula, A. K., Paruchuri, S.,

and Thodeti, C. K. (2016). TRPV4 channels regulate tumor angiogenesis

via modulation of Rho/Rho kinase pathway. Oncotarget 7, 25849–25861.

doi: 10.18632/oncotarget.8405

Tiruppathi, C., Freichel, M., Vogel, S. M., Paria, B. C., Mehta, D., Flockerzi, V.,

et al. (2002). Impairment of store-operated Ca2+ entry in TRPC4(-/-) mice

interferes with increase in lungmicrovascular permeability.Circ. Res. 91, 70–76.

doi: 10.1161/01.RES.0000023391.40106.A8

Venkatachalam, K., and Montell, C. (2007). TRP channels. Annu. Rev. Biochem.

76, 387–417. doi: 10.1146/annurev.biochem.75.103004.142819

Vetter, I., and Lewis, R. J. (2011). Natural product ligands of TRP channels. Adv.

Exp. Med. Biol. 704, 41–85. doi: 10.1007/978-94-007-0265-3_3

Warner, A. J., Lopez-Dee, J., Knight, E. L., Feramisco, J. R., and Prigent, S.

A. (2000). The Shc-related adaptor protein, Sck, forms a complex with the

vascular-endothelial-growth-factor receptor KDR in transfected cells. Biochem.

J. 347, 501–509. doi: 10.1042/bj3470501

Wedel, B. J., Vazquez, G., McKay, R. R., St, J. B. G., and Putney, J. W. Jr. (2003). A

calmodulin/inositol 1,4,5-trisphosphate (IP3) receptor-binding region targets

TRPC3 to the plasma membrane in a calmodulin/IP3 receptor-independent

process. J. Biol. Chem. 278, 25758–25765. doi: 10.1074/jbc.M303890200

Weissmann, N., Sydykov, A., Kalwa, H., Storch, U., Fuchs, B., Mederos y

Schnitzler, M., et al. (2012). Activation of TRPC6 channels is essential for

lung ischaemia-reperfusion induced oedema in mice. Nat. Commun. 3:649.

doi: 10.1038/ncomms1660

Wes, P. D., Chevesich, J., Jeromin, A., Rosenberg, C., Stetten, G., and Montell,

C. (1995). TRPC1, a human homolog of a Drosophila store-operated channel.

Proc. Natl. Acad. Sci. U.S.A. 92, 9652–9656. doi: 10.1073/pnas.92.21.9652

Wiesmann, C., Fuh, G., Christinger, H. W., Eigenbrot, C., Wells, J. A., and

de Vos, A. M. (1997). Crystal structure at 1.7 A resolution of VEGF

in complex with domain 2 of the Flt-1 receptor. Cell 91, 695–704.

doi: 10.1016/S0092-8674(00)80456-0

Wong, C. O., and Yao, X. (2011). TRP channels in vascular endothelial cells. Adv.

Exp. Med. Biol. 704, 759–780. doi: 10.1007/978-94-007-0265-3_40

Yang, Y., Xie, P., Opatowsky, Y., and Schlessinger, J. (2010). Direct contacts

between extracellular membrane-proximal domains are required for VEGF

receptor activation and cell signaling. Proc. Natl. Acad. Sci. U.S.A. 107,

1906–1911. doi: 10.1073/pnas.0914052107

Yao, X., and Garland, C. J. (2005). Recent developments in vascular

endothelial cell transient receptor potential channels. Circ. Res. 97, 853–863.

doi: 10.1161/01.RES.0000187473.85419.3e

Ye, L., Xu, M., Hu, M., Zhang, H., Tan, X., Li, Q., et al. (2018). TRPV4 is involved

in irisin-induced endothelium-dependent vasodilation. Biochem. Biophys. Res.

Commun. 495, 41–45. doi: 10.1016/j.bbrc.2017.10.160

Yu, P. C., Gu, S. Y., Bu, J. W., and Du, J. L. (2010). TRPC1 is

essential for in vivo angiogenesis in zebrafish. Circ. Res. 106, 1221–1232.

doi: 10.1161/CIRCRESAHA.109.207670

Zhang, D. X., Mendoza, S. A., Bubolz, A. H., Mizuno, A., Ge, Z. D.,

Li, R., et al. (2009). Transient receptor potential vanilloid type 4-

deficient mice exhibit impaired endothelium-dependent relaxation

induced by acetylcholine in vitro and in vivo. Hypertension 53, 532–538.

doi: 10.1161/HYPERTENSIONAHA.108.127100

Zhang, S. L., Yu, Y., Roos, J., Kozak, J. A., Deerinck, T. J., Ellisman, M. H.,

et al. (2005). STIM1 is a Ca2+ sensor that activates CRAC channels and

migrates from the Ca2+ store to the plasma membrane. Nature 437, 902–905.

doi: 10.1038/nature04147

Zhang, Z., Yu, H., Huang, J., Faouzi, M., Schmitz, C., Penner, R., et al.

(2014). The TRPM6 kinase domain determines the Mg.ATP sensitivity

Frontiers in Physiology | www.frontiersin.org 11 December 2018 | Volume 9 | Article 173117

https://doi.org/10.1042/bj3110041
https://doi.org/10.1016/0896-6273(92)90085-R
https://doi.org/10.1152/ajpheart.00826.2003
https://doi.org/10.12659/MSM.897634
https://doi.org/10.1146/annurev.physiol.68.040204.100431
https://doi.org/10.4330/wjc.v7.i5.243
https://doi.org/10.1074/jbc.M116.767897
https://doi.org/10.1007/978-94-007-0265-3_23
https://doi.org/10.5455/jeim.290711.ir.006
https://doi.org/10.1007/s00424-005-1444-0
https://doi.org/10.1111/j.1476-5381.2010.00985.x
https://doi.org/10.1038/nrm.2016.87
https://doi.org/10.1016/j.ceca.2015.01.002
https://doi.org/10.7150/ijbs.9832
https://doi.org/10.1111/apha.12378
https://doi.org/10.1074/jbc.M112.411272
https://doi.org/10.1042/CS20040370
https://doi.org/10.1038/nchembio.640
https://doi.org/10.1016/j.cardiores.2004.12.002
https://doi.org/10.1084/jem.20111355
https://doi.org/10.1161/ATVBAHA.107.158022
https://doi.org/10.18632/oncotarget.8405
https://doi.org/10.1161/01.RES.0000023391.40106.A8
https://doi.org/10.1146/annurev.biochem.75.103004.142819
https://doi.org/10.1007/978-94-007-0265-3_3
https://doi.org/10.1042/bj3470501
https://doi.org/10.1074/jbc.M303890200
https://doi.org/10.1038/ncomms1660
https://doi.org/10.1073/pnas.92.21.9652
https://doi.org/10.1016/S0092-8674(00)80456-0
https://doi.org/10.1007/978-94-007-0265-3_40
https://doi.org/10.1073/pnas.0914052107
https://doi.org/10.1161/01.RES.0000187473.85419.3e
https://doi.org/10.1016/j.bbrc.2017.10.160
https://doi.org/10.1161/CIRCRESAHA.109.207670
https://doi.org/10.1161/HYPERTENSIONAHA.108.127100
https://doi.org/10.1038/nature04147
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Smani et al. TRPs in Angiogenesis

of TRPM7/M6 heteromeric ion channels. J. Biol. Chem. 289, 5217–5227.

doi: 10.1074/jbc.M113.512285

Zheng, W., Cai, R., Hofmann, L., Nesin, V., Hu, Q., Long, W., et al. (2018).

Direct binding between pre-S1 and TRP-like domains in TRPP channels

mediates gating and functional regulation by PIP2. Cell Rep. 22, 1560–1573.

doi: 10.1016/j.celrep.2018.01.042

Zhou, F., Chang, Z., Zhang, L., Hong, Y. K., Shen, B., Wang, B., et al.

(2010). Akt/Protein kinase B is required for lymphatic network formation,

remodeling, and valve development. Am. J. Pathol. 177, 2124–2133.

doi: 10.2353/ajpath.2010.091301

Zhou, W., Guo, S., Xiong, Z., and Liu, M. (2014). Oncogenic role and therapeutic

target of transient receptor potential melastatin 7 channel inmalignancy. Expert

Opin. Ther. Targets 18, 1177–1196. doi: 10.1517/14728222.2014.940894

Zhu, X., Chu, P. B., Peyton, M., and Birnbaumer, L. (1995). Molecular cloning of

a widely expressed human homologue for the Drosophila trp gene. FEBS Lett.

373, 193–198. doi: 10.1016/0014-5793(95)01038-G

Zurborg, S., Yurgionas, B., Jira, J. A., Caspani, O., and Heppenstall, P. A. (2007).

Direct activation of the ion channel TRPA1 by Ca2+ . Nat. Neurosci. 10,

277–279. doi: 10.1038/nn1843

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Smani, Gómez, Regodon, Woodard, Siegfried, Khatib and

Rosado. This is an open-access article distributed under the terms of the

Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s)

and the copyright owner(s) are credited and that the original publication in

this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Physiology | www.frontiersin.org 12 December 2018 | Volume 9 | Article 173118

https://doi.org/10.1074/jbc.M113.512285
https://doi.org/10.1016/j.celrep.2018.01.042
https://doi.org/10.2353/ajpath.2010.091301
https://doi.org/10.1517/14728222.2014.940894
https://doi.org/10.1016/0014-5793(95)01038-G
https://doi.org/10.1038/nn1843
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


ORIGINAL RESEARCH
published: 10 December 2018

doi: 10.3389/fimmu.2018.02919

Frontiers in Immunology | www.frontiersin.org 1 December 2018 | Volume 9 | Article 2919

Edited by:

Sandip D. Kamath,

James Cook University, Australia

Reviewed by:

Aya C. Taki,

James Cook University, Australia

Lionel Hebbard,

James Cook University, Australia

*Correspondence:

Michal A. Rahat

mrahat@netvision.net.il;

rahat_miki@clalit.org.il

Specialty section:

This article was submitted to

Vaccines and Molecular Therapeutics,

a section of the journal

Frontiers in Immunology

Received: 21 August 2018

Accepted: 28 November 2018

Published: 10 December 2018

Citation:

Simanovich E, Brod V and Rahat MA

(2018) Active Vaccination With

EMMPRIN-Derived Multiple Antigenic

Peptide (161-MAP) Reduces

Angiogenesis in a Dextran Sodium

Sulfate (DSS)-Induced Colitis Model.

Front. Immunol. 9:2919.

doi: 10.3389/fimmu.2018.02919

Active Vaccination With
EMMPRIN-Derived Multiple Antigenic
Peptide (161-MAP) Reduces
Angiogenesis in a Dextran Sodium
Sulfate (DSS)-Induced Colitis Model
Elina Simanovich 1, Vera Brod 1 and Michal A. Rahat 1,2*

1 Immunotherapy Laboratory, Carmel Medical Center, Haifa, Israel, 2 The Ruth and Bruce Rappaport Faculty of Medicine,

Technion-Israel Institute of Technology, Haifa, Israel

Ulcerative colitis (UC) is an autoimmune disease that affects the colon and shares many

clinical and histological features with the dextran sulfate sodium (DSS)-induced colitis

model in mice. Angiogenesis is a critical component in many autoimmune diseases, as

well as in the DSS-induced colitis model, and is it partially mediated by EMMPRIN, a

multifunctional protein that can induce the expression of both the potent pro-angiogenic

vascular endothelial growth factor (VEGF) and matrix metalloproteinases (MMPs). We

asked whether targeting EMMPRIN by active vaccination, using a novel, specific epitope

in the protein, synthesized as a multiple antigenic peptide (MAP), could trigger beneficial

effects in the DSS-induced colitic C57BL/6J mice. Mice were vaccinated with four

boost injections (50 µg each) of either 161-MAP coding for the EMMPRIN epitope

or the scrambled control peptide (Scr-MAP) emulsified in Freund’s adjuvant. We show

that male mice that were vaccinated with 161-MAP lost less weight, demonstrated

improved disease activity indices (DAI), had reduced colitis histological score, and their

colons were longer in comparison to mice vaccinated with the Scr-MAP. The 161-MAP

vaccination also reduced serum and colon levels of EMMPRIN, colon concentrations of

VEGF, MMP-9, and TGFβ, and vessel density assessed by CD31 staining. A similar effect

was observed in female mice vaccinated with 161-MAP, including weight loss, colitis

histological score, colon length, colon levels of EMMPRIN and colon concentrations of

VEGF. However, for female mice, the changes in DAI values, EMMPRIN serum levels,

and MMP-9 and TGFβ colon concentrations did not reach significance. We conclude

that our strategy of alleviating autoimmunity in this model through targeting angiogenesis

by actively vaccinating against EMMPRIN was successful and efficient in reducing

angiogenesis.

Keywords: angiogenesis, multiple antigenic peptide (MAP), active peptide vaccination, DSS-induced colitis,

EMMPRIN/CD147
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INTRODUCTION

Inflammatory bowel disease (IBD) is a group of chronic
inflammatory diseases, with the twomajor diseases being Crohn’s
disease (CD) and ulcerative colitis (UC). UC is believed to
be an autoimmune disease that primarily affects the large
intestine, with unknown etiology. However, a local increase in
the concentrations of reactive oxygen species (ROS) and pro-
inflammatory cytokines (primarily, TNFα, IL-1β, and IL-17),
was identified in UC patients, and these were speculated to
increase the risk of colorectal cancer in chronic inflammation
(1–3).

The DSS-induced colitis model used in rats and mice is widely
used as an experimental model of IBD that demonstrates clinical
and histopathological features similar to the human autoimmune
UC (3, 4). DSS is thought to induce a chemical injury in intestinal
epithelial cells, which causes them to lose barrier functions
and consequently exposes the Lamina Propria (LP) to antigens
and intestinal bacteria that enhance inflammation (1). Different
concentrations of DSS, usually ranging between 1 and 3%, have
been used to achieve moderate, mild or severe intestinal injury,
varying time of healing and repair accordingly (5). Similar to UC,
the pro-inflammatory response and increased reactive oxygen
species (ROS) are implicated in the continued tissue damage
caused in DSS-induced colitis (2).

Angiogenesis has been linked to chronic inflammation, and
has been shown to be a critical component of the pathogenesis
of DSS-induced colitis and is associated with disease severity,
as it promotes leukocyte influx and supplies the necessary
oxygen and nutrients to the inflamed tissue (6). VEGF is a
known potent pro-angiogenic factor that links angiogenesis
and inflammation by promoting endothelial cell proliferation,
migration, tube formation and vascular permeability, as well
as increasing neutrophil adhesion through the activation of
NF-κB and increased expression of adhesion molecules (7,
8). Matrix metalloproteinases (MMPs) can remodel the ECM
to facilitate endothelial cell migration, release VEGF that is
bound to the ECM, or conversely, degrade collagen XVIII to
produce the anti-angiogenic factor endostatin (9). Thus, both
VEGF and MMPs, particularly MMP-9, promote angiogenesis.
Increased permeability, characteristic of angiogenic vessels,
further contributes to UC progression, as it reduces barrier
functions and allows interaction of lumen bacteria with LP
immune cells (10).

EMMPRIN (also called CD147 or basigin) is a
transmembranal protein with multiple functions. Depending
on the protein it binds to, EMMPRIN can be involved in
cell metabolism when it chaperones the monocarboxylate
transporters MCT-1 and MCT-4, it can serve as a leukocyte
chemoattractant when it binds to extracellular cyclophilin A/B,
and it becomes an adhesion molecule when it binds to integrins
and to E-selectin, to name just a few functions (11–13). However,
its most familiar activity is mediated through homophilic
interactions of membranal-soluble or membranal-membranal
EMMPRIN molecules (14), which induce the expression of
VEGF and several types of MMPs, rendering EMMPRIN an
important pro-angiogenic factor (15–18).

We have recently identified a novel epitope in the EMMPRIN
protein extracellular domain I, which is specifically responsible
for the induction of both VEGF and MMP-9 (19). We have
synthesized this epitope as an octa-branched multiple antigenic
peptide (designated 161-MAP), and used it either in a therapeutic
or a prophylactic manner to vaccinate mice that were implanted
with the CT26 colon carcinoma tumors subcutaneously, or that
were intravenously injected with this cell line to generate an
experimental metastasis model. Vaccination against EMMPRIN
resulted in the inhibition, and even regression of both tumors
and metastases, partly through the reduction in vessel density,
and through reduced expression of EMMPRIN, VEGF and
MMP-9, cumulatively decreasing angiogenesis. In view of the
importance of angiogenesis in colitis, we now ask whether the
same vaccination against EMMPRIN could also affect chronic
inflammation in a mouse DSS-induced colitis model.

RESULTS

161-MAP Active Vaccination Ameliorates
Disease Severity in DSS-Induced Colitis
We have chosen to vaccinate the mice with Scr-MAP or 161-
MAP in a prophylactic manner, before the induction of colitis
by DSS, to allow the adaptive immunity to prepare fully to the
DSS challenge. Four days after the last vaccine injection the mice
were supplied with DSS dissolved in their drinking water for
5 consecutive days, and 15 days after the introduction of DSS
we euthanized the mice. The design of the experiment is shown
(Figure 1A). DSS induced colonic damage that was manifested
both by weight loss and by the disease activity index (DAI), which
was calculated by factoring in weight loss, diarrhea, and occult
blood or rectal bleeding. In the Scr-MAP vaccinated control mice,
weight loss and DAI gradually increased and peaked around
day 9 both in male and female mice. Following this peak, mice
exhibited reduction in the change of weight and in the DAI
(Figure 1B), suggesting that repair of the colonic damage had
begun. A similar trend was observed for the weight loss of the161-
MAP vaccinated mice, but although the peak was evident on the
same days as the control group, it was reduced in comparison (by
1.65-fold, p < 0.01 for the male mice, by 2.9-fold, p < 0.05 for
the female mice). Disease severity, assessed by the DAI, showed
significant results only for male mice. It gradually elevated and
peaked around day 9, and then moderately declined in both Scr-
MAP and 161-MAP vaccinated mice, but not back to the levels
prior to DSS administration. However, in days 9 through 12, the
disease in the control group was more severe (by 23 and 35%, p
< 0.05, Figure 1C). This observation suggests that damage and
inflammation are still preset 10 days after mice were no longer
exposed to DSS, and that the 161-MAP active vaccination exerted
a protective influence. It is also noteworthy that starting on day
10, the Scr-MAP vaccinated females demonstrated significantly
reduced change in weight (p < 0.001) and DAI scores (p < 0.01),
in comparison to the Scr-MAP vaccinated males, suggesting that
the females exhibited reduced inflammation.

Histological analysis of the colon in the control groups
revealed damage to the epithelial layer, crypt loss and destruction,
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FIGURE 1 | 161-MAP active vaccination improves disease severity. (A) The experimental design is shown. Male and female C57Bl/6J mice were randomly assigned

to the Scr-MAP vaccinated control group, or to the 161-MAP vaccinated experimental group. Mice received four vaccine boost injections every 7 days (arrows) prior

to administration of 2% DSS in their drinking water for 5 consecutive days (marked). For the remaining time the mice received regular water, and after 10 days they

were euthanized. After receiving DSS, mice were monitored daily and their (B) loss of weight or (C) the disease activity index (DAI) were observed (n = 12 for male

mice, n = 9 for female mice). *p < 0.05, **p < 0.01 relative to the Scr-MAP vaccinated mice at the same day.

and increased leukocyte infiltration to the lamina propria (LP)
and to the submucosa (Figures 2A,B). In comparison, in the 161-
MAP vaccinated groups, crypt structures and epithelial lining
were less damaged, and the immune infiltrate was reduced, as
was reflected in the histological scores (Figure 2B, 95% CI for
males [1.6, 10.15], 95% CI for females [0.1, 5.02]). Additionally,
colon length, where shortening is a marker of inflammation, was
increased in the 161-MAP vaccinated mice (by 12% in both male

and female mice, p < 0.05, 95% CI for males [0.14, 1.6], and for
females [0.4, 1.6], Figures 2C,D).

161-MAP Active Vaccination Reduces
Angiogenesis
To examine whether the 161-MAP active vaccination targeted the
EMMPRIN protein in the colon, we stained for the protein in the
colon tissue sections. EMMPRIN is highly expressed in the colon,
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FIGURE 2 | 161-MAP active vaccination prevents damage and extends colon length. Fifteen days after the beginning of DSS-treatment, mice were euthanized and

their colons were harvested, formalin-fixed and paraffin-embedded. Colon tissue sections were H&E stained and analyzed for their histological scores. (A)

Representative images and (B) the assessment of the histological score (n = 6 in each group). Scale bar is 100µm. (C) Representative images of the entire colon

removed from male mice, and (D) measurement of the colon lengths (n = 12 for the male groups, n = 9 for the female groups).

and therefore, staining in both cases was strong. However, the
immune reactive score (H-score), which takes into account both
the intensity of the staining and the number of cells stained with
each intensity, allowed us to observe a reduction in EMMPRIN
expression in the 161-MAP vaccinated group (Figure 3A), in
both male (by 1.6-fold, p = 0.0022, 95% CI [7.16, 25.43]) and
female mice (by 1.8-fold, p < 0.0001, 95% CI [19.9, 30.45]).
Moreover, reduced EMMPRIN expression is clearly visualized
in the crypts’ epithelial cells from 161-MAP vaccinated mice,
whereas an increase in infiltrating macrophages is clearly seen in
the LP (Figure 3B). Lastly, determination of EMMPRIN levels in
the colon lysates (Figure 3C) showed a marked reduction in the
161-MAP vaccinatedmale (by 1.45-fold, p= 0.0248, 95%CI [140,
1878]) and female (by 1.36-fold, p = 0.03, 95% CI [89.1, 1596])
mice, whereas EMMPRIN levels in the circulation were markedly
reduced only in the male group (by 1.3-fold, p= 0.037).

Angiogenesis was evaluated by the microvessel density that
was assessed by CD31 staining. In the control Scr-MAP
vaccinated groups, blood vessels were abundant in themuscularis
mucosa, and infiltrated into the LP (Figure 4A). In contrast, both

male and female 161-MAP vaccinated mice exhibited reduced
amount of blood vessels in both the muscularis mucosa and in
the LP (by 1.6-fold, p < 0.001, 95% CI for male 4.5, 8.9], and
for females [5.9, 9.2]. As expected, the reduction in EMMPRIN
levels, a known inducer of VEGF and MMPs expression, led to a
similar reduction in local VEGF levels in both male and female
mice (by 3- and 5-fold, respectively, p < 0.05, 95% CI for male
[0.08, 2.5] and for female [0.2, 1.35]), whereas in the serumVEGF
was hardly detected in both genders for both 161-Scr-MAP and
161-MAP vaccinated mice (Figure 4B). However, colon MMP-9
levels were reduced only in the 161-MAP male vaccinated group
(by 3-fold, p= 0.0383, 95% CI [6.3, 197.6]), but not in the female
vaccinated group. Although the local reduction of EMMPRIN
levels was reflected in the serum, MMP-9 serum levels and the
lack of VEGF serum levels were unchanged by the 161-MAP
vaccination.

To demonstrate the involvement of EMMPRIN in the
angiogenic potential, we subjected the extracted proteins to
bEND3 endothelial scratch assay. The ability of the lysates to
trigger wound healing, that requires endothelial cell proliferation

Frontiers in Immunology | www.frontiersin.org 4 December 2018 | Volume 9 | Article 291922

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Simanovich et al. EMMPRIN-Specific Vaccination Improves DSS-Induced Colitis

FIGURE 3 | 161-MAP active vaccination reduces EMMPRIN expression in the colon. (A) Representative images of colon sections stained for EMMPRIN and their

quantification using the H-score (n = 5 per group). Scale bar is 25µm (B) Representative image of fluorescently labeled EMMPRIN (red) and macrophages (green).

Scale bar is 100µm. (C) Determination of EMMPRIN concentrations in colon lysates (n = 9–10 per group), and in serum samples (n = 8–9 per group) by ELISA.

and migration, was assessed by measuring the area to which
bEND3 cells had migrated, and the involvement of EMMPRIN
was demonstrated by the neutralizing activity of the anti-
EMMPRIN antibody (161-pAb). The baseline values of bEND3
cell migration, without addition of any protein extract, were
similar and not different from the control Scr-MAP group
(mean migration area 306,085 ± 20,493mm). Relative to lysates
obtained from the male Scr-MAP control group, the 161-MAP
vaccinated male group reduced the migration of endothelial cells

(by 1.42-fold, p < 0.047, 95% CI [23,426, 157,945], Figure 4C),
and the addition of the antibody to male Scr-MAP lysates had
a similar effect (p < 0.045). Likewise, the 161-MAP vaccination
reduced migration in the female mice (1.6-fold, p < 0.019, 95%
CI [133,284, 474,369]) (data not shown). However, addition of
the antibody to the 161-MAP colon lysates in both male and
female mice did not show any additional effect (Figure 4C),
suggesting that the vaccination already neutralized EMMPRIN in
these lysates.
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FIGURE 4 | 161-MAP active vaccination reduces angiogenesis. (A) Colon sections were stained for CD31 and the vessel surface area was calculated (n = 4 per

group). Scale bar is 100µm. (B) Concentrations of VEGF and MMP-9 were determined in serum sample by ELISA, and in the colon lysates, normalized to the total

protein amounts (n = 9 per group). (C) Wound scratch assay: colon lysates (25 µg of total protein) were diluted (1:4) and applied onto a confluent layer of the mouse

bEND3 endothelial cells (105 cells/ 96-plate well) that was scratched with a toothpick. Images were acquired at the beginning of the experiment (T0) and at the end

after 24h (T24). The migration area was calculated by subtracting the area of the wound at T24, after endothelial cell migrated and partially closed the wound, from the

area of the wound at T0. An EMMPRIN specific blocking antibody (161-pAb) was added to some of the wells as indicated. (n = 9–10 for the male mice, n = 8 for the

female mice). Magnification is x4.
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161-MAP Vaccination Changes Immune
Cell Infiltration, the Microenvironment, and
Cell Viability
As DSS-induced colitis is an inflammatory disease, and the
vaccination process is likely to stimulate immune cells, we
next stained colon sections for the presence of CD8+ T cells,
macrophages and neutrophils. As expected, infiltration of CD8+

T cells, reflecting the stimulation of the adaptive immune system,
was increased in the 161-MAP vaccinated mice in comparison
to the control mice (by 3.3-fold, p = 0.012 for the males, 95%
CI [0.3, 0.76], by 2.5-fold, p = 0.0071 for the females, 95% CI
[0.14, 0.59] Figure 5A). Likewise, infiltration of macrophages
was also increased (by 2.2-fold, p = 0.0016 for the males, 95%
CI [0.41, 1.4], by 2.8-fold, p < 0.001 for the females, 95% CI
[1.2, 2.1], Figure 5B). In contrast, neutrophil infiltration, that
is characteristic of the innate immunity in acute inflammation,
remained unchanged (data not shown).

To learn about the mode of activation of these cells, we next
evaluated cytokine concentrations in serum samples and locally
in the colon lysates. Concentrations of IL-1β, TNFα, and IL-10 in
the serum and the colon were not different between the control
and the 161-MAP vaccinated mice, in both males and females
(Figures 5C,D), suggesting that the pro-inflammatory process
was no longer active at this late stage. In contrast, levels of TGFβ
were reduced in colon lysates of 161-MAP vaccinated male mice
in comparison to the Scr-MAP vaccinated mice (by 3-fold, p =

0.03, 95% CI [0.4, 1.7]), whereas in female mice this trend (2-
fold difference) did not reach significance. In the serum samples,
TGFβ was reduced in both male and female 161-MAP vaccinated
mice relative to their respective controls (by 1.4-fold and 1.5-
fold, p < 0.05, 95% CI for male [4,357, 42,198] and for female
[3,703, 42,412]). The high levels of TGFβ in the control Scr-MAP
vaccinated mice together with no change in the low levels of
the pro-inflammatory cytokines suggest that by day 15, the pro-
inflammatory response was already replaced with a regeneration
program. The relative reduction in those TGFβ levels in 161-
MAP vaccinated mice suggests that a moderate repair program
was in place.

Staining the colon sections for Ki-67 revealed that
proliferation in the 161-MAP vaccinated groups was reduced
relative to the Scr-MAP controls (by 3.7-fold, p< 0.001 for males
95% CI [0.016, 0.03], and by 2.4-fold, p < 0.001 for females,
95% CI [0.009, 0.015], Figure 6A). In contrast, the number of
apoptotic cells, as assessed by the TUNEL assay, was increased
in the 161-MAP vaccinated mice relative to the Scr-MAP
vaccinated controls (by 2.5-fold, p = 0.0005 for males, 95% CI
[176.6, 544.6], by 2.3-fold, p= 0.0001 for females, 95% CI [191.2,
507.3], Figure 6B).

DISCUSSION

The mechanisms that drive UC and its analogous model of
DSS-induced colitis are not fully understood, although increased
ROS and pro-inflammatory cytokines, pathological angiogenesis,
as well as the composition of the microbiota in the gut have
been implicated (4, 6). In many of the treated patients, the

drugs currently in use do not exert sufficient beneficial effects,
suggesting that additional pathological mechanisms, that could
potentially be targeted, are at play. Here we demonstrate that by
selectively targeting EMMPRIN, a multifunctional protein that is
primarily involved in angiogenesis, we reduced angiogenesis and
ameliorated clinical manifestations of the DSS-induced colitis
model, including weight loss and disease severity, pointing to the
central role that angiogenesis plays in this model.

EMMPRIN is highly expressed in the colon, especially
in the crypt base columnar cells. As the chaperon of the
monocarboxylate transporter family (particularly of MCT-1 and
MCT-4) it has an important function in the transport of
monocarboxylate anions, such as lactate, pyruvate, ketone bodies
and the short-chain fatty acids acetate, propionate and butyrate
(20), all of which are particularly important in intestinal function.
Additionally, EMMPRIN may help in recruiting leukocytes to
the inflamed site, and support their adhesion to endothelial
cells. Despite its important role, this is the first demonstration
of the involvement of EMMPRIN in colitis, to the best of our
knowledge. We show here that targeting EMMPRIN reduces
angiogenesis, but the reduction in EMMPRIN expression in
the 161-MAP vaccinated mice suggests that other functions
of EMMPRIN may also be affected. These aspects deserve
additional exploration that is outside the scope of the current
work.

The vaccination reduced EMMPRIN expression and led to
reduced microvessel density and angiogenesis. Angiogenesis is
a necessary process, as it promotes and sustains inflammation
by supplying nutrients, allowing increased leukocyte influx and
promoting endothelial cell local production of chemokines,
cytokines, and MMPs. In fact, many mediators exhibit a dual
role as pro-angiogenic and pro-inflammatory, linking the two
processes. For example, VEGF, which is a potent pro-angiogenic
factor as well as a chemoattractant for macrophages, has been
shown to increase mucosal angiogenesis, promote leukocyte
adhesion and worsen the clinical outcome in both IBD patients
and in a DSS-induced colitis model (7). Pathogenic angiogenesis
and elevated levels of both VEGF andMMP-9 were demonstrated
in different models of UC, including a DSS-induced colitis model
(7, 21). Furthermore, VEGF has been implicated in increasing
vascular permeability, which in the context of colitis may have an
additional effect by allowing bacteria to invade into the LP, thus
enhancing the inflammatory process (10, 22).

In the past, attempts have been made to target VEGF or
its receptor VEGFR2. For example, targeting VEGFR2 with
the monoclonal DC101 antibody in a DSS-induced colitis
model did not inhibit angiogenesis or improve disease severity,
probably due to VEGF-independent compensatory pathways
that maintained downstream signaling events (23). The authors
suggested that this monotherapy might have had better effects
if used in combination with another monoclonal antibody that
targeted another angiogenic mediator. This may have been
the case in our EMMPRIN vaccination, as EMMPRIN is a
mediator upstream of VEGF that also induces MMP-9. Indeed,
we show a reduction (at least in the male groups) of both VEGF
and MMP-9, two potent pro-angiogenic mediators. Thus, in
contrast to the previous study, we succeeded in improving disease
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FIGURE 5 | 161-MAP active vaccination increases infiltration of CD8+ T cells and macrophages, and reduces TGFβ concentrations. Colon tissue sections were

stained for (A) CD8+ or (B) for F4/80, and analyzed for their distribution (n = 4–5 in each group). Scale bar is 25µm. (C) Proteins were extracted from colon

segments and the concentrations of IL-1β, TNFα, IL-10 and TGFβ were determined in the lysates by ELISA and normalized to the total protein (n = 9–10). (D)

Concentrations of the same cytokines were determined in the serum samples (n = 9–10).

severity and in reducing angiogenesis, while demonstrating
again the importance of VEGF in the DSS-induced colitis
model.

Since inflammation and angiogenesis are interconnected
processes, we expected that targeting angiogenesis through
EMMPRIN vaccination would also reduce inflammation. For
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FIGURE 6 | 161-MAP active vaccination reduces proliferation and enhances apoptosis. Colon tissue sections were stained for Ki-67 or DNA strand breaks (TUNEL

assay). (A) Representative images of Ki-67 staining (scale bar is 50µm) and their quantitation (Green, proliferating cells; blue, DAPI staining of nuclei; white, merged

co-localization, n = 3–4 in each group). (B) Representative images of the TUNEL assay and their quantitation. (Green, apoptotic cells; blue, DAPI staining of nuclei;

white, merged co-localization, n = 3–4 in each group). Scale bar is 50µm.

example, reduction of VEGF using anti-VEGF antibody has
reduced vascular permeability and influx of immune cells into
the colon in an experimental colitis model (22). EMMPRIN itself
has a role in recruiting leukocytes, and therefore, targeting it
was expected to reduce immune infiltrate. However, we show
that 15 days after the onset of inflammation by the DSS, more
macrophages and CD8+ T cells were present in the LP, and
colonic levels of pro-inflammatory cytokines, such as TNFα and
IL-1β, were unchanged by the vaccination. We suggest that these
results can be explained by the duration of the model. Most
studies, with or without interventions, follow a design where DSS
is administered for 5–7 consecutive days and then the mice are
immediately euthanized without a DSS-free period that allows
regeneration and repair. Thus, the status of immune activation
is measured at the peak of the innate inflammatory response.
In our experimental design, the mice are allowed to drink DSS-
free water after 5 days of exposure, giving them the chance to

repair intestinal damage. In this kinetics, disease is most severe
around day 9, 4 days after DSS is no longer administered. It might
be argued that since we stimulated the adaptive immune system
prior to DSS administration, it is possible that the innate and
adaptive immune responses occur simultaneously, prolonging
the time of maximal damage. However, since the irritation to the
intestine was stopped after 5 days by supplying DSS-free drinking
water, the mice have entered into a repair or healing stage. Thus,
the intestinal milieu was probably reflecting a resolution state,
rather than a pro-inflammatory response with high cytokine
concentrations, even if the inflammatory cells were still physically
present in the microenvironment. Supporting our premise are
studies of DSS-induced colonic tissue that show reduced cytokine
production at the mRNA or protein levels in the resolution phase
compared to the acute phase of inflammation (24–26).

Several evidences support our conclusion that the immune
response is at the repair stage. First, the low number of
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infiltrating neutrophils in the colon samples did not change
upon vaccination, suggesting that the system was no longer
in acute inflammation. In contrast, during the acute phase of
DSS-induced colitis model the innate immune cells, especially
neutrophils and macrophages, massively infiltrate the LP, and
elevated levels of the pro-inflammatory cytokines they secrete,
such as TNFα, IL-1β, and IL-17 are observed (27). However,
upon removal of DSS, the acute response gradually changes into a
chronic response, pro-inflammatory cytokines are decreased, and
Th2 cytokine levels are increased (1, 2). In particular, IL-4 and
TGFβ have been shown to be critical for regeneration of intestinal
epithelial cells (28, 29). Comparing vaccinated and control mice,
we found no change in the amount of infiltrating neutrophils, but
CD8+ T cells and macrophages were increased, suggesting that
the adaptive immune response, rather than the innate immunity,
was specifically increased in the 161-MAP vaccinated mice.
The levels of TNFα, IL-1β, and IL-10 were low and showed
no difference between the groups, whereas TGFβ levels were
reduced compared to the Scr-MAP vaccinated control mice.
This is consistent with the importance of this cytokine in tissue
regeneration, and suggests that the damage in the vaccinated
mice during the early stages was relatively reduced, leading to
a reduced need for regeneration. Furthermore, turnover of the
surface epithelium in the colon takes about 5–8 days. Although
signs of inflammation are clearly visible in the vaccinated mice,
they also demonstrate restoration of the crypts and epithelium,
suggesting reduced inflammation and damage. Alternatively,
we surmise that the 161-MAP vaccination triggered an early
EMMPRIN-specific pro-inflammatory response, allowing for
DSS-damaged epithelial cells that express EMMPRIN to be
cleared faster, and helping to promote a rapid regeneration,
which was reflected by the reduced loss of weight and disease
activity scores.

DSS is believed to directly kill intestinal epithelial cells, cause
barrier dysfunction and induce innate immunity, all leading
to enhanced epithelial injury during acute inflammation (3,
4, 30). Studies show that relative to control mice without
colitis, DSS-induced colitis increases apoptosis and decreases cell
proliferation at the early stages of acute colitis, thus contributing
to the barrier dysfunction (31). However, once DSS is removed,
the intestine begins to proliferate, in order to regenerate the
epithelial layer and restore epithelial barrier function. Increased
proliferation underlies an attempt to regenerate the epithelial
layer and restore barrier functions (3, 5). Thus, we would
expect increased proliferation and reduced apoptosis during
the regeneration phase in the 161-MAP group. In contrast,
we demonstrate reduced proliferation and enhanced apoptosis
in the 161-MAP vaccinated mice relative to the control Scr-
MAP vaccinated mice. We suggest that the high proliferation
in the Scr-MAP groups reflects an ongoing regeneration at
this time point (10 days after cessation of DSS administration),
whereas the relatively reduced proliferation observed in the 161-
MAP vaccinated groups indicates earlier recovery and a reduced
need for regeneration at this time. Likewise, the enhanced
apoptosis observed in the 161-MAP vaccinated groups may
reflect the death of both epithelial and non-epithelial cells, for
example neutrophils, which typically appears at the end of the
regeneration phase. As apoptotic neutrophils have been shown

to shift macrophage activation toward a healing phenotype (32),
and based on the improvement in the DAI and weight loss in
the 161-MAP vaccinated groups, we propose that the increase
in apoptotic cells may in fact protect the colon and help reduce
inflammation.

The protective effects of the 161-MAP vaccination in the DSS-
induced colitis model are comparable to our recent results with
the same vaccine in implanted and metastatic tumor models,
where we used the CT26 colon carcinoma cells among others.
We demonstrated there that relative to Scr-MAP vaccinated
mice, tumors or metastases were reduced and even eliminated,
angiogenesis and its mediators VEGF and MMP-9 were reduced,
more CD8+ T cells and macrophages infiltrated the tumors and
were engaged in killing tumor cells, TGFβ was reduced and an
increase in a Th1/M1 gene signature was detected (33). However,
tumor models represent an ongoing chronic inflammation,
with continuous exposure to inflammation-inciting triggers and
mediators. In contrast, in our design of the DSS-induced colitis
model, we allowed enough time for regeneration following
cessation of DSS administration. To delineate the full spectrum
of the protective effects of the 161-MAP vaccination in the DSS-
induced model, a follow-up study looking at multiple time points
during the dynamic healing process should be conducted, and
immune cells should be isolated from the LP to phenotype and
characterize their exact mode of activation.

Many autoimmune diseases are known for their gender bias,
generating our interest to examine this phenomenon in our DSS-
induced colitis model. Indeed, we observed that despite the basic
similarities in kinetics, the female group generally exhibited a
more moderate inflammation, reflected by less severe weight
loss and DAI scores. This is in agreement with other studies
that found that male mice respond faster and develop a more
significant and aggressive colitis relative to female mice when
exposed to DSS (3), and that STAT-1 deficiency or IRAK-1
deficiency render male, but not female, mice more resistant to
DSS-induced colitis (34, 35). However, not all parameters were
consistent with this trend, as the histology score and the colon
length were similar between males and females. Other studies
that showed difference in weight loss but no difference in colon
length between the genders attributed these findings to mild
colitis being induced (35, 36).

In summary, we show that the critical component of
angiogenesis can be targeted in DSS-induced colitis, by
vaccinating against the pro-angiogenic mediator EMMPRIN
protein. This vaccination improved disease severity, reduced
angiogenesis and expedited regeneration, although a direct effect
on inflammatory cytokines was not observed.

MATERIALS AND METHODS

Experimental Mouse Model, Vaccination
and Disease Activity Index (DAI)
C57BL/6J OlaHsd male and female mice (8 weeks old, Envigo
Laboratories, Jerusalem, Israel), were housed in specific pathogen
free (SPF) conditions and kept with a 12 h light/dark cycle and
access to food and water ad libitum. To vaccinate mice we
used the synthetic multiple antigenic peptide (MAP) derived
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from the human sequence of the EMMPRIN protein (sequence:
GHRWLKGGVVLC, designated h161-MAP), or a peptide with
the same amino acids in a scrambled order used as a negative
control (sequence: WCRGGGLKMRVH, designated Scr-MAP).
Peptides were synthesized by the standard stepwise solid-
phase procedure using Fmoc chemistry on β-Ala-Wang resin,
conjugating the peptides onto an octa-branched lysine core
(Yuan Yu Bio-Teck), and purity was confirmed by HPLC and
mass spectroscopy. Using the human sequence, rather than
the mouse sequence, reflected the homology between the two
sequences, and was shown before to trigger an equally effective
EMMPRIN-specific response (33). For the first vaccine injection,
the 161-MAP and Scr-MAP (50 µg each) were emulsified in
complete Freund’s adjuvant (CFA) for the first vaccine injection,
and additional three vaccination injections where the same
amount of MAPs was emulsified in incomplete Freund’s adjuvant
(IFA), were administered subcutaneously to each mouse every 7
days. Four days after the last boost injection, colitis was induced
with 2% DSS (MW 36–50 kDa, cat. No. 160110, MP Biomedicals,
LLC Solon, OH) administered in the drinking water for five
consecutive days, after which their drinking water were replaced
with regular water, and the mice were left for additional 10 days.
At the end of the experiment, mice were euthanized and their
colon tissue and serum were harvested for later analyses. Disease
activity index (DAI) was calculated as the average of loss of
weight, stool consistency and bleeding and evaluated daily for
each mouse. Change in weight relative to the weight of each
mouse on the first day of DSS administration was given the
scores: 0, if < 1%; 1, 1–5%, 2, 5–10%, 3, 10–15%; 4, >15%;
Consistency of the stool was assigned the scores: 0, normal stool;
2, loose or pasty pellets; 4, diarrhea. Presence of occult blood
(measured with Hemooccult, SENSA, Beckman Coulter, Brea,
CA) was given the following scores: 0, normal; 2, positive occult
blood; 4, rectal bleeding.

Histology and Scoring
Colon sections were fixed in 4% formalin and paraffin embedded,
and then 4µM sections were stained with hematoxylin and eosin
(H&E). Histological scoring, assessing the severity of the model,
was based on four parameters. Epithelial loss was scored as
follows: 0, no epithelial loss; 1, loss of up to 5% of the epithelial
surface; 2, loss of 5–10% of the epithelial surface; 3, loss of
>10% of the epithelial surface. Crypt integrity was evaluated
as follows: 0, Intact crypt; 1, loss of 0–10% of the crypts; 2,
loss of 10–20% of the crypts, 3, loss of >20% of the crypts.
Inflammatory infiltrate was assigned the following score: 0, no
infiltration; 1, mild leukocyte infiltrate; 2, moderate leukocyte
infiltrate; 3, severe leukocyte infiltrate. Depletion of Goblet cells
was estimated as: 0, no depletion of Goblet cells; 1, mild depletion
of Goblet cells; 2, moderate depletion of Goblet cells; 3, severe
depletion of Goblet cells.

Immunohistochemistry,
Immunofluorescence, and Immune
Reactive Score
Four-micron thick paraffin embedded tissue sections were
deparaffinized on a glass slide with xylene substitute K-Clear Plus

(Kaltex) and rehydrated with decreasing ethanol immersions.
Antigen retrieval for Ki-67 and F4/80 was performed by
microwave heating in citrate buffer pH 6.0, for CD31 by
immersing the slides in 42 mg/mL Proteinase XXIV solution
(Sigma-Aldrich, Rehovot, Israel) for 10min at 37◦C, or in 20
mg/mL of Proteinase K in Tris buffer, pH 8.0 for the TUNEL
kit. Endogenous peroxidase was quenched in 3% H2O2 solution
for 10min, slides were blocked with 5% BSA and incubated
overnight at 4◦C with the following primary antibodies: rat
anti-mouse EMMPRIN (R&D systems, MAB772, Minneapolis,
MN, USA) diluted 1:250; rat monoclonal anti-F4/80 (Abcam,
ab6640, Cambridge, UK) diluted 1:200; rabbit polyclonal anti-
CD8 (Bioss, bs-0648R, Woburn, MA, USA) diluted 1:400. After
washing, the antibodies were detected with HRP-Polymer anti-
rabbit (Zytomed, Berlin, Germany) or with the N-Histofine
Simple Stain Mouse MAX PO (Rat) (Nichirei Bioscience, Tokyo,
Japan) for 1 h and the DAB substrate Kit (Zytomed systems).
All sections were counterstained with hematoxylin (Sigma) and
coverslips were applied using Pertex mounting medium (Histo-
lab Products AB). For the CD31 and Ki-67, we used the
primary antibodies rat monoclonal anti-CD31 (Acris Antibodies,
BM4086, Herford, Germany) diluted 1:50 and rabbit monoclonal
anti-Ki67 (Abcam, ab16667) diluted 1/140. Secondary antibodies
were donkey Alexa Fluor 488-conjugated anti-rat IgG (Abcam,
ab150153), or donkey Alexa Fluor 488-conjugated anti-rabbit
(Abcam, ab150061), respectively, diluted 1:500. Nuclei were
stained with 300 nM DAPI (MP Biochemicals, LLC Solon, OH)
and coverslips were applied using the fluorescent mounting
medium (Agilent Dako, Carpinteria, CA). The TUNEL staining
was performed using the in situ death detection kit POD (Roche
Life Science, Mannheim, Germany) according to manufacturer’s
instructions. All sections were viewed under the bright field
trinocular microscope (Olympus BX-60, Tokyo, Japan) and
images were acquired with the MS60 camera and the MShot
Image Analysis System V1 (MSHOT, Guangzhou Micro-shot
Technology Co., Guangzhou, China). Vessel densities were
assessed in CD31 stained sections by using a Weibel grid
to calculate vessel surface area (37), and the fraction of Ki-
67-positive tumor cells was calculated by the digital image
analysis web application ImageJS (38). EMMPRIN expression
was assessed using the modified H-score, which assigns an
immune reactive score on a continuous scale of 0–300, based
on the percentage of positive cells expressing the protein at
different intensities. Staining was divided into three categories:
1 for “light staining,” 2 for “intermediate staining,” and 3 for
“strong staining.” The percentage of positive cells was determined
according to the positive surface area of cells measured with
ImagePro plus 4.5 software, and the score was calculated using
the formula: 1× (%1 positive cells)+ 2× (%2 positive cells)+ 3
× (%3 positive cells).

Sandwich ELISA
The mouse cytokines were determined using ELISA kits (R&D
systems,) according to the manufacturer’s instructions. Serum
samples were diluted 1:4 (for IL-1β, IL-10, and TNF) or
1:100 (for TGFβ, MMP-9, and VEGF), and tissue lysate
samples were normalized to the total protein. Serum EMMPRIN
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concentrations were measured with an ELISA kit (Abcam,
ab215405) at a dilution of 1:200, according to the manufacturer’s
instructions, or normalized to total protein in tissue lysates.

In vitro Wound Scratch Assay
In vitro wound scratch assay was performed as described before
(17), with the mouse bEND3 endothelial cell monolayers (105

cells) seeded in 96-well dishes and incubated with 25mg of
total protein extracted from colon samples of the control or
161-MAP vaccinated mice groups. To demonstrate EMMPRIN
involvement, we added the rabbit anti-mouse EMMPRIN
polyclonal antibody (161-pAb, 2 ng/ml) that we previously
produced (19), to some of the wells. Images of the field of
injury were acquired at the beginning of the experiment (T0)
and after 24 h (T24) using the ImagePro plus 4.5 software (Media
Cybernetics, Inc., Rockville, MD, USA), and the wound area was
measured at both times. The migration area, reflecting the area
to which endothelial cells migrated in order to close the wound,
was calculated by the subtraction of the area at T24 from the area
at T0.

Statistical Analyses
All values are presented as means ± SE and all comparisons are
presented with the 95% CI for the difference between the means.
Significance between two groups was determined using the two-
tailed unpaired t-test. Differences between experimental groups
accounting for time and treatment were analyzed using two-
way analysis of variance (ANOVA) and the post hoc Bonferroni’s
multiple comparison test. P-values exceeding 0.05 were not
considered significant.
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Background: Stent-jailing and stent-jack are used for stent-assisted coil embolism
(SCE) in intracranial aneurysm (IA) therapy, and cause different incidences of IA
recurrence. Angiogenesis strongly correlates with aneurysm accumulation. Stent-jack
causes higher mechanical forces in cerebral vessels than stent-jailing. Mechanical
forces, as well as TGF-β/Smad2,3,4 signaling pathway, may play an important factor
in IA recurrence by affecting angiogenesis.

Methods: We explored the effects of stent-jailing or stent-jack technique on IA
recurrence by investigating mechanical forces, TGF-β/Smad2,3,4 signaling pathway and
the incidence of angiogenesis in IA patients. One-hundred-eighty-one IA patients were
assigned into stent-jailing (n = 93) and stent-jacket groups (n = 88). The clinical outcome
was evaluated using Glasgow Outcome Score (GOS) and aneurysm occlusion grades.
The percentage of CD34+EPCs (releasing pro-angiogenic cytokines) in peripheral blood
was measured by flow cytometer. Endothelial cells were separated from cerebral
aneurysm and malformed arteries via immunomagnetic cell sorting. Angiogenesis was
measured by microvessel density (MVD) using anti-CD34 monoclonal antibody staining
before using the stent, immediately after surgery and 2 years later. Meanwhile, the
mechanical forces in cerebral vessels were determined by measuring endothelial shear
stress (ESS) via a computational method. TGF-β and Smad2,3,4 were measured by
real-time qPCR and Western Blot. Tube formation analysis was performed to test the
relationship between angiogenesis and TGF-β, and the effects of different techniques
on angiogenesis.

Results: After a 2-year follow-up, 85 and 81 patients from stent-jailing and stent-jack
groups, respectively, completed the experiment. Stent-jailing technique improved
GOS and reduced aneurysm occlusion grades higher than the stent-jack technique
(P < 0.05). The counts of CD34+EPCs and MVD values in the stent-jailing group
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were lower than the stent-jack group (P < 0.05). ESS values in sent-jailing group were
lower than the stent-jack group (P < 0.05), and positively correlated with MVD values
(P < 0.05). TGF-β and Smad2,3,4 levels in sent-jailing group were also lower than the
stent-jack group (P < 0.05). TGF-β was associated with angiogenesis incidence and
stent-jack caused angiogenesis incidence more than stent-jailing.

Conclusion: Stent-jailing technique reduces IA recurrence more than stent-jack by
causing less mechanical forces, angiogenesis and inhibiting TGF-β/Smad2,3,4 signaling
in IA patients.

Keywords: intracranial aneurysm, stent-jailing, stent-jack, angiogenesis, TGF-β, Smad2,3,4, endothelial shear
stress, microvessel density

INTRODUCTION

Intracranial aneurysm (IA) is a common cerebral disease, which
involves various organs and becomes more prevalent with
high-level morbidity and mortality (Piotin et al., 2018). With
the development of medical devices, endovascular stents have
been widely used in the prevention of IA (Bakhsheshian et al.,
2018; Takahashi et al., 2018). Stent-assisted coil embolization
(SCE) techniques are becoming popular and may be feasible
and effective for such postoperatively complicated aneurysms
(Takeshita et al., 2017).

Stent-jailing technique represents an efficacious adjuvant
technique for treating wide-necked persistent trigeminal artery
aneurysm (Rong-Bo et al., 2013), in which IAs are “jailed.” For
some small aneurysms, stent-jailing technique has been often
considered. Nevertheless, the technique should be used carefully
and may be unsuccessful occasionally (Yoon et al., 2013).
Stent-jack is another technique for complicated aneurysmal
treatment. The first coil can be detached into aneurysm dome
after the stent is positioned (de Paula Lucas et al., 2008).
The technique has been proved to be effective in treating the
aneurysms with a ratio of dome height to neck width less than
1.5 (de Paula Lucas et al., 2008).

Complicated IAs are often existed in the internal and middle
cerebral artery. Embolization of irregular and complicated IAs
is still a challenge. The stent-jailing technique (Tsai et al.,
2018) or stent-jack (Lozen et al., 2009) can facilitate efficient
embolization of aneurysms. Although stent-jailing and stent-jack
techniques are safe and effective for aneurysm therapy but the
effects of these techniques on IA recurrence, and associated
molecular mechanism remains unknown. Stent-jailing and
stent-jack techniques can cause different mechanical forces in
cerebral blood vessels. Mechanical forces regulate transforming
growth factor-β (TGF-β) and Smads (Maeda et al., 2011). TGF-β
is the prototype of structurally related cytokines and control
proliferation, differentiation and migration of various cells (Jin
et al., 2018). TGF-β has a positive association with the levels
of VEGF, and can enhance cellular angiogenesis (Li et al.,
2016) while angiogenesis is associated with aneurysm formation
(Baumann et al., 2013). SMAD is a family of proteins that play an
important role in signal transduction pathways of TGF-β (Huang
et al., 2018). Smad2/3 and Smad4 are direct mediators of TGF-β
signaling pathway (Ungefroren et al., 2011). Smad2 activates

TGF-β type I receptor (TβR-I) and Smad2 phosphorylation is
necessary for its nuclear translocation (Rostam et al., 2018).
Smad3 is structurally associated with Smad2. Smad4 forms
heteromeric complexes with Smad2 or Smad3 and appears to be
part of TGF-β signaling pathway (Kretschmer et al., 2003). TGF-β
is involved in blood vessel formation while Smad2/3 signaling
in endothelial cells is indispensable to keep vessel integrity (Itoh
et al., 2012). Angiogenesis is the growth of new blood vessels
from the existing vessels and may play an important role in the
development of aneurysms (Hoh et al., 2014). IAs can recure or
grow after SCE, and TGF-β/Smad2,3,4 signaling pathway, as well
as mechanical forces, may play an important factor in the process
of angiogenesis.

Stent-Jailing technique and stent-jacket technique may affect
the recurrence and regrowth of IA since stent can induce
angiogenesis (Zhang et al., 2014), which is associated with
aneurysm development (Hoh et al., 2014). Therefore, we explored
the effects of stent-Jailing and stent-jacket techniques on the
angiogenesis of IA recurrence. Here, we showed that different
stent techniques affected angiogenesis of IA patients by affecting
mechanical forces in cerebral blood vessels and TGF-β/Smad2,3,4
pathways.

MATERIALS AND METHODS

Reagents
Rabbit anti-Smad2 (ab63576), anti-Smad2 around the
phosphorylation site of serine 467 (ab63576), Anti-Smad3
(EP568Y), anti-Smad3 phosphorylated on Serine 423 and
425 (ab52903), anti-Smad4 (EP618Y), anti-CD31 (ab28364),
anti-CD34 (ab8536) and goat anti-rabbit HRP (IgG H&L)
(ab6721) antibodies were purchased from Abcam trading
(Shanghai) co., ltd. (Shanghai, China). Anti-CD 146-coated
dynabeads were purchased from Invitrogen Corporation (CA,
United States).

Participants
Before the present experiment, all steps were approved by
Human Research Ethics Committee of the First Hospital of
Jilin University (Approval No. 2015JLUMPZ), and all patients
agreed to sign the informed consent. IAs were measured via
digital subtraction angiography (DSA), magnetic resonance
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angiography (MRA) and computed tomographic angiography
(CTA). CTA and MRA can locate the position and show
characteristics of IAs. DSA can improve the accuracy of the
diagnoses. Severity of IA was evaluated by using Glasgow
Outcome Scale (GOS) (Gotoh et al., 1993).

Inclusion Criteria
The following patients were included: (Piotin et al.,
2018) > 18 years; (Takahashi et al., 2018) Modified Rankin
Scale (MRS) score < 3; (Bakhsheshian et al., 2018) Clinical
symptoms of severe headache, unconsciousness and focal
neurological deficits; (Takeshita et al., 2017) the IA identified
with CTA.

Exclusion Criteria
The following excluding criteria were used: (Piotin et al., 2018)
the patients had severe medical illness (such as myocardial
infarction and psychiatric illness) and or severe sequelae of
stroke; (Takahashi et al., 2018) the patients had a history of
allergy to aspirin or clopidogrel, and or intracerebral hemorrhage;
(Bakhsheshian et al., 2018) besides of aspirin or clopidogrel, the
patients took other antiplatelet or anti-inflammatory drugs; and
(Takeshita et al., 2017) the patients were pregnant or lactating
women.

Preoperative Treatment
Nimodipine was used and act to inhibit cerebral vasospasm.
IA subjects were orally administered with 80-mg clopidogrel
(daily) and 100-mg aspirin (daily) 3 days before surgery.
Before half-an-hour surgery, patients were injected with one-mg
atropine sulfate to prevent gland secretion.

Patients Grouping
After inclusion and exclusion criteria, 181 IA patients were
assigned into stent-jailing (n = 93) and stent-jack groups (n = 88)
based on self-selection after consulting with the brain aneurysm
specialists. To eliminate the self-selection bias, a little adjustment
was performed to keep no significant difference for IA types
and clinical characteristics between two groups after receiving
individual agreement (Table 1).

With CTA, IA location, size and the diameter of parent
artery were examined. Based on the results, the angle, path and
corresponding stent technique were chosen. The stent-jailing
technique was employed in 93 patients. A stent and coils
were employed in two microcatheters, and reached IA dome,
respectively. The coils were positioned in the IA dome and
covered by the stent, and IA was completely packed. Finally, coil
microcatheter was withdrawn, and coils were encaged between
the stent and parent artery.

Stent-jack technique was also performed in other 88 IA
patients according. A first coil in microcatheter was deployed
and self-expandable stent was delivered across IA neck, and first
coil was detached when the stent was deployed. The technique
constrains the coil loops within IA dome before detachment of
the first coil.

Treatment After SCE Intervention
All patients took intraoperative heparinization therapy and orally
administrated with 80-mg clopidogrel and 100-mg aspirin daily.
Angiography was observed after half year and angiography
indicated no symptoms or stent stenosis. The patients would still
receive 100-mg aspirin daily during 2-year follow-up.

Clinical Evaluation of SCE
The embolic and ruptured IA events were evaluated before
and immediately postoperative imaging. According to occlusion
grades, IAs were classified as complete, sub-complete, partial
occlusion and no occlusion grades. Clinical outcomes were
measured by using the Glasgow Outcome Scale (GOS) (Tsao
et al., 2005). GOS categories 1–3 were regarded as unfavorable
and GOS categories 4 and 5 were favorable. The outcome was
measured based on IA occlusion grades before and immediately
after surgery, and 2 years later.

Measurement of Peripheral Blood
CD34+EPCs (Endothelial Progenitor
Cells)
CD34+EPCs are involved with the release of pro-angiogenic
cytokines and associated with pathological angiogenesis (Calzi
et al., 2010), and thus the counts of the cells in peripheral blood
were measured. One-hundred-microliter peripheral blood was
taken from a vein of each patient before and after immediate stent
implantation, and 2-year follow-up. Two-microliter mouse anti-
human PE-CD34 antibody was added to each tube, and incubated
at 4◦C overnight; the mixture was centrifuged at 1500 rpm/min
at 4◦C for 5 min, and the supernatant was discarded. The cells
were resuspended in 2 ml PBS, and centrifuged at 2000 rpm/min
for 5 min at 4◦C, and the supernatant was discarded for 2 times;
finally, the blood cells were resuspended in 100 µl of PBS. The
cells were stored at 4◦C and the number of EPCs was measured
on a flow cytometer (Beckman Coulter, Brea, CA, United States).

Endothelial Cells Isolation
The physicians used real-time X-ray technology to visualize the
patient’s vascular system and locate IA inside the blood vessel.
A solitaire stent retriever (Covidien, Irvine, CA, United States)
was used for biopsy specimens’ retrieval from an occluded
IA. Cerebral aneurysm and malformed arteries were isolated
from cerebral arties using a cutting plane and separating the
surfaces on either side of the plane by using a minimally
invasive technique. Endothelial cells were derived from human
cerebral aneurysm and malformed arteries, and separated with
immunomagnetic cell sorting. Briefly, Anti-CD 146-coated
Dynabeads (Invitrogen, CA, United States) were prepared
according to manufacturer’s instruction and stored at 4◦C.
Fifty-mg aneurysms were ground with glass pestle and mortar
with one-millilter PBS buffer, 0.1% bovine serum albumin, 0.1%
sodium azide, and 0.1% a standard broad-spectrum inhibitor
cocktail at 4◦C. Ten-microliter FcR-blocking agent (Miltenyi,
Bergisch Gladbach, Germany) and 25-microliter antibody-coated
Dynabeads were added and mixed thoroughly. The samples were
mixed in a mixer for 1 h at 4◦C and washed four times with
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PBS inside the Big Easy Magnet (EasySep, United States) at
4◦C. Between each washing procedure, the endothelial cells were
flushed out with MACS buffer (PBS with 0.5% BSA and 2 mM
EDTA, pH 7.0) 10 times in a 100-µL pipette.

Microvessel Density (MVD) Assay
Angiogenesis is associated with MVD and can be evaluated
by MVD (Zhang et al., 2018). For MVD assay, CD31 is
considered to be a marker of MVD (Bösmüller et al., 2018;
Xing et al., 2018). Isolated arteriovenous malformation and
IA tissues were fixed in 10% formalin and embedded in
paraffin blocks. Sections were deparaffinized in xylene and
rehydrated in a series of different concentrations of ethanol.
After deparaffinization, antigen-retrieval procedure and blocking

of endogenous peroxidase, 5-µm sections were incubated for
20 min with CD31 antibody. Subsequently, the sample was
incubated with HRP secondary antibody for 10 min, DAB for
15 min and stained with Mayer’s hematoxylin for 5 min. MVD
was measured by choosing five regions of each sample at 40×
magnification.

Measurement of Mechanical Forces
The mechanical forces caused by different stent techniques
could not be measured in vivo exactly. However, the mechanical
forces mainly produced shear stress due to blood flow (Ohashi
and Sato, 2005), while shear stress could be measured by
combining with a computational method. Thus, the mechanical
forces in cerebral vessels were analyzed by measuring shear

TABLE 1 | Clinical characteristics between two groups.

Characteristics Stent-jailing (n = 85) Stent-jack (n = 81) χ2 or t-value P-value

Sex, male (%) 50 (58.82) 47 (58.02) 0.011 0.917

Age, years 58.8 ± 22.9 57.6 ± 21.4 0.481 0.258

Hypertension 10 (11.76) 11 (13.58) 0.124 0.725

Diabetes 11 (12.94) 13 (16.05) 0.324 0.569

Dyslipidemia 14 (16.47) 12 (14.81) 0.086 0.769

Coronary artery disease 9 (10.59) 11 (13.58) 0.350 0.554

Smoking 13 (15.29) 15 (18.52) 0.308 0.579

Drinking 12 (14.12) 10 (12.35) 0.113 0.736

Body mass index (kg/m2) 17.5− 29.3 (23.1 ± 2.7) 19.3− 28.6 (21.8 ± 3.4) 0.353 0.060

Cr (mg/dL) 0.42− 1.41 (0.80 ± 0.28) 0.46− 1.35 (0.83 ± 0.21) 0.026 0.174

CCr (mL/min) 37.6− 113.6 (61.4 ± 25.2) 36.3− 110.6 (59.3 ± 23.4) 0.554 0.141

Aspirin 73 (85.88) 71 (87.65) 0.113 0.736

Clopidogrel 12 (14.12) 10 (12.35)

Location BTA 35 (41.18) 36 (44.44) 0.244 0.970

VAA 18 (21.18) 17 (20.99)

PCAA 19 (22.35) 16 (19.75)

PICAA 13 (15.29) 12 (14.81)

Unruptured/ruptured aneurysm 82/3 79/2 0.003 0.956

GOS score

1 2 (2.35) 2 (2.47) 0.546 0.969

2 6 (7.06) 7 (8.64)

3 17 (20) 15 (18.52)

4 28 (32.94) 26 (32.1)

5 27 (31.76) 31 (38.27)

Aneurysm classification

Fusiform Simple 4 (4.71) 3 (3.7) 0.685 0.953

Complex 1 (1.18) 1 (1.23)

Saccular No branch 35 (41.18) 34 (41.98)

Side Branch 25 (29.41) 23 (28.4)

Bifurcation 16 (18.82) 20 (24.69)

Size <15 mm 48 (56.47) 45 (55.56) 0.188 0.910

15-25 mm 24 (28.24) 25 (30.86)

>25 mm 13 (15.29) 11 (13.58)

Stent Solitaire 63 (74.12) 60 (74.07) 0.001 0.999

Enterprise 21 (24.71) 20 (24.69)

Neuroform 1 (1.18) 1 (1.23)

BTA, basilar tip aneurysms; VAA, vertebral artery aneurysm; PCAA, posterior cerebral artery aneurysm; and PICAA, posterior inferior cerebellar artery aneurysm. GOS,
Glasgow Outcome Scale. The statistical difference was significant if P < 0.05.
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stress. A three-dimension (3D) reconstruction of the target
aneurysm vessel was obtained by using an Intravascular
Doppler ultrasound catheter (GE Healthcare, Fremont, CA,
United States) and biplane cerebral angiogram before and
after stent implantation to measure endothelial shear stress
(ESS). The catheter was advanced into the cerebral artery and,
before starting pull-back, and a biplane cerebral angiogram
with contrast injection was performed. The images of the
simultaneous electroencephalograph (EEG) signals were
recorded. From the data, a computer algorithm was used
to calculate the EES via three-dimensional intravascular
ultrasound software (Life Imaging Systems, Inc., London,
ONT, Canada). The reconstructed cerebral blood vessels
were used for 3D geometry calculation and fluid dynamics
remodeling. In this way, the values of ESS were measured
before and after stent surgery. To avoid different stent
length would produce different ESS (LaDisa et al., 2006),
six territories proximal to the stent (within 10 mm) were
measured.

Real-Time Quantitative Reverse
Transcription-PCR (Real-Time qRT-PCR)
Total RNA was extracted from isolated endothelial cells by
using total RNA Isolation Kit (TIANGEN, Beijing, China). The
isolated RNA was digested by DNase I (TaKaRa, Dalian, China)
according to the manufacturer’s instructions. Two-microliter
total RNA was used for reverse transcription to cDNA with
the reverse transcription kit (Takara, Dalian, China). The
primers for specific genes and β-actin were listed in Table 2.
Real-time PCR was performed on LightCycler 2.0 instrument
(Roche, Germany). qPCR was performed as follows, 95◦C
2 min, and 45 cycles of 95◦C for 20 s, 55◦C for 15 s, and
72◦C for 20 s. Relative gene expression was calculated as
2−11Ct.

Western Blot
Frozen samples endothelial cells were lysed in RIPA buffer
containing 1% (w/v) of protease/phosphatase inhibitor
cocktail (Thermo Scientific, Madison, WT, United States).
Protein concentration was measured by BCA detection kit
(Beyotime, Beijing, China). The mixed proteins (100 µg)

TABLE 2 | The primers used in the present study.

Genes Primers Sequences (5′–3′) Size (bp)

TGF-β Forward CAGGGCTTCTCCTACCCCTA 160

Reverse GATGGTGGTAGCGTGGGTGG

Smad2 Forward CCCCGACACACCGAGATCCT 130

Reverse CTGATATATCCAGGAGGTGG

Smad3 Forward CCACGCCACACAGAGATCCC 200

Reverse AGGTTTGGAGAACCTGCGTC

Smad4 Forward ACCATCCAGCATCCACCAAG 200

Reverse CCTGGCTGAGGCCCTGATGC

Actin Forward GACATGGAGAAAATCTGGCA 130

Reverse AAGGTCTCAAACATGATCTG

were separated by using SDS-PAGE and transferred to a
PVDF membrane for 20 min. Antibodies were incubated
overnight at 4◦C. The membrane was blocked by using 5%
non-fat milk in PBST buffer for 1 h. Secondary antibodies
were further incubated and protein bands were visualized
chemiluminescence (ECL) system (Bio-Rad, Richmond, CA,
United States).

Tube Formation Analysis
HUVECs were purchased from Shanghai Institutes for
Biological Sciences (Cat. No. ECV304) were cultured in
RPMI-1640 medium (Gibco Life Technologies, Shanghai,
China) supplemented with 10% fetal calf serum at a density
of 4 × 103 cells in 96 wells overnight. The cells were treated
with 2 µM TGF-β inhibitor (SB505124) (Selleckchem Co.,
Shanghai, China), or 10 ng/mL TGF-β [Sigma-Aldrich
(Shanghai) Trading Co., Ltd., Shanghai, China], the sample
supernatants from stent-jailing and stent jack groups for 48 h.
A 96-well plate was coated with Matrigel (BD Biosciences)
and was cultured at 37◦C for half an hour to let Matrigel
solidify. HUVECs were plated onto the plate coated by
Matrigel. After 20-h culture, the HUVECs were recorded
using Olympus IX71 Inverted Compound Microscope (Tokyo,
Japan).

Statistical Analysis
The statistical analysis was carried out by using SPSS 20.0.
The possible factors associated with IA risks and postoperative
symptoms were analyzed by using univariate and multi-factor
analysis. The relationship between the levels of MVD values and
ESS values was analyzed using Spearman’s correlation coefficient
test.

TABLE 3 | The effects of coil embolism techniques on aneurysm occlusion grades.

Occlusion grades Stent-Jailing
technique

Stent-Jack
technique

χ2 values P-values

Before aneurysm coil embolization 0.626 0.429

Complete 65 (76.47) 66 (81.48)

Sub-complete 20 (23.53) 15 (18.52)

Partially 0 (0) 0 (0)

No 0 (0) 0 (0)

After aneurysm coil embolism, cases (%) 0.263 0.967

Complete 2 (2.35) 3 (3.7)

Sub-complete 12 (14.12) 11 (13.58)

Partially 18 (21.18) 17 (20.99)

No 53 (62.35) 50 (61.73)

2-year follow up 14.865 0.002

Complete 2 (2.35) 8 (9.88)

Sub-complete 9 (10.59) 21 (25.93)

Partially 22 (25.88) 23 (28.4)

No 52 (61.18) 29 (35.8)

Complete occlusion, no contrast agents in the aneurysm; sub-complete occlusion,
partial contrast agents in aneurysmal dome; partial occlusion, contrast agents filling
in the aneurysm dome; and no occlusion, contrast agents is full of in the aneurysm
dome.
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FIGURE 1 | The effects of different stent techniques on the counts of CD34+EPCs. (A) The effects of stent-jailing techniques on the counts of CD34+EPCs before
SCE surgery. (B) The effects of stent-jack techniques on the counts of CD34+EPCs before SCE surgery. (C) The effects of stent-jailing techniques on the counts of
CD34+EPCs after immediate SCE surgery. (D) The effects of stent-jack techniques on the counts of CD34+EPCs after immediate SCE surgery. (E) The effects of
stent-jailing techniques on the counts of CD34+EPCs after a 2-year follow-up period. (F) The effects of stent-jack techniques on the counts of CD34+EPCs after a
2-year follow-up period. G, the average percentage of CD34+ cells between two groups.

RESULTS

Clinical Characteristics
From April 1st, 2016 to March 1st, 2017, 181 IA patients
received SCE therapy, including 97 males and 69 females,
aged 35.9–81.7 years. Complete coil embolization was 65 cases
(76.47%) and 66 cases (81.48%) in stent-jailing and -jack groups,
respectively. After a 2-year follow-up period, 6 and 4 patients
withdrew from two groups, respectively. Two and 3 patients
were died from two groups because of aneurysmal subarachnoid
hemorrhage (SAH), respectively. Thus, 85 and 81 patients
completed the study, respectively. The statistical differences
for all parameters were insignificant between the two groups
(Table 1, P > 0.05).

Primary Outcome
Stent-jailing and stent-jack surgery techniques were employed
in IA therapy. Coils successfully covered the aneurysms
after SCE surgery and the coils were stable even after
a 2-year follow-up period. There were 3 and 5 cases
of cerebrovascular vasospasm in stent-jailing group and
stent-jack group, respectively. Papaverine (100–115 mg/day)
or nimodipine (20–30 mg/day) was administrated to
prevent the development of vasospasm. There were 4 and
2 cases of cerebral vascular occlusion in the two groups,
respectively. Balloon was deployed to dilate blood vessels.
There were 2 cases of embolism coil pop-up in stent-jack
group and no case of embolism coil pop-up in stent-jailing
group.
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FIGURE 2 | Aneurysm tissues retrieval by a solitaire stent retriever in minimally invasive procedure. (A) First-time retrieval of IA biopsy specimens. (B) Second-time
retrieval of IA biopsy specimens. (C) IA biopsy specimens. Red arrow showed the aneurysm.

Stent-Jailing Reduced the Incidences of
Aneurysm Occlusion Grades More Than
Stent-Jack
Aneurysm occlusion grades reflect the severity of ischemic
stroke (Qureshi, 2002). The statistical differences for aneurysm
occlusion grade were insignificant between two groups before
the SCE surgery (Table 3, P > 0.05). In contrast, the
statistical differences for aneurysm occlusion grade were still
insignificant between two groups after immediate SCE surgery
(Table 3, P > 0.05) but significant after 2-year follow-up
(Table 3, P < 0.05). The results suggested that stent-jailing was
more effective than stent-jack in the prevention of aneurysm
occlusion.

The Effects of Different Stent Techniques
on the Counts of CD34+EPCs
Before SCE surgery and after immediate SCE surgery, the
statistical difference for the counts of CD34+EPCs was
insignificant between stent-jailing and stent-jack groups
(Figures 1A–D, P > 0.05). After 2-year follow-up, the
counts of CD34+EPCs in the stent-jailing group were lower
than in the stent-jack group (Figures 1E,F, P < 0.05).
The results suggest that stent-jack increases the counts
of CD34+EPCs, which may increase the incidence of
angiogenesis.

Stent-Jack Increased More MVD Than
Stent-Jailing
After first-time retrieval of IA biopsy specimens (Figure 2A) and
second-time retrieval of IA biopsy specimens (Figure 2B),
IA biopsy specimens were retrieved well (Figure 2C).
Before SCE surgery and after immediate SCE surgery, the
statistical difference for MVD levels was insignificant between
stent-jailing and stent-jack groups (P > 0.05, Figures 3A,B).
Mean MVD values were 107.58 ± 35.23 vessels/mm2. After
2-year follow-up, MVD values in the stent-jailing group were

lower than in the stent-jack group (P < 0.05, Figure 3C).
Mean MVD values were 100.21 ± 37.45 vessels/mm2 in
stent-jailing group and 136.72 ± 41.98 vessels/mm2 in stent-jack
group.

Stent-Jack Increased ESS Values More
Than Stent-Jailing
In total, 25 IA patients were analyzed from stent-jailing and
stent-jack groups, respectively. The statistical difference for ESS
was insignificant before stent implantation (P> 0.05, Figure 4A).
The surgery caused a significant ESS increase in the entire
aneurysm lesion after immediate surgery, and the ESS values in
stent-jailing group were lower than in stent-jack group (P< 0.05,
Figure 4B). Similarly, the ESS values in stent-jailing group
were still lower than in stent-jack group after 2-year follow-up
(P < 0.05, Figure 4C).

MVD Values Had a Positive Association
With ESS Values
Pearson correlation coefficient analysis showed that ESS values
were increased with the increase of MVD values. MVD values
had a strong positive association with ESS values since Rho values
were more than 0.5 (P < 0.05, Figure 5). The results suggested
that ESS enhancement increased MVD values, which stand for
angiogenic degree (Ames et al., 2016).

Relative mRNA Levels
Before SCE surgery and after immediate SCE surgery, the
statistical difference for relative mRNA levels of TGF-β, Smad2,
Smad3, and Smad4 was insignificant between stent-jailing and
stent-jack groups (P > 0.05, Figures 6A,B). After 2-year follow-
up, relative mRNA levels of TGF-β, Smad2, Smad3, and Smad4
were still comparable between stent-jailing and stent-jack groups
(P > 0.05, Figure 6C). The results suggested that different stent
techniques would not change relative mRNA levels of TGF-β,
Smad2, Smad3, and Smad4.
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FIGURE 3 | The effects of different stent techniques on microvessel density
(MVD) values. (A) The effects of different stent techniques on MVD values
before SCE surgery. (B) The effects of different stent techniques on MVD
values after immediate SCE surgery. (C) The effects of different stent
techniques on MVD values after 2-year follow-up.

Stent-Jack Promoted TGF−β− Promot
Phosphorylation of Smad2 and Smad3
Relative protein levels of TGF-β, phospho-TGF-β, Smad2,
phospho-Smad2, Smad3, phospho-Smad3 and Smad4 were
analyzed by using Western Blot (Figure 7A). Before SCE surgery
and after immediate SCE surgery, the statistical difference for
relative protein levels of TGF-β (Figure 7B), phospho-TGF-β
(Figure 7C), Smad2 (Figure 7D), phospho-Smad2 (Figure 7E),
Smad3 (Figure 7F), phospho-Smad3 (Figure 7G), Smad4
(Figure 7H), and Phospho-Smad4 (Figure 7I) were insignificant
between stent-jailing and stent-jack groups (P > 0.05). After
2-year follow-up, relative protein levels of TGF-β, Smad2,
Smad3, and Smad4 were still comparable between stent-jailing

FIGURE 4 | Endothelial shear stress (ESS) values before and after stent
implantation within 10-mm segments proximal to the stents. (A) ESS values
before stent implantation within 10-mm segments proximal to the stents.
(B) ESS values after immediate stent implantation within 10-mm segments
proximal to the stents. (C) ESS values after 2-year stent implantation within
10-mm segments proximal to the stents.

and stent-jack groups (P > 0.05, Figures 7B,D,F,H,I).
However, relative protein levels of phospho-TGF-β (Figure 7C),
phospho-Smad2 (Figure 7E) and phospho-Smad3 (Figure 7G)
in the stent-jailing group were lower than in the stent-jack
group (P < 0.05).The results suggested that stent-jack promoted
phosphorylated TGF−β−sphoryl phosphorylation of Smad2 and
Smad3 when compared with stent-jailing technique.

Stent-Jailing Potently Reduced More
Angiogenesis Than Stent-Jack
Transforming growth factor-β increased cellular proliferation
and promoted angiogenesis when compared with controls
(Figures 8A,B,F) (P < 0.05). In contrast, SB505124 potently
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FIGURE 5 | Pearson correlation coefficient analysis of the relationship
between the values of microvessel density and endothelial shear stress. There
was positive correlation between the two variables if rho values were within
0.5 and 1.

inhibited the proliferation and tube formation of HUVECs
(Figures 8C,F) (P < 0.05). Comparatively, stent-jailing potently
reduced more angiogenesis than stent-jack (Figures 8D–F)
(P < 0.05). The results proved that stent-jailing and stent-jack
may cause different angiogenesis by affecting TGF-β.

DISCUSSION

Stent-assisted coil embolism is an important strategy in the
therapy of IAs. Compared with craniotomy, endovascular
embolization has the advantages of less trauma, fewer
complications, lower mortality and short procedure time (Cohen
et al., 2013). Although endovascular interventional therapy has
been shown to be effective, the use of coil embolization alone
remains a significant challenge for IA. With the development of
techniques, stents have been used to assist coil embolization in
the treatment of IAs, particularly wide-neck aneurysms (Feng
et al., 2017).

There were 85 aneurysms treated by stent-jailing technology
and 81 aneurysm treated by stent-jack in the present work.
When stent-assisted embolism is carried out, the choice between
the two methods will depend on the expert’s experiences.
Stent-jailing method has more advantages than stent-jack. Firstly,
catheter placement into aneurysm dome is more difficult after
the deployment of stent, especially for closed and small stents.
Secondly, like a balloon, the deployed stent will avoid the
kickback of the jailing catheter during coil embolism. Thirdly,
the occurrence of coil herniation into the parent artery is low.
Finally, unintended untangling of coils around the stent-jack
can be avoided in stent-jailing technique. The main shortage of
stent-jailing technique is that the catheter tip is forced out from
aneurysm dome during stent deployment. More coil loops can be
deployed to solve the drawback.

Stent-jack can be considered when it is difficult in the
application of stent-jailing technique because the stent-jailing
technique cannot be adjusted to a satisfactory location. Due to

FIGURE 6 | Real-time qPCR analysis of the effects of different stent
techniques on relative mRNA levels of TGF-β, Smad2, Smad3 and Smad4.
(A) The effects of different stent techniques on relative mRNA levels of TGF-β,
Smad2, Smad3, and Smad4 before SCE surgery. (B) The effects of different
stent techniques on relative mRNA levels of TGF-β, Smad2, Smad3, and
Smad4 after immediate SCE surgery. (C) The effects of different stent
techniques on relative mRNA levels of TGF-β, Smad2, Smad3, and Smad4
after a 2-year follow-up period.

the small opening of aneurysms have been small, scaffold can
enter the aneurysm dome via stent-jack. One main drawback for
stent-jack is that the detached coil loops may herniate or move,
and hang on stent when the stent retrieved.

Peripheral blood CD34+ progenitor cells can be stimulated by
many cytokines (Brugger et al., 1993). Surgery has been reported
to induce the increase in EPC values (Scheubel et al., 2004). We
proposed that stent-jack surgery might induce cytokines more
than stent-jailing, resulting in high-level of EPCs. CD34+EPCs
did not increase much after stenting in IA patients between two
groups (Figures 1C,D). After 2-year follow-up, the EPC values
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FIGURE 7 | Stent-Jack promoted TGF–β–nt-Jack promoted Smad4 after immediate SCEs. (A) The effects of different stent techniques on relative protein levels of
TGF-GF-phospho-TGF-β, Smad2, phospho-Smad2, Smad3, phospho-Smad3, and Smad4 before SCE surgery. (B) Relative protein levels of TGF-β. (C) Relative
protein levels of phospho-TGF-β. (D) Relative protein levels of Smad2. (E) Relative protein levels of phospho-Smad2. (F) Relative protein levels of Smad3.
(G) Relative protein levels of phospho-Smad3. (H) Relative protein levels of Smad4. (I) Relative protein levels of phosphor-Smad4.BSI, before surgery intervention;
AISI, immediately after surgery intervention; ATF, after a 2-year follow-up period. The statistical difference was significant if ∗P < 0.05 and very significant if ∗P < 0.01.

were increased significantly in stent-jack group (Figure 1F) when
compared with other groups, whereas the values was reduced
significantly in stent-jailing group (Figure 1E), suggesting other
mechanism may be existed for the changes of EPC values.
Peripheral blood EPCs can secrete many cytokines associated
with angiogenic activities, such as vascular endothelial growth
factor (Demetz et al., 2017), hepatocyte growth factor (Iwabayashi
et al., 2012) and fibroblast growth factor (Huang et al., 2015).

We showed that stent-jailing rather than stent-jack
reduced angiogenesis partly via reducing mechanical forces
in cerebral blood vessels or the TGF-β/Smad2,3,4 pathway.
The mechanical forces may stimulate endothelial-cell-inducing
angiogenesis (Yang et al., 2018). Stent-jack increased ESS
values more than stent-jailing technique (P < 0.05, Figure 4),
suggesting stent-jack caused mechanical forces more than
stent-jailing. The results led to the risk of angiogenesis in
stent-jack group higher than in stent-jailing group (Figure 9).
Phosphorylation of Smad has been widely reported to be

associated with the activity of Smad signaling pathway (Seong
et al., 2010; Hough et al., 2012). Stent-jailing techniques
reduced the phosphorylation of TGF-β, Smad2 and Smad3,
and resulted in the reduction of activity of TGF-β/Smad2,3,4
pathway (Figure 9). The decrease in the activity of TGF-
β/Smad2,3,4 pathway would inhibit the angiogenesis of the
patients (Figure 9) (Pen et al., 2008; Ji et al., 2014; Assis et al.,
2015).

There were some limitations of the present work. The
interaction of stents with the cerebral endothelial cells in a
controlled environment has been widely reported (Sprague et al.,
2017; Tefft et al., 2017; Ter Meer et al., 2017). The stent
provides the potential attachment and promote the growth of
endothelial cells. However, we could not directly detect the
associate between the mechanical forces and angiogenesis or
the activation of the TGF-β/Smad2,3,4 pathway because the
measurement of the mechanical forces applied by each technique
is still not feasible in vivo. Some long-term complications existed
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FIGURE 8 | Tube formation of HUVECs among different groups. (A) Control group. (B) The effect of TGF-β on tube formation in HUVECs. (C) The effect of TGF-β
inhibitor on tube formation in HUVECs. (D) The effect of the supernatants from stent-jailing group on tube formation in HUVECs. (E) The effect of the supernatants
from stent-jack group on tube formation in HUVECs. (F) The average number of tube formation among different groups. aP < 0.05 vs. a control group, bP < 0.05 vs.
a TGF-β group, cP < 0.05 vs. a TGF-β inhibitor group, dP < 0.05 vs. a stent-jailing group, and eP < 0.05 vs. a stent-jack group.

FIGURE 9 | The effects of different stent techniques on angiogenesis. Stent techniques affect angiogenesis via two main ways: different stents will produce different
mechanical forces in blood vessel and result in the risk of angiogenesis; different stents will affect TGF-β/Smad2,3,4 signaling pathway differently. Smad2 and
Smad3 forms complexes after interacting with TGF–βsignaling pathway diff, which is phosphorylated by T Smad2 and SmaHeteromeric complexes of Smads 2, 3
and 4 can translocated to the nucleus together, resulting in inflammatory gene expression and production of angiogenesis. Red arrows showed an increase in the
activity and blank arrows shows no function in the activity.

for the patients that undergo aneurysm treatment. First, in-stent
thrombosis may be a source of complications because of the
angiogenesis caused by mechanical forces. Second, mechanical

forces could be technically problematic and induced a further risk
of complications. Thus, in-stent thrombosis may be higher. In
the present study, aneurysm neck was mainly covered by stents.
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Although angiogenesis is associated with aneurysm formation
(Baumann et al., 2013), angiogenesis may exert good effect to
promote endothelialization of the stent to cover the neck of the
aneurysm in case of stent-jacket technique and angiogenesis may
be required. Cons and pros of angiogenesis were not compared in
the present work. Thus, further work is highly required to address
these important issues.

CONCLUSION

Stent-jailing technique reduced aneurysm occlusion grades more
than stent-jack technique after 2-year follow-up by controlling
angiogenesis in IA patients. Stent-jailing technique was more

effective than stent-jack technique in the treatment of IA patients
by reducing mechanical forces and activity of TGF-β/Smad2,3,4
signaling pathway. To confirm the present conclusion, further
work in highly demanded in a larger population in the
future.
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Semaphorin 3A (sema3A) belongs to the sub-family of the immune semaphorins that

function as regulators of immune-mediated inflammation. Sema3A is a membrane

associated molecule on T regulatory cells and on B regulatory cells. Being transiently

ligated to the cell surface of these cells it is suggested to be a useful marker for evaluating

their functional status. In earlier studies, we found that reduced sema3A concentration in

the serum of asthma patients as well as reduced expression by Treg cells correlates with

asthma disease severity. Stimulation of Treg cells with recombinant sema3A induced

a significant increase in FoxP3 and IL-10 expression. To find out if sema3A can be of

benefit to asthma patients, we evaluated the effect of sema3A injection in a mouse

model of asthma. BALB\c-mice were sensitized using ovalbumin (OVA) + adjuvant for

15 days followed by OVA aerosol inhalation over five consecutive days. Four hours

following air ways sensitization on each of the above days- 15 of these mice were

injected intraperitoneally with 50 µg per mouse of recombinant human sema3A-FR and

the remaining 15 mice were injected with a similarly purified vehicle. Five days later the

mice were sacrificed, broncheo-alveolar lavage (BAL) was collected and formalin-fixed

lung biopsies taken and analyzed. In sema3A treated mice, only 20% of the bronchioles

and arterioles were infiltrated by inflammatory cells as compared to 90% in the control

group (p = 0.0079). In addition, eosinophil infiltration was also significantly increased in

the control group as compared with the sema3A treated mice. In sema3A treated mice

we noticed only a small number of mononuclear and neutrophil cells in the BAL while in

the control mice, the BAL was enriched with mononuclear and neutrophil cells. Finally, in

the control mice, angiogenesis was significantly increased in comparison with sema3A

treated mice as evidenced by the reduced concentration of microvessels in the lungs of

sema3A treated mice. To conclude, we find that in this asthma model, sema3A functions

as a potent suppressor of asthma related inflammation that has the potential to be further

developed as a new therapeutic for the treatment of asthma.
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INTRODUCTION

Semaphorins were initially identified as axon guidance factors but
have subsequently been characterized in addition as modulators
of angiogenesis, and as modulators of immune responses. The
involvement of some semaphorins such as sema3A and sema4D
in both innate and adaptive immune responses resulted in
their characterization as a semaphorin subgroup of “immune
semaphorins” (1). Semaphorin 3A (sema3A), is a member
of the secreted class-3 semaphorins (2). Following secretion
sema3A binds to the neuropilin-1 receptor which in association
with receptors of the plexin family form functional sema3A
receptors in responsive cell types (2). Sema3A had been
characterized as a regulator of immune mediated inflammation.
Incubation of sema3A with stimulated T effector cells inhibits
their proliferation and their ability to secrete pro-inflammatory
cytokines (3). The transient ligation of sema3A on Tregs from
patients suffering from rheumatoid arthritis (RA) is decreased
in association with increased disease activity (4). Taken together,
these findings establish sema3A as an indicator for Treg cells
activation and as a target for the development of therapeutics
targeting inflammatory diseases.When recombinant sema3Awas
injected into collagen-induced arthritic (CIA) mice, Treg cell
function was restored and RA disease activity in these mice was
inhibited (4). The concentration of sema3A was found to be
reduced in serum of systemic lupus erythematosus (SLE) patients
and in correlation with SLE disease activity (5). Furthermore,
injection of sema3A into NZB/Wmice (an animal model of SLE)
reduced and delayed proteinuria, renal damage and prolonged
the survival of these mice (6).

Airway inflammation in asthma patients is a complex process,
mainly characterized by T helper-2 cells (Th2) hyper-activation.
Consequently they display enhanced responses to environmental
allergens, and over-produce pro-inflammatory cytokines. This
is followed by the activation of allergen-specific B cells and
the production of high amounts of specific IgEs, leading to
mast cell degranulation (7). The concentration of Treg cells, as
well as FoxP3 expression and IL-10 production are deficient in
asthma thereby contributing to airway inflammation and disease
activity. Upon treatment with corticosteroids and following
Allergen Immunotherapy (AIT) the concentrations of the Treg
cells and the expression of FoxP3 and IL-10 can be restored and
clinical improvement of asthma achieved (8, 9). Subsequently, the
concentration of T regulatory cells (CD4/CD25/highFoxP3+)
were found to be reduced in induced sputum of atopic
asthmatics found to be negatively correlated with airway hyper-
responsiveness (10). In patients with active bronchial asthma,
decreased amounts of Treg cells and altered expression of
FoxP3 were found to be associated with increased level of
Th17 cells. In this case, dexamethasone therapy was shown to
correct this disturbed balance between Treg and Th17 cells (11).
Chronic airway structural changes such as smooth muscle cells
hypertrophy and angiogenesis are consequences of long-lasting
inflammation in bronchial asthma and are considered to be part
of the remodeling process (12). In contrast with the beneficial
effect of inhaled corticosteroids in reducing lung T cell and
eosinophil infiltration, it is still unclear if inhaled corticosteroids

inhibit angiogenesis in bronchial asthma. Sema3A is a membrane
associated molecule on Tregs and the newly defined Breg cells.
Sema3A plays a regulatory role in experimental mouse models
as well as in human models of allergic rhinitis, atopic dermatitis
and asthma (13). We have found that low serum levels of sema3A
are correlated with severe asthma. Incubation of recombinant
sema3A with Treg cells increased the expression of FoxP3 in
normal individuals but less so in Tregs of asthmatics (14). We
assume that this regulatory effect of Sema3A on Treg cells is
via its ligation to neuropilin-1, the known functional receptor
of Sema3A on Treg cells. With this in mind we have evaluated
in the present study the therapeutic immune-modulatory effects
of sema3A following its injection into mice in which we have
induced asthma using ovalbumin (OVA) adjuvant. We find that
in this asthma model, sema3A functions as a potent suppressor
of asthma related inflammation that in addition inhibits asthma
associated angiogenesis.

MATERIALS AND METHODS

Production and Purification of
Recombinant Point Mutated Human Furin
Cleavage Resistant sema3A
The construction of a lentiviral expression vector directing the
expression of point mutated furin like pro-protein convertases
resistant sema3A containing a c-terminal 6xHis epitope tag (FR-
sema3A) was previously described (15). Lentiviruses directing
expression of FR-sema3A or control empty lentiviruses were used
to infect HEK-293 cells. Conditioned medium from FR-sema3A
producing and from control cells, was purified on nickel columns
according to the manufacturer instructions. The purified FR-
sema3A (FR-sema3A) and the corresponding fractions eluted
from nickel columns loaded with control conditioned medium
(vehicle) were then used in subsequent experiments.

Asthma Mouse Model
Thirty female Balb/c mice 6- to 7-old weeks were included in this
study. OVA sensitization and airway challenge were performed
as follows: the mice were sensitized intraperitoneally with 50
µg ovalbumin (OVA; grade V; Sigma-Aldrich) emulsified in
2mg Alum-Hydroxide (Sigma-Aldrich) in 200 µl 0.9% sodium
chloride (saline; Hospira) on Days 0, 7, and 14. On Days 22–
25, the mice were placed in a box and were exposed each day
for 20min to an aerosol consisting of 1% (m\v) OVA dissolved
in PBS, Ph-7.4 (16). Four hours following air ways sensitization
on each of the above days- 15 of these mice were injected
intraperitoneally with 50 µg per mouse of recombinant human
sema3A-FR and the remaining 15 mice were injected with a
similarly purified vehicle as described above. The mice were
sacrificed 5 days after sema3A injection on day 30. Broncho-
alveolar lavage (BAL) was collected and lung tissue taken for
evaluation of treatment efficacy.

Inflammatory Cells in BAL
The BAL fluid was centrifuged at 2,000 rpm for 10min. After
discarding the supernatant the sediment was fixed on lysine-
coated slides (Leica Biosystems, Germany), dried and stained
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with hematoxilin-eosin. The total number of inflammatory cells
was counted double blindly by two expert pathologists. They then
scored these numbers to “grade”; above 100 cells\slide- graded as
“3,” 50–100 cells\slide- graded as “2,” 10–50 cells\slide- graded as
“1” and <10 cells\slide-graded as “0.” The results are the average
of these results.

Lung Biopsies
Lungs were formalin-fixed and paraffin embedded (FFPE). Five
microns slides were cut and subjected to hematoxylin-eosin
staining. The evaluation of the extent of the inflammatory process
around blood vessels and bronchioles and the evaluation of
the number of eosinophils per high power microscopic field
(HPF) was performed by two expert pathologists. The results are
expressed as the average of these results.

The Anti-angiogenic Effects of sema3A
Sections of the FFPE samples weremounted onto electrostatically
charged microscope slides, dried at 60◦C for 1 h, dewaxed and
rehydrated as follows: Twice in 100% Xylene for 5min, twice in
100% Ethanol for 5min, once in Methanol+H2O2 for 20min,
once in 70% Ethanol for 5min, once in 50% Ethanol for 5min,
once in 25% Ethanol for 5min, and twice in distilled water (DW).
The slides were transferred to a working surface and incubated
in warm Trypsin-PBS 1:1 for 2min then washed in PBSx1. The
slides were then transferred into retrieval solution-10mM Tris
buffer PH = 8 and put in the microwave for 18min, then cooled
on the bench and washed with DW. The slides were blocked with
10% normal goat serum (NGS) for 1 h at room temperature, and
incubated in primary antibody (rat anti-mouse CD31,Dianova,
Hamburg, Germany, 1:100 diluted in 5% NGS) overnight at 4◦C.
The next day the slides were washed 3× 5min in PBS, incubated
in secondary antibody conjugated to biotin(diluted in 5% NGS)
for 1 h at room temperature, 3 × 5min washed in PBS, then
incubated in HRP Streptavidin antibody (diluted in 5% NGS)
for 1 h in RT and washed 3 × 5min in PBS. The slides were
then stained with 3-amino-9-ethylcarbazole (AEC) staining for
15min, washed in DW and stained with Hematoxylin for 30 s.
The evaluation of angiogenic blood vessels in the tissue was
performed by two expert pathologists and the results are the
mean of their evaluation.

Statistical Analysis
A comparison between two groups was performed using the
Mann–Whitney non-parametric test. A two-tailed P-value of 0.05
or less was considered to be statistically significant.

RESULTS

The Effect of sema3A Treatment on the
Concentration of Inflammatory Cells in BAL
Mice were sensitized by OVA adjuvant injection followed by
OVA inhalation to generate asthmatic mice. Mice were then
divided into two groups and treated by injection of vehicle
or sema3A as described in materials and methods. After 5
days the concentration of inflammatory cells in BAL fluid
derived from vehicle treated mice or sema3A treated mice was

compared by analysis of microscopic fields followed by grading
as described in materials and methods. The BAL of sema3A
treated mice contained a low concentration of inflammatory
cells while the BAL of vehicle treated mice contained a
significantly higher concentration (P = 0.0081) of inflammatory
cells (see Figure 1).

The Effect of sema3A Treatment on Lung
Inflammation and Eosinophils Induced by
OVA Sensitization in Mice
Inflammation in tissues surrounding the bronchioles and blood
vessels in lungs of mice sensitized by OVA and then treated
with sema3A or vehicle was determined in histological sections
obtained from the lungs of the mice. In sema3A treated mice
only few bronchioles (25 ± 10%) were surrounded by invading
inflammatory cell (Figures 2A,C) while in lungs derived from
control mice most of the bronchioles (85 ± 10%) attracted
inflammatory cells (P = 0.0021) (Figures 2B,C). The infiltration
of eosinophils (Figure 3A, black arrows) was also compared
between the two groups and was also more pronounced in the
control group with 25± 8 eosinophils per HPF as compared with
only 5± 2 eosinophils per HPF in the sema3A treated mice (P =

0.033) (Figure 3B).

Sema3A Inhibits Angiogenesis Induced by
OVA Sensitization in the Asthmatic
Mouse Model
Sema3A is a potent anti-angiogenic factor (17). We have
therefore determined if sema3A can inhibit angiogenesis
induced by OVA sensitization in the lungs of mice (18).
Indeed the lungs of mice treated with sema3A contained a
significantly reduced concentration of micro-vessels as compared
to lungs of control mice (Figures 4A,B). In the vehicle-treated
group the concentration of micro-capillaries was 10.22 ±

2.178\HPF as compared with a concentration of 2.46 ± 0.932
capillaries\HPF in lung biopsies derived from sema3A treated
mice (p= 0.0017) (Figure 4C).

DISCUSSION

Airway inflammation in bronchial asthma is classically
characterized by multiple inflammatory pathways involving
both innate and adaptive immune responses. The hallmark of
this inflammation is considered to be T-cell-driven, involving
all T cell phenotypes. Increased IL-17 production was found
to be responsible for the neutrophil influx into airways as well
as for the depletion of Tregs in peripheral blood and in the
inflamed airways of patients with bronchial asthma. IL-22 was
also reported to be involved in airway hyper-reactivity and in the
inflammation of asthmatic OVA-sensitized mice. Lungs of such
mice were infiltrated with CD3+CD4+IL-22+T cells that co-
expressed IL-17 and TNF-α in association with neutrophil airway
infiltration (19–21). The involvement of Th2-type cytokines
such as IL-4 and IL-5 was also reported to be important in the
pathogenesis of asthma, and was found to shift the differentiation
of naïve CD4+ T cells into Th2 cytokine-producing eosinophils
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FIGURE 1 | The effect of sema3A treatment on the concentration of inflammatory cells in the BAL. (A) A representative picture of inflammatory cells in the BAL fluid of

vehicle treated mice. (B) A representative picture of inflammatory cells in the BAL fluid of sema3A treated mice. (C) Comparison of the average grade of inflammatory

cells in the BAL of vehicle vs. sema3A treated mice as determined by the counting of 3–5 microscope fields derived from 15 mice in each group followed by grading

as described in materials and methods. Error bars represent the standard error of the mean. Statistical significance was determined using the Mann–Whitney

non-parametric test.

and to promote eosinophil infiltration into the inflamed
bronchial tree (22). Current therapeutic approaches in bronchial
asthma are directed against all of the above-mentioned
inflammatory pathways. They classically include corticosteroids
(both inhaled and systemic), that are mainly beneficial in
altering neutrophil and eosinophil infiltration in the bronchi.
When steroids are insufficient, newly introduced anti-IgE or
anti-IL-5 drugs are of additive value and reported to be effective
in sparing steroids (23, 24). A new approach focused on the
modulation of relevant regulatory pathways rather than on the
use of immunosuppressive agents (such as steroids and cytotoxic
drugs), for the treatment of immune-mediated inflammatory
diseases is gaining popularity. In this context, sema3A was
recently reported to be a good candidate (6). In previous studies
we demonstrated the beneficial effect of sema3A as a down-
regulator of the increased expression of TLR-9 in activated B cells
from both normal individuals and from patients suffering from
SLE (25). Subsequently we also found that sema3A increases
the expression of CD72 (a regulatory molecule) on B cells, in
addition to enhancement of Treg cell functions (26). These
findings are in accordance with in-vivo studies in which the
injection of recombinant sema3A effectively improved allergic
rhinitis and atopic dermatitis in relevant mice models. In these
models sema3A was shown to improve both clinical symptoms
and tissue inflammation (27, 28). The present study is the first
to show that sema3A also reduces efficiently the infiltration of
both neutrophils and eosinophils in lung tissue inflammation

and in BAL derived from OVA-sensitized mice. We assume that
this effect is achieved by increasing local Treg functions, which
subsequently reduces adaptive immune-mediated responses
and pro-inflammatory cytokines. It is also possible that sema3A
inhibits IL-17 production, indirectly leading to the reduced
influx of neutrophils, although experimental proof for that is
still required (29). So far there is no evidence for the presence
of sema3A receptors on neutrophils and eosinophils. Long-
lasting airway inflammation may lead to structural changes
termed remodeling. These changes consist of sub-epithelial layer
thickening, airway smooth muscle hyperplasia and increased
angiogenesis induced by the expression of angiogenic factors
such as VEGF and angiopoietin (30). Ongoing angiogenesis
in the alveoli of asthmatic patients is usually followed by
tissue edema and increased vascular permeability which is also
triggered by VEGF. Inhaled corticosteroids and anti-leukotriens
are of limited influence on angiogenesis and remodeling in
most cases. The timing of anti-angiogenic therapy is crucial
in attenuating this process and preventing irreversible tissue
remodeling. The effect of biological therapies such as the anti-IgE
omalizumab and the anti-IL-5 mepolizumab on remodeling is
still ill defined and remains to be assessed (31, 32). Thus, new
anti-angiogenic compounds such as sema3A are needed in order
to control remodeling in asthma. Of the reported mechanisms
by which sema3A inhibits angiogenesis, the most important
is its high efficacy in inhibiting VEGF activity as a result of
the activation of inhibitory intracellular pathways that inhibit
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FIGURE 2 | Sema3A inhibits the infiltration of inflammatory cells into the lungs of OVA sensitized asthmatic mice. (A) Infiltration of inflammatory cells around

bronchiole, in sema3A treated mice. Black arrow denotes inflammation (Magnification X20). (B) Infiltration of inflammatory cells around bronchioles and blood vessel,

in vehicle treated mice. Black arrows denote massive inflammation (Magnification X20). (C) Percentage of bronchioles and blood vessels that are surrounded by

inflammatory cells in HPF. The results are the mean value of 3–5 HPF, derived from 15 mice in each group.

FIGURE 3 | Sema3A inhibits eosinophil infiltration into the lungs of OVA sensitized asthmatic mice. (A) Representative figure of eosinophil infiltrate in lungs of OVA

sensitized asthmatic mice. Black arrows denote eosinophils (Magnification X40). (B) Number of eosinophils per HPF in the inflammatory cell infiltrates in vehicle

vs.sema3A treated mice. The results are the average of 3–5 HPF, derived from 15 mice in each group.

VEGF signal transduction (33). Sema3A may also inhibit airway
smooth muscle cell proliferation (34) and may in addition
reduce angiogenesis by reducing expression of nitric oxide (NO).
Diminished NO production was found to be in association with
increased smooth muscle cell hyperplasia and with vascular
remodeling of blood vessels. Reduced NO production was

associated with reduced NO production in patients suffering
from pulmonary vascular diseases thus supporting a possible
role for NO deficiency in vascular remodeling (35, 36). This
observation suggests that improved eNOS-NO pathway signaling
may represent a beneficial outcome when considering possible
sema3A therapy. The full understanding of all mechanisms
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FIGURE 4 | The effect of sema3A on angiogenesis induced by OVA sensitization in lungs of mice. (A) Blood vessels in the lung tissue in vehicle treated mice were

stained with an antibody directed against CD31 as described in materials and methods. Shown is a representative HPF. Black arrows denote microvessels. (B) Shown

is a representative HPF. Blood vessels in the lung tissue in sema3A treated mice were stained similarly. Almost no blood vessels can be seen. (C) Quantification of the

blood vessels concentration across all examined histological slides in vehicle treated and in sema3A treated mice (15 mice in each group, P = 0.0013).

by which sema3A decreases eosinophil infiltration in lung
tissues and by which it inhibits angiogenesis is still ill defined.
To summarize, our experiments indicate that sema3A should
be considered as a possible novel therapeutic agent for the
treatment of bronchial asthma. Future studies should focus on
the strengthening of these results by demonstration of the benefit
of sema3A for the improvement of lung functions in asthmatics.
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CD99 (MIC2; single-chain type-1 glycoprotein) is a heavily O-glycosylated

transmembrane protein (32 kDa) present on leukocytes and activated endothelium.

Expression of CD99 on endothelium is important in lymphocyte diapedesis. CD99 is a

diagnostic marker for Ewing’s Sarcoma (EWS), as it is highly expressed by these tumors.

It has been reported that CD99 can affect the migration, invasion and metastasis of

tumor cells. Our results show that CD99 is also highly expressed in the tumor vasculature

of most solid tumors. Furthermore, we found that in vitro CD99 expression in cultured

endothelial cells is induced by starvation. Targeting of murine CD99 by a conjugate

vaccine, which induced antibodies against CD99 in mice, resulted in inhibition of tumor

growth in both a tumor model with high CD99 (Os-P0109 osteosarcoma) and low CD99

(CT26 colon carcinoma) expression. We demonstrated that vaccination against CD99 is

safe, since no toxicity was observed in mice with high antibody titers against CD99 in

their sera during a period of almost 11 months. Targeting of CD99 in humans is more

complicated due to the fact that the human and mouse CD99 protein are not identical.

We are the first to show that growth factor activated endothelial cells express a distinct

human CD99 isoform. We conclude that our observations provide an opportunity for

specific targeting of CD99 isoforms in human tumor vasculature.

Keywords: CD99, MIC2, angiogenesis, tumor vasculature, vaccination, immunotherapy, cancer

INTRODUCTION

The CD99 antigen, also known as MIC2 or single-chain type-1 glycoprotein, is a 32 kDa
transmembrane protein expressed in inflamed endothelium and at low levels in thymocytes and
T cells. Several reports show that CD99 is involved in lymphocyte diapedesis (1–6). Furthermore,
CD99 has been presented as a diagnostic marker for Ewing’s Sarcoma (EWS), as it is highly
expressed by most EWS tumors (7, 8). In EWS tumors CD99 has been described to have an
oncogenic function (9–13). Also, CD99 has been found to be involved in the migration, invasion
and metastasis of tumor cells (5, 12, 14, 15).
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Previous studies suggest that CD99 is a promising therapeutic
target. Guerzoni et al. showed that targeting of CD99 by a
diabody (C7 dAbd) promoted cancer cell death of EWS tumor
cells in vitro (16). In addition, knockdown of CD99 in EWS
tumor cells reduced in vivo tumor growth in mouse xenograft
experiments (12). Also, a monoclonal antibody against CD99
(0662 Mab) combined with doxorubicin showed enhanced
inhibition of EWS tumor growth and metastasis formation
in a xenograft model (17). Imaging of mice with a 64Cu-
labeled anti-mCD99 antibody detects subcutaneous Ewing
sarcoma tumors and metastatic sites with high sensitivity
(18). CD99 was also found to be highly expressed in acute
lymphoblastic leukemia (ALL), acute myeloid leukemia (AML),
myelodysplastic syndromes (MDS), and stem cells and anti-
CD99 monoclonal antibodies show antileukemic activity in AML
xenograft models (19–21). In atherosclerosis CD99 is expressed
on activated endothelial cells that cover the plaque. Treatment
of immunocompetent mice with an oral vaccine composed of
attenuated Salmonella typhimurium transformed with pcDNA3-
murineCD99 inhibited atherosclerotic plaque formation by
induction of CD99 targeting cytotoxic T cells (22). VanWanrooij
et al. suggest that vaccination leads to removal of the CD99
expressing endothelial cells and thereby reduces atherosclerotic
plaque formation. After vaccination a decreased expression of
CD99 on leukocytes was observed and fewer leukocytes were
recruited to the site of the plaque, whereas the total number
of leukocytes was not affected. These observations indicate that
CD99 can safely be used as a therapeutic target for vaccination.

In the current study, we explored the opportunity to use
vaccination against CD99 as a treatment option against solid
tumors.We showed that CD99 is heavily overexpressed on tumor
endothelial cells inmultiple human solid tumors.We developed a
conjugate vaccine, based on a fusion protein technique published
previously by Huijbers et al. (Supplementary Figure 1B) (23–
25). In short, a fusion protein, consisting of the murine
CD99 sequence and an engineered truncated version of
bacterial thioredoxin (26), was made and used for vaccination.
The vaccine induced an antibody response against CD99
by activation of specific CD99 auto-reactive B-cells. In two
different immunocompetent mouse tumor models we found that
vaccination against CD99 reduced tumormicrovessel density and
functionality, and resulted in suppressed tumor growth. No side-
effects were observed after maintaining mice hyperimmune for
almost a year.

For human CD99, two different isoforms have been described
(27). A long full-length isoform (185 amino acids, 32 kDa, variant
I; Supplementary Figure 1C) and a short truncated isoform
(161 amino acids, 28 kDa, variant II), lacking most of the
cytoplasmic domain, exist. The murine CD99 only shows 46%
homology with human CD99 and resembles the human short
isoform (28). However, it is unclear whether the CD99 isoforms
have the same function in mouse as in humans (29). In the
NCBI database six different protein coding human CD99 splice
variants are suggested (Gene ID: 4267) (30). In this paper we
dissected the expression of these splice variants in endothelial
cells and EWS tumor cells. Our results show a difference in
CD99 splicing in activated endothelial cells and EWS tumor cells,

which provides opportunities for specific therapeutic targeting to
treat cancer.

MATERIALS AND METHODS

Cell Culture
The murine osteosarcoma cell line Os-P0107, derived from
a spontaneous osteosarcoma arising in a female VEGFP-
GFP/C3H transgenic mouse, was a kind gift of Dr. Dan
Duda (Massachusetts General Hospital, HarvardMedical School,
Boston, MA, USA) (31). The Os-P0107 cells were maintained in
Dulbecco’s modified eagle medium (DMEM) (cat no. BE12-604F,
Lonza Biowhittaker, Leusden, The Netherlands) containing 15%
Fetal bovine serum (FBS) (cat no. S1810-500, Biowest, Nuaillé,
France) and 100 U/ml penicillin/streptomycin (pen/strep) (cat.
no. DE17-602E Lonza Biowhittaker). CT26 murine colon
carcinoma cells (CT26.WT) (ATCC no. CRL-2638, Manassas,
VA, USA) were cultured in Roswell Park Memorial Institute
(RPMI)-1640 supplemented with 2mM L-glutamine (cat no.
17-605C, Lonza Biowhittaker) 10% FBS and 100 U/ml pen/strep.

The Ewing’s Sarcoma cell lines EW7 and EWS-RDES
were previously characterized by Dr. O. Delattre (Pathologie
Moléculaire des Cancers, Institut Curie, Paris Cedex). Cells were
maintained in RPMI-1640 supplemented with 10% FBS and 2
mM L-glutamine.

Human umbilical vein endothelial cells (HUVEC), isolated
from umbilical cords by standard methods, were maintained
in RPMI-1640 (Lonza Biowhittaker) medium supplemented
with 10% FBS (Biowest), 10% human serum, 2mM L-
glutamine (Lonza Biowhittaker), and 100 U/ml pen/strep (Lonza
Biowhittaker). HUVEC were cultured in 0.2% gelatin coated
culture flasks.

HUVEC Starvation Assay
Six-well culture plates (VWR International, Radnor, PA, USA)
were coated with 0.2% gelatin and 150,000 HUVEC were seeded
in each well. Cells were allowed to adhere for 3–4 h before
nutrient deprived medium was added containing only 10% FBS
or 1% FBS (Lonza Biowhittaker) in RMPI-1640 medium (Lonza
Biowhittaker). Cells were then harvested at 24 or 48 h and flow
cytometry was performed. In addition, cell lysates were prepared
from control treated cells and 48 h starved cells. To this end cells
grown in a T75 culture flask were scraped off the bottom in 500
µl 2x Laemmli sample buffer (#1610737, Bio-Rad Laboratories
B.V., Veenendaal, The Netherlands) plus β-mercaptoethanol (sc-
202966, Santa Cruz Biotechnology Inc., Dallas, TX, USA) on ice.
Lysates were stored at−20◦C until use.

Flow Cytometry
HUVEC were harvested using trypsin/EDTA (Lonza
Biowitthaker), washed with 0.1% BSA/PBS stained with
rabbit anti-human CD99 polyclonal antibody (ab27271, 0.2
mg/ml, Abcam, Cambridge, UK) diluted 1:100 in 0.1% BSA/PBS
for 30min at RT. After a washing step cells were incubated with
secondary anti-rabbit APC antibody (F0111, R&D Systems,
Abingdon, UK).
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Os-P0107 osteosarcoma and CT26 cells were collected with
0.5M EDTA (Sigma Aldrich), centrifuged and resuspended in
ice-cold PBS/10%FCS/0.1% sodium azide solution to prevent
internalization of CD99. Cells were distributed into FACS tubes
(1∗106 cells per tube), washed and centrifuged for 5min at 400 g
and 4◦C in a Rotina 420R centrifuge (Hettich Lab Technology,
Tuttlingen, Germany). To detect CD99 expression, cells were
incubated in a volume of 50 µl with primary goat anti-mouse
CD99 polyclonal antibody (1:100; R&D systems; AF3905, 0.2
mg/ml) in 0.1% BSA/PBS for 30min at 4◦C. Cells were washed
and centrifuged three times before and after being incubated
with donkey anti-goat IgG Northern Lights 557 (1:1,000; R&D
systems; NL001) for 30min at 4◦C in the dark. Subsequently
cells were resuspended in ice-cold PBS/10%FCS/0.1% sodium
azide solution.

Cells were analyzed with a FACSCalibur flow cytometer
(Beckton Dickinson, Franklin Lakes, NJ, USA) and CellQuest
Software. Data analysis was performed with FCSalyzer
(SourceForge, La Jolla, CA, US). Fold increase of the mean
fluorescence intensity (MFI) was determined by dividing the
MFI of CD99 stained cells by the MFI of control stained cells.

Immunohistochemistry
Tumors and normal tissues were paraffin embedded and
sectioned (5µm) with a Leica RM 2135 microtome (Leica,
Nieuw-Vennep, The Netherlands). Sections were dried overnight
at 37◦C, placed at 60◦C for 1 h and baked for 10min at
56◦C before deparaffinization with xylene (VWR International)
followed by 100% (Nedalco B.V., Bergen op Zoom, The
Netherlands), 96 and 70% ethanol and rehydration in phosphate
buffered saline (PBS). After treatment with 1% hydrogen
peroxide (Hydrogen peroxide 30%, BDH Prolabo, VWR
International, Amsterdam, The Netherlands) in PBS for 15min
at room temperature (RT), antigens were retrieved in 10mM
sodium citrate buffer pH 6.0. After cooling down, sections were
washed in PBS and blocked with 3% Bovine Serum Albumin
Fraction V (BSA, Roche Diagnostics, Penzberg, Germany)/PBS
for 1 h at RT and incubated with rabbit anti-human CD99
polyclonal antibody (ab27271, Abcam) diluted 1:200 in 0.5%
BSA/PBS overnight at 4◦C. The next day, tissue sections
were incubated with biotinylated swine anti-rabbit Ig antibody
(E0353, 0.50 g/L, DakoCytomation, Glostrup, Denmark) diluted
1:500 for 45min at RT. This was followed by incubation
with Streptavidin-HRP (P0397, 0.82 g/L, DakoCytomation)
diluted 1:200 in 0.5% BSA/PBS for 30min at RT and 3,3′-
diaminobenzidine tetrahydrochloride hydrate (DAB) staining
(Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands).

Images of different tumor types and normal tissues stained
for human CD99 were retrieved from the Human Protein
Atlas (32, 33).

For staining of murine CD99, polyclonal goat anti-mouse
CD99 antibody (AF3905, 0.2 mg/ml, R&D Systems,) diluted 1:50
was used. Endogenous peroxidase activity was blocked with 1%
H2O2. After antigen retrieval with sodium citrate buffer, primary
antibody was detected with biotinylated polyclonal rabbit anti-
goat (E0466, 1.6 g/L, DakoCytomation) diluted 1:200 in 0.1%
PBS-T, followed by Streptavidin-HRP (DakoCytomation) 1:400

in 0.1% PBS-T and DAB substrate. All sections stained with
CD99 antibody, were counterstained with Mayer’s hematoxylin
(Klinipath, Duiven, The Netherlands) for 30 s and the reaction
was stopped under running tap water for 10min. Finally, sections
were dehydrated in 70% ethanol, 96% ethanol and 100% ethanol
for 2min consecutively and mounted with Quick D mounting
medium (Klinipath).

To determine vessel density and morphology, tumor tissue
and organs, sections (3µm) were stained for CD31 (34). To
this end, cleared paraffin sections were incubated with 0.3%
H2O2/PBS for 15min at RT. Antigens were retrieved with
sodium citrate buffer, slides were blocked with 3%BSA/PBS as
described above and stained with rat anti-mouse CD31 antibody
(DIA310M, clone SZ31, 0.2 mg/ml, Dianova GmbH, Hamburg,
Germany), diluted 1:50 in 0.5% BSA/PBS overnight at 4◦C. Tissue
sections were subsequently incubated with biotinylated donkey
anti-rat IgG antibody (product code: 712-067-003, 1.3 mg/ml,
Jackson ImmunoResearch laboratories, Baltimore, PA, USA)
diluted 1:500 in 0.5% BSA/PBS for 45min at RT. Sections were
washed in PBS and subsequently incubated with Streptavidin-
HRP (1:200; DakoCytomation) in 0.5% BSA/PBS for 30min at
RT and developed with DAB substrate. Finally, sections were
dehydrated in 70% ethanol, 96% ethanol, and 100% ethanol
for 2min consecutively and mounted with Quick D mounting
medium (Klinipath).

Desmin Staining
After deparaffinization, osteosarcoma tumor sections were
treated with 0.3% H2O2 for 15min at RT, washed and boiled in
citrate buffer. Sections were blocked with 3% BSA/PBS for 60min
at RT and incubated with primary rat anti-mouse CD31 antibody
(1:50; Dianova) and goat anti-human/mouse desmin antibody
(1:200; R&D systems; AF3844) in 3.0% BSA/PBS overnight at
4◦C. Primary antibody was detected with secondary rabbit anti-
rat HRP (1:100; DakoCytomation; P045001) and rabbit anti-
goat biotinylated (1:200; DakoCytomation) in 3.0% BSA/PBS for
30min at RT. After a washing step, sections were developed
with DAB substrate to detect the CD31 staining. To detect the
pericytes, sections were washed and incubated with strep-AP
(1:500; Genmed Synthesis Inc. San Antonio, Texas, USA) in 10X
TBS Solution (0.5M Tris-Cl; 1.5M NaCl, pH 7.6) for 30min at
RT. Washed in ddH2O and developed with Fast Blue BB (Sigma
Aldrich). Finally, sections were washed in ddH2O, air-dried and
embedded in Kaisers glycerol gelatin (Merck group).

Staining of Tumor Tissue With Serum of
TRXtr-mCD99 Immunized Mice
Osteosarcoma tumor sections from TRXtr immunized mice
were deparaffinized, treated with 1% H2O2 for 15min at RT
and boiled in citrate buffer. Sections were blocked with 20%
horse serum (H-1138, heat inactivated, Sigma-Aldrich)/PBS
for 1 h at RT. Consecutively, sections were incubated with
goat F(ab) anti-mouse IgG H&L (ab6668, 1 mg/ml, Abcam)
diluted 1:20 in PBS for 2 h at RT, to prevent non-specific
binding of the mouse serum to the mouse tissue. A washing
step with 0.05% PBS-T was performed and the sections
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were stained with serum from TRXtr immunized or TRXtr-
mCD99 immunized mice diluted 1:600 in 20% horse serum/PBS
overnight at 4◦C. Anti-CD99 antibodies in the serum were
detected with biotinylated polyclonal goat anti-mouse Ig (E0433,
Dako Cytomation) diluted 1:500 in 0.5% BSA/PBS, followed by
Streptavidin-HRP (DakoCytomation) 1:200 in 0.5% BSA/PBS
and DAB substrate. Sections were counterstained with Mayer’s
hematoxylin (Klinipath), dehydrated in an ethanol series and
mounted with Quick D (Klinipath).

Hematoxylin/Eosin Staining
Sections were deparaffinized and dipped in diluted Mayer’s
Hematoxylin (Klinipath) (1:4 dilution in 5mM sodium citrate
buffer pH 6.0). After a rinse under flowing tap water for
5min, sections were stained with 0.2% eosin Y solution (J.T.
Baker, Avantor Performance Materials B.V., Deventer, The
Netherlands) for 30 s. Sections were dehydrated with two changes
of 70% ethanol, three changes of 96% ethanol, 100% ethanol for
5min and xylene for 2min. Consecutively sections weremounted
with Quick D mounting medium (Klinipath).

Immunohistochemistry Quantification
Pictures were captured with an Olympus BX50 microscope
(Olympus Optical Co. GmbH, Hamburg, Germany) equipped
with a CMEX DC 5000C camera (Euromex microscopes,
Arnhem, The Netherlands).

Only viable tumor tissue was used for analysis. Microvessel
density was assessed by manual counting of tumor tissue stained
for CD31. In total 3 fields/tumor (100x magnification) and 3–10
tumors per experimental group were counted. Images were used
to manually count the number of vessels with a clear lumen in
osteosarcoma tumors. Images were further analyzed with ImageJ
(Laboratory for Optical and Computational Instrumentation,
University of Wisconsin-Madison; Version 1.51s) to determine
the vessel density of osteosarcoma and CT26 tumors. For
pericyte (desmin) quantification, 10 fields per tumor were chosen
(magnification 200x). Images were used to manually count the
number of vessels with and without desmin staining/associated
pericytes. Pericyte coverage was then determined by dividing the
number of vessels with pericytes by the total vessel count.

Reverse Transcriptase Quantitative
Polymerase Chain Reaction (RT-qPCR)
Total RNA was isolated using TRIzol Reagent (Life technologies,
Carlsbad, CA, USA) according to the manufacturer’s protocol.
RNA concentration and quality were measured using a
NanoDrop ND-1000 spectrophotometer (Isogen Life Science,
Utrecht, The Netherlands). One microgram of the obtained
RNA was reverse transcribed to cDNA using an iScript cDNA
synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA). The
obtained cDNA was diluted 1:5 and RT-qPCR was performed
using iQ SYBR Green Supermix (Bio-Rad Laboratories) and
0.2µM of each primer (Eurogentec, Seraing, Belgium) (Tables 1,
2). Primers were validated as previously described (35). Samples
were run in duplicate and analyzed on the CFX96 Real
Time System C1000 Thermal Cycler (Bio-Rad Laboratories).
Data were analyzed with CFX Manager software (version

TABLE 1 | Primers RT-qPCR endogenous mCD99 in mouse cell lines.

Primer Sequence

mCD99fw 5′-GCCTCGCCTGAATATGCAAA-3′

mCD99rev 5′-GTCAGTTGTGGGCGGAGTCTT-3′

TABLE 2 | RT-qPCR Primers hCD99 isoforms.

Primer Sequence

a 5′-TGCTGCTCTTCGGCCTGCTG-3′

b 5′-TTCTTGGGGATTGCAGTGGG-3′

c 5′-TCAAAGTCATCCCCAGGAAGG-3′

e 5′-TTGGCATTCCGGTGGCTCTC-3′

f 5′-GTTTCAGGTGGAGAAGCCGAC-3′

g 5′-TGATCCCCGGGATTGTGG-3′

h 5′-TTCTCTGCTCACCCCTAGGTC-3′

k 5′-AATGACGACCCACGACCACC-3′

l 5′-AACGCCATCCGCAAGGTCAG-3′

TABLE 3 | Mouse RT-qPCR reference gene primers.

Primer Sequence

β-actin fw 5′- GAAGCTGTGCTATGTTGCTCTA−3′

β-actin rev 5′- GGAGGAAGAGGATGCGGCA−3′

β-2microglobulin fw 5′- CCGCCTCACATTGAAATCC−3′

β-2microglobulin rev 5′- CTCTGCAGGCGTATGTATCAG−3′

Cyclophilin A 5′- ATTTCTTTTGACTTGCGGGC−3′

Cyclophilin A 5′- AGCTAGACTTGAGGGGAATG−3′

TABLE 4 | Human RT-qPCR reference gene primers.

Primer Sequence

β-actin fw 5′- CATTCCAAATATGAGATGCATT−3′

β-actin rev 5′- CCTGTGTGGACTTGGGAGAG−3′

β-2microglobulin fw 5′- TCGATCCGACATTGAAGTTG−3′

β-2microglobulin rev 5′- ACACGGCAGGCATACTCAT−3′

Cyclophilin A 5′- CTCGAATAAGTTTGACTTGTGTTT−3′

Cyclophilin A 5′- CTAGGCATGGGAGGGAACA−3′

3.1, Bio-Rad Laboratories), and further processed in MS
Excel. All samples were normalized to cyclophillin A, β-actin,
and β2-microglobulin transcript expression (Tables 3, 4) to
account for variations in template input (35). The following
formula was used to calculate the 2−dCt value of the gene
of interest: 2−(Ctvaluegeneofinterest−meanCtvaluereferencegenes). Ratios of
the different primer pairs and the k+ l primers used to determine
total CD99 were calculated by dividing the mean 2−dCt value of
each primer pair with the mean 2−dCt value of the k+ l primers.

Expression Vectors
The region encoding the extracellular part [amino acids
(aa) 27–137] of murine CD99 (36) (GenBank TM/EBI Data
Bank accession numbers BC019482) (UniProtKB-Q8VCN6
(CD99_mouse) (RefSeq NP_079860.2. NM_025584.2.; GI:
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125660452), optimized for protein expression in bacteria
(Genscript) (333 bp), was inserted downstream the bacterial
truncated thioredoxin (TRXtr) (26) sequence (192 bp) containing
an N-terminal 4xGS-linker sequence and His-tag (6xhistidine)
into a pET21a (+) vector (Novagen; EMD Chemicals,
Gibbstown, NJ, USA). The original pET21-TRX plasmid
was a kind gift of Dr. Anna-Karin Olsson (Uppsala University,
Uppsala, Sweden). The resulting expression vector was named
pET21a-TRXtr-mCD99extracellular (Supplementary Figure 1D).

Murine CD99 extracellular part protein sequence (aa27-137)
(36): ASDDFNLGDALEDPNMKPTPKAPTPKKPSGGFDLED
ALPGGGGGGAGEKPGNRPQPDPKPPRPHGDSGGISDSDL
ADAAGQGGGGAGRRGSGDEGGHGGAGGAEPEGTPQ

For construction of the pET21a-mCD99extracellular plasmid
the extracellular part of murine CD99 was PCR amplified
from the original pET21a-mCD99 vector (Genscript) using the
following primers:

Nde1-His-extracellmCD99fw
5′-TAT-CAT-ATG-CAC-CAC-CAC-CAC-CAC-CAC-
GCA-AGC-GAT-GAT-TTT-A-3′

Xho1-3x-stop-excellmCD99rev
5′-TAT-CTC-GAG-CTA-TTA-TCA-ACC-CTG-CGG-
GGT-ACC-TTC-CGG-TTC-3′

After purification and restriction with NdeI and XhoI the
mCD99extracellular sequence was ligated into a pET21a vector.

Vaccine Production and Purification
The recombinant vaccine proteins were produced and purified
as previously described (23, 24). The pET21a expression vectors
were transformed into E. Coli Rosetta gami (DE3) (Novagen;
Merck Millipore, Darmstadt, Germany) for recombinant protein
expression. Overnight cultures were diluted 1:3 and were
grown until optical density 600 nm (OD600) 0.5 was reached.
Protein expression was induced with 1mM isopropyl β-D-
1-thiogalactopryanoside (IPTG, Invitrogen, Life Technologies,
CA, USA) at 37◦C for 4 h for TRXtr-mCD99extracellular and
mCD99extracellular (for simplicity the resulting proteins are named
TRXtr-mCD99 and mCD99). TRXtr expression was induced
at 22◦C for 15 h. Bacteria were harvested by centrifugation at
4,500 rpm (3,584 g), 10min, 4◦C (Hettich Rotina 420R) and
washed five times with PBS. Bacterial pellets were dissolved
in PBS (TRXtr-mCD99 and mCD99) or in 5M urea (TRXtr)
(Acros Organics/Thermo Fisher Scientific, Landsmeer, The
Netherlands). The proteins (TRXtr-mCD99 and mCD99) were
released by sonication (amplitude 22–26 microns, Soniprep
150 MSE, London, UK) on ice, 12 times for 30 s with breaks
of 30 s, for the TRXtr protein 15 cycles of 20 s on and 30 s
off were used. After centrifugation, 20mM imidazole (J.T.
Baker, Avantor Performance Materials B.V.) was added to
the supernatant to reduce non-specific binding of background
proteins to the nickel (Ni) agarose. No imidazole was added to
the TRXtr supernatant during the Ni-agarose incubation step.
Thereafter, 500 µl 50% Ni-NTA agarose slurry (Qiagen, Venlo,
The Netherlands) was mixed with 25ml supernatant (originating
from 500ml bacteria culture) and incubated “end-over-end” at
4◦C for 3 h. After centrifugation at 3,000 rpm (Rotina 420R,

Hettich), the agarose beads were washed with 250ml wash
buffer containing PBS pH 7.0/1M NaCl /0.1% Tween-20. An
additional washing step with PBS was performed to remove
the detergent Tween (P1379, Sigma-Aldrich, Zwijndrecht, The
Netherlands). Then, the beads were transferred to a 1ml
syringe (BD Plastipak, BD Biosciences, Madrid, Spain) with
a glass filter (Sartorius Stedim Biotech, Göttingen, Germany)
and washed again with PBS. The TRXtr-mCD99 protein
was eluted with two 250 µl fractions of 50mM and three
fractions of 100mM imidazole, dissolved in 20mM Tris pH
8.0/0.1M NaCl. The TRXtr and mCD99 protein were eluted
with four 250 µl fractions of 100mM imidazole solution.
Protein content of the separate fractions was determined by
SDS-PAGE using precast 4–20% gradient polyacrylamide gels
(Mini-Protean TGX, Bio-Rad Laboratories). Gels were fixed
and stained with home-made colloidal Coomassie brilliant blue
R250 solution containing 20% methanol (VWR International).
Destaining of the gels was performed with methanol for 1min
and ddH2O for several hours. Fractions containing most protein
were pooled and dialyzed against PBS (pH 7.0). The different
recombinant proteins TRXtr-mCD99 (18 kDa), TRXtr (7.5
kDa; appears as a 15 kDa dimer on reduced SDS-PAGE)
and mCD99 (11 kDa) as present on an SDS-PAGE gel after
purification (Figure 1G).

For the TRXtr and TRXtr-mCD99 protein a Slide-A-Lyzer
Dialysis cassette (Mw cut-off (MWCO) 7,000 Da; Thermo
Fisher Scientific) was used. The mCD99 protein was dialyzed
in snakeskin dialysis membrane (MWCO 3,500 Da; Thermo
Fisher Scientific). Final protein concentrations were measured
by micro BCA protein assay (Pierce Biotechnology, Rockford,
IL, USA).

Production of Rosetta Gami Extract to
Block Background Binding in ELISA
Rosetta gami extract for use in ELISA was produced from
uninduced pET21a-TRX transformed overnight cultures.
Bacteria were harvested at 4,500 rpm, 10min, 4◦C (Rotina 420R,
Hettich) and washed 3 times with PBS. The pellet (originating
from 200ml overnight culture) was resuspended in 10ml 0.5M
urea and sonicated for 15 cycles 20 s on and 30 s off (amplitude
22–26 microns, Soniprep 150 MSE). Bacterial lysates were
centrifuged at 4,500 rpm, 10min, 4◦C (Rotina 420R, Hettich)
and supernatants saved at−20◦C until use.

Western Blot
Cell lysate of Os-P0107 and CT26 was obtained using RIPA
buffer (Cell Signaling Technology, Danvers, MA, USA) with
the addition of HALT protease/phosphatase inhibitor 1:100
(Thermo Fisher Scientific) and stored at −20◦C until use.
Protein concentration was measured by Nanodrop ND-1000
spectrophotometer (Isogen Life Science).

Samples were separated by SDS-PAGE on a precast 4–20%
gradient polyacrylamide gel (Mini-Protean TGX gel, Bio-Rad
Laboratories). Thereafter, proteins were transferred/blotted to
a methanol activated nitrocellulose membrane [Immobilon R©

PVDF (polyvinylidene) membrane (MerckMillipore, Darmstadt,
Germany)] in a Bio-Rad blotting system with transfer buffer
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FIGURE 1 | CD99 expression in the vasculature of solid tumors and in the mouse tumor cell lines used; purification of vaccine proteins. (A) Tumor and normal tissue

stained for CD99. Clear expression of CD99 in the tumor vasculature can be observed in renal cell carcinoma (RCC), colorectal cancer (CRC) and Ewing sarcoma

(EWS) (upper row). Inlays show enlargement of CD99 staining in the tumor vessels. Normal healthy kidney and colon are devoid of CD99 (lower left panel and lower

middle panel). In EWS both tumor cells (lower right panel) and the tumor endothelium (upper right panel, arrow heads and inlay) express CD99. (EWS, RCC, normal

kidney: scale bar 50µm; CRC and normal colon: scale bar 35µm). (B) Expression of CD99 is increased in serum starved HUVEC. HUVEC were cultured for 24 or

48 h under normal conditions in culture medium supplemented with 20% serum (control, Ctrl) or in medium supplemented with only 1 or 10% serum (n = 3). CD99

expression was determined by flow cytometry analysis of non-fixated cells. Means were compared using a Mann-Whitney U test (*P < 0.05). (C) Relative expression

(2−dCt) of mouse CD99 mRNA in Os-P0107 (black bar) and CT26 tumor cells (white bar); **P < 0.01. (D) FACS analysis of CD99 surface expression in Os-P0107 and

CT26 tumor cells. (E) Western blot analysis of total cell lysates of Os-P0107, and CT26 cells stained with antibodies against murine CD99 (24–30 kDa) and actin (42

kDa). Both Os-P0107 and CT26 cells show clear CD99 protein expression. CT26 cells have low levels of CD99. (F) Schematic representation of the recombinant

fusion protein TRXtr-mCD99 used for vaccination of mice and the proteins TRXtr (used for vaccination of control mice) and mCD99 used to measure anti-CD99

antibodies in the sera of the vaccinated mice. (G) Appearance of TRXtr-mCD99 (18 kDa), TRXtr dimer (15 kDa) and mCD99 (11 kDa) proteins on reducing SDS-PAGE

after elution from the Ni-NTA agarose with imidazole. For each protein all eluted fractions (F) are shown. (H) Western blot of TRXtr-mCD99 and mCD99 to confirm

protein identity. (I) Illustration of the experimental set-up. Mice are vaccinated four times (Vac.; black arrows). At set time-points blood samples are taken for

measurement of anti-mCD99 antibodies in the sera of the mice (blood; gray arrows). When anti-mCD99 levels are high, tumor cells are injected subcutaneously into

the left flank of the mice (red arrow). Tumors are allowed to grow 3–4 weeks before the mice are sacrificed (cross).
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(500mM Glycine, 50mM Tris-HCl, 0.01% SDS, 20% methanol;
Bio-Rad) at 100V for 2 h on ice. The membrane was
washed with 0.05% Tween-20/PBS and blocked with 5% BSA
(Roche, Woerden, The Netherlands)/PBS-T 0.05% for 1 h before
incubation with the primary antibody, goat polyclonal anti-
mouse CD99 (AF3905, R&D Systems) 1:1,000 in 1% BSA/PBS-
T 0.05% overnight at 4◦C. The next day the membrane
was incubated with the secondary antibody, biotinylated
rabbit polyclonal anti-goat antibody (E0466, 1.6 g/l Dako
Cytomation) 1:600 in 1% BSA/PBS-T 0.05% for 45min followed
by Streptavidin IRDye 800CW (cat no. 926-32230, LI-COR
Biosciences, Lincoln, NE, USA) 1:10 000 in 1% BSA/PBS-T 0.05%
for 30min, both at room temperature in the dark. After this
step, the blot was washed overnight in PBS-T 0.05% and the
next day incubated with rabbit anti-mouse β-actin antibody (cat
no. 49675, Cell Signaling Technology, Leiden, The Netherlands),
dilution 1:1,000, for 1 h at RT and donkey anti-mouse IRDye
680RD antibody (cat no. 925-68072, LI-CORBiosciences) diluted
1:10 000 for 30min at RT. After each incubation step membranes
were washed with 0.05% Tween-20/PBS and with PBS prior to
imaging with the Odyssey Infrared Imaging System (Model 9120,
LI-COR Biosciences).

For staining of human CD99 the membrane was blocked with
5% BSA/PBS-T 0.05% and incubated with rabbit anti-human
CD99 polyclonal antibody (ab27271, Abcam) diluted 1:200 in 1%
BSA/PBS-T 0.05% overnight at 4◦C. The next day the membrane
was incubated with goat anti-rabbit IRDye 800CW antibody
(cat no. 926-32211, LI-COR Biosciences) diluted 1:10,000 in 1%
BSA/PBS-T 0.05%. Washing steps were performed as described
above. The blot was stored overnight in PBS and blocked the
next day with 5% non-fat dry milk (blotting-grade blocker, cat
no. 170-6404, Bio-Rad Laboratories)/PBS-T 0.1%. After that the
membrane was stained overnight at 4◦C with mouse monoclonal
anti-human β-actin antibody (cat no. #3700, clone 3H10D10, Cell
Signaling Technology, Leiden, The Netherlands) diluted 1:1,000
in 1% non-fat dry milk/PBS-T 0.1%. As final step the membrane
was incubated with donkey anti-mouse IRDye 680D (cat no.
925-6872, LI-COR Biosciences) diluted 1:10,000 in 1% non-fat
dry milk/PBS-T 0.1%. All washing steps were performed with
PBS-T 0.1% and performed as described above. The membrane
was imaged with the Odyssey Infrared Imaging System (LI-
COR Biosciences).

Animal Studies
Animal experiments were approved by the local Animal Ethics
Committee of the VU University and the national Central
Animal Experiments Committee (CCD) (reg. no. AngL14-01
and CCDAVD114002016576). Approximately 8-week old female
C3H/HeNCrL mice (Charles River Laboratories, Leiden, The
Netherlands) or BALB/c mice (Envigo, Horst, The Netherlands)
were immunized four times with an interval period of 2 weeks.
Each vaccine emulsion (100 µl per mouse, 50 µl per groin)
contained 40µg TRXtr (control group) or 100µg TRXtr-mCD99
in a volume of 50µl mixed with 50µl Freund’s complete adjuvant
(F-5881, Sigma Aldrich) (ratio 1:1, aqueous phase: oil phase)
for the priming immunization and Freund’s incomplete adjuvant
(F-5506, Sigma Aldrich) for booster immunizations. Emulsions

were mixed for 30min on a Vortex Genie (Fisher Scientific)
at full speed. Four weeks after the last immunization 2 × 106

osteosarcoma (Os-P0107) cells were inoculated subcutaneously
in the left flank of C3H mice in a total volume of 100 µl
(10% culture medium/PBS). For the CT26 model 2 × 105

CT26 colon carcinoma cells were inoculated in the left flank
of BLALB/c mice. Blood samples were taken from the tail
vein 1 week after each immunization, 1 week prior to tumor
cell injection, and 1 week after tumor cell injection and at
the end of the experiment. Tumor growth was measured by
calipers. Tumor volume was calculated by the formula: width2

× length × π/6. At the end of the experiment mice were
euthanized and tumors and organs were removed and stored in
1% PFA/PBS (Aurion, Wageningen, the Netherlands) overnight
and consecutively paraffin embedded.

Long-Term Follow-Up After CD99
Vaccination
To address the safety of exposure to high antibody titers against
CD99; control vaccinated (TRXtr, n = 5) and TRXtr-mCD99
vaccinated mice (CD99; n = 5) were included in the study
for 45 weeks. Approximately 8-week old female C57BL/6 mice
(Envigo) were immunized three times with an interval period
of 2 weeks as described above. Blood samples were taken from
the tail vein 1 week after each immunization. During the rest of
the follow-up period monthly blood samples were taken. When
antibody levels dropped below 50% of the levels after the third
vaccination mice were revaccinated. In addition, body weight of
the mice was monitored regularly during the whole study period.
At the end of the experiment mice were euthanized and organs
were removed, stored in 1% PFA/PBS (Aurion) overnight and
paraffin embedded.

ELISA
Indirect ELISA was performed to determine total anti-mCD99
antibody levels. Blood samples were coagulated overnight at
4◦C and centrifuged twice at 7,000 rpm for 10min at 4◦C
in a microcentrifuge. The supernatant (serum) was stored at
−20◦C until use. Volumes used per well in ELISA were 50 µl,
unless indicated otherwise. 96-well ELISA plates (Nunc A/S,
Roskilde, Denmark) were coated with 2µg/ml mCD99 protein
and then blocked with 100% horse serum (100 µl/well) (Sigma-
Aldrich), both for 1 h at 37◦C. After a single wash with PBS (B.
Braun Medical, Oss, The Netherlands) for 1min, the plates were
incubated with serum of TRXtr-mCD99 or TRXtr-vaccinated
mice for 45min at 37◦C, diluted 1:10 in 100% horse serum,
which was further diluted 1:15 in 10% Rosetta Gami extract
(final serum dilution 1:150) to reduce non-specific binding of
the serum. Thereafter, plates were incubated with biotinylated
polyclonal goat anti-mouse Ig (E0433, Dako Cytomation) for
45min and streptavidin-horseradish peroxidase (Strep-HRP)
(Dako Cytomation) for 30min, both diluted 1:2,000 in 0.01%
PBS-T at 37◦C. After each incubation step, plates were washed
four times with PBS. HRP activity was detected with TMB
substrate (T-8665, Sigma-Aldrich) and absorbance was measured
at 655 nm after 15min using a Biotek Synergy HT microplate
reader (Biotek).

Frontiers in Immunology | www.frontiersin.org 7 April 2019 | Volume 10 | Article 65158

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Huijbers et al. Vaccination Against Tumor Vascular CD99

Statistical Analysis
Means were compared using a Mann–Whitney U-test or two-
tailed student’s t-test, if Gaussian distribution could be assumed.
For comparison of tumor growth, a two-way ANOVA with
Bonferroni post-test was used for repeated measurements at
different time points. Values are depicted as mean ± SEM.
All statistical tests were executed using GraphPad Prism 5.0
(GraphPad Software Inc., La Jolla, CA, USA). Values of P < 0.05
were considered statistically significant.

RESULTS

CD99 Is a Marker of Tumor Blood Vessels
and Is Induced by Starvation
The Ewing’s sarcoma (EWS) tumor marker CD99 was found
to be overexpressed in the vasculature of different solid tumor
types (Figure 1A; Supplementary Figure 1A), but CD99 was not
expressed in normal healthy tissues. In endothelial cells, cultured
in vitro, CD99 expression was upregulated upon 24 and 48 h of
starvation (p < 0.05) (Figure 1B).

Expression of CD99 in Murine Tumor Cell
Lines
In order to determine the CD99 expression in the murine
osteosarcoma (Os-P0107) and colon carcinoma (CT26)
cell lines qPCR primers were designed to determine the
expression of endogenous CD99 (mCD99; RefSeq NP_079860.2.
NM_025584.2.; GI: 125660452) (Table 1). Expression of CD99 at
themRNA level was confirmed in both cell lines (Figure 1C). The
CT26 cell line was observed to express significantly lower levels
of CD99 than the Os-P0107 cell line [(∗∗P < 0.01); Figure 1C,
white bar]. At the protein level, flow cytometry was used to check
for surface expression of CD99. These data indicated a higher
surface expression of CD99 on Os-P0107 cells compared to the
CT26 cell line (Figure 1D). In order to clearly distinguish any
difference in CD99 protein level between the two cell lines we
performed a Western blot analysis (Figure 1E) on cell lysate.
Indeed, the Western blot confirmed that the osteosarcoma cells
express high levels of murine CD99 (24 kDa, green band) and
that CD99 expression in the CT26 cell line is much lower. β-actin
(42 kDa, red band) was used as a loading control. In addition,
the ratio of the CD99 and β-actin bands was quantified with
ImageJ software and the osteosarcoma cell line showed a higher
CD99/β-actin ratio than the CT26 cell line (Os-P0107 ratio: 1.77;
CT26 ratio: 0.46) (Table 5).

Design/Construction of a CD99 Targeting
Vaccine
The overexpression of CD99 in human tumor vasculature
prompted us to study the role of the molecule in tumor growth.
To that end, we planned to vaccinate against CD99, using
the conjugate vaccine technology that we recently published
(26). The extracellular part of murine CD99 (mCD99extracellular,
111aa; RefSeq NP_079860.2. NM_025584.2.; GI: 125660452) (36)
was used as the self-antigen to be fused to truncated bacterial

TABLE 5 | Western blot quantification CD99 expression cell lines.

Band area CD99 Band area b-actin Ratio CD99/b-actin

Os-P0107 6045.447 3411.870 1.77

CT26 876.648 1891.920 0.46

thioredoxin (TRXtr, 58aa) (26), resulting in the fusion protein
TRXtr-mCD99 (Figure 1F).

The TRXtr protein was produced for vaccination of control
mice and mCD99 for detection of anti-mCD99 antibodies
in serum by ELISA (Figure 1F). All proteins were soluble
(Figure 1G). Protein identity of TRXtr-mCD99 and mCD99 was
confirmed by Western blot analysis (Figure 1H).

Vaccination Against CD99 Inhibits Tumor
Growth
C3H mice were vaccinated with TRXtr-mCD99 (CD99; n = 10)
or TRXtr (control group; n= 5). At week 10, when the mice were
hyperimmune and had high antibody titers against murine CD99
in their sera, osteosarcoma (Os-P0107) tumor cells were injected
into the left flank (see experimental set-up Figure 1I). Blood
samples were collected 1 week after each vaccination, 1 week
prior to tumor cell injection, 1 week after tumor cell injection and
at the end of the experiment. In two independent experiments
the mice responded with the production of anti-mCD99
antibodies (Figures 2A,B; Supplementary Figure 2A,B). Indeed,
when antibodies against CD99 were present in the sera of
the mice, tumor growth of osteosarcoma (Os-P0107) was
significantly inhibited compared to control vaccinated mice
(∗∗P < 0.01; Figure 2F). We also investigated if tumor growth of
the CD99 low CT26 colon carcinoma (Figure 2D, lower panel)
could be inhibited after vaccination against CD99. All TRXtr-
mCD99 (CD99 group; n= 5) vaccinated BALB/c mice responded
with the production of anti-mCD99 antibodies (Figure 2C,
one mouse died of unrelated cause). Also, in this study a
significant difference in tumor growth between the TRXtr-
mCD99 group and control group (TRXtr group; n = 5) could
be observed (∗∗P < 0.01; Figure 2I), indicating that in this
tumor model inhibition of tumor growth was mainly due to
targeting of the tumor vasculature. During the study period
no difference in body weight between the CD99 vaccinated
and control-vaccinated mice was observed in all three different
vaccination studies performed (Supplementary Figure 2C). This
suggests that vaccination against CD99 is well-tolerated and
safe. In addition, we investigated if the antibodies induced
against CD99 would recognize native CD99 in tissue. Therefore,
we stained tissue of Os-P0107 osteosarcoma tumors derived
from TRXtr-vaccinated mice with serum of TRXtr-mCD99
(CD99) vaccinated mice or of control (TRXtr) vaccinated mice.
A specific staining of CD99 in tumor tissue was observed
as indicated by the arrows in the upper right panel of
Supplementary Figure 4A and the arrowheads in the lower right
panel (Supplementary Figure 4A).
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FIGURE 2 | Induction of a humoral immune response against CD99 inhibits tumor growth and is safe. (A) Anti-mCD99 antibody levels in the sera of the C3H mice

(Os-P0107 model) at different time points (weeks) (1st study, Study I; n = 10, CD99). In the sera of TRXtr vaccinated mice (n = 5, TRXtr, control) no anti-mCD99

(Continued)
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FIGURE 2 | antibodies were present. (B) Anti-mCD99 antibody levels in the sera of CH3 mice at time point week 9 (after four vaccinations, prior to tumor cell injection)

(2nd study, Study II; n = 5, CD99). The control vaccinated mice (n = 5, TRXtr) did not have any anti-mCD99 antibodies. (C) Anti-mCD99 antibody levels in the sera of

the BALB/c mice (CT26 model) after four vaccinations (week 7), prior to tumor cell injection. TRXtr-mCD99 vaccinated mice (n = 4, TRXtr-mCD99) responded with the

production of anti-mCD99 antibodies, whereas in the sera of TRXtr vaccinated mice (n = 5, TRXtr, control) no anti-mCD99 antibodies were present.

(D) Immunohistochemistry staining of CD99 of Os-P0107 (upper panel) and CT26 tumors (lower panel) (8 µm scale bar). CD99 expression in Os-P0107 is higher than

in CT26 tumors. (E) Staining of the tumor vasculature (CD31) of Os-P0107 tumors of control vaccinated (TRXtr, left upper panel, scale bar 35µm) and TRXtr-CD99

vaccinated mice (CD99, right upper panel, scale bar 35µm). Lower panels show double staining of the tumor vasculature with CD31 (red) and desmin (blue), a

pericyte marker (scale bars 50µm). (F) Tumor growth curves of Os-P0107 in TRXtr-mCD99 vaccinated (CD99; red curves) and control vaccinated mice (TRXtr; blue

curves). In both studies (Study I and II) tumor growth was significantly inhibited in TRXtr-mCD99 vaccinated compared to control vaccinated mice. Tumor volume was

normalized and growth curves were compared by two-way ANOVA (**P < 0.01). (G) Vessel density of osteosarcoma tumor tissue [CD31+ area (%)]. Vessel density

was determined of 3 representative fields per tumor (magnification 100x). Tumors from TRXtr-mCD99 vaccinated mice (CD99; n = 9; red bars) had a lower vessel

density compared to control vaccinated mice (TRXtr; n = 4; blue bars), (left panel, *P < 0.05). The number of clear lumina found per field of osteosarcoma tumor

(Os-P0107) tissue (magnification 100x, 3 fields per tumor). Mice vaccinated with TRXtr-mCD99 (CD99) had a significantly lower lumen count compared to control

vaccinated mice (TRXtr) (right panel, *P = 0.05). (H) Percentage of vessels associated with pericytes in osteosarcoma tumors. The number of vessels with and without

pericytes was manually counted of 10 fields per tumor (magnification 200x). The number of vessels associated with pericytes was divided by the total number of

vessels per tumor. Tumors of TRXtr-mCD99 vaccinated (CD99, red bars) mice had a significantly lower pericyte coverage compared to control vaccinated (TRXtr, blue

bars) tumor tissue (left panel, *P < 0.05). In addition, in tumors of TRXtr-mCD99 vaccinated mice significantly more vessels were found without pericytes than in

tumors of control vaccinated mice (right panel, *P < 0.05). (I) Tumor growth curves of CT26 in TRXtr-mCD99 vaccinated (CD99; red curve) and control vaccinated

BALB/c mice (TRXtr; blue curve). Vaccination against CD99 significantly inhibited tumor growth in the CT26 tumor model as well (two-way ANOVA; **P < 0.01). (J)

Representative images of CD31 stained CT26 tumors of control vaccinated mice (TRXtr, upper panel) and TRXtr-mCD99 vaccinated mice (CD99, lower panel) (scale

bars 35µm). (K) Vessel density of CT26 tumor tissue. Vessel density was determined of 3 fields per tumor (magnification 100x). Significantly fewer vessels were

counted in tumors of TRXtr-mCD99 vaccinated mice (CD99; n = 4; blue bar) compared to control vaccinated mice (TRXtr; n = 3; red bar) (*P < 0.05). (L) Vaccinated

mice with high anti-CD99 antibody levels in their blood (antibody level is shown on the left y-axis; curve with marked black circles) were followed-up for a period of 45

weeks. No difference in body weight (right y-axis) between TRXtr-mCD99 vaccinated (CD99, red curve, squares) and control vaccinated mice (TRXtr, black curve,

triangles) was found between the groups. Values are depicted as mean ± SEM. (M) Kidneys stained for CD31 (brown-reddish staining) of TRXtr-mCD99 (CD99) and

control vaccinated (TRXtr) mice from the long-term follow-up study (time point 45 weeks). Tissues were counter stained with Mayer’s hematoxylin (blue) (scale bar

50µm). No difference in tissue morphology was found between TRXtr-mCD99 vaccinated and control vaccinated mice. (N) Hematoxylin eosin staining of kidneys of

TRXtr-mCD99 (CD99) and control vaccinated (TRXtr) mice from the long-term follow-up study (time point 45 weeks) (scale bar 35µm). No difference in tissue

morphology was observed between the CD99 and TRXtr group, indicating that vaccination against CD99 is safe.

Vaccination Affects the Tumor Vasculature
Osteosarcoma tumor tissue of the first vaccination study (study
I) was stained for the vascular marker CD31 to determine the
effect of vaccination against CD99 on the tumor vasculature
(Figure 2E, upper panels). Vaccination with TRXtr-mCD99
seemed to have an effect on the morphology of the vasculature
of osteosarcoma tumors (Figure 2E, upper panels). More
specifically, tumors retrieved from TRXtr-mCD99 vaccinated
mice (CD99, red bars) were found to have a significantly lower
vessel density (∗P< 0.05) and lumen count (∗P= 0.05) compared
to tumors retrieved from control vaccinated mice (TRXtr, blue
bars) (Figure 2G). In the CD99 low CT26 tumor model also a
significantly lower vessel density (∗P< 0.05) was found in tumors
of CD99 vaccinated mice (Figures 2J,K).

Furthermore, we stained the osteosarcoma tumors for both
the vessel marker CD31 and the pericyte marker Desmin to study
the effect of vaccination on vessel functionality. As illustrated
in Figure 2E (lower panels) and Figure 2H, a significantly lower
pericyte coverage was found in TRXtr-mCD99 vaccinated tumor
tissue (red bars) compared to TRXtr vaccinated tumor tissue
(blue bars) (∗P < 0.05, Figure 2H, left panel). Furthermore,
tumors of CD99 vaccinated mice were found to have more
vessel without pericytes than control vaccinated mice (∗P < 0.05,
Figure 2H, right panel).

Induction of a Humoral Immune Response
Against CD99 Is Safe
During the experimental period of 14 weeks of the tumor
growth study we did not observe any toxicity of the TRXtr-
mCD99 vaccine as addressed by body weight or macroscopic

and behavioral characteristics between CD99 vaccinated and
control-vaccinated mice. However, to further investigate the
safety of the vaccine we vaccinated healthy C57BL/6 mice against
CD99 and monitored their body weight over a period of 45
weeks (Figure 2L). The mice were kept with high anti-CD99
antibody levels during the whole study period. Once the anti-
CD99 antibody level dropped below 50% of the starting level
(the antibody level after the third vaccination) the mice were
re-vaccinated. Control mice were vaccinated with the TRXtr
protein. During the whole study period we did not observe
any difference in body weight between the CD99 group and
the control vaccinated mice (Figure 2L). In addition, all except
one mouse in the CD99 group, which was lost to follow-up at
week 35, were healthy during the whole study period. We also
looked at the morphology of the organs of CD99 vaccinated
and control mice, but did not find any changes in tissue
morphology after vaccination against CD99 (Figures 2M,N;
Supplementary Figures 2D, 3). All together these observations
indicate that vaccination against CD99 is safe.

A Distinct Human CD99 Isoform Is Present
in Activated Endothelial Cells
In literature two different human CD99 isoforms have been
described (27). A long full-length isoform (185 amino acids, 32
kDa, variant I; Supplementary Figure 1C) and a short truncated
isoform (161 amino acids, 28 kDa, variant II), lacking most
of the cytoplasmic domain. In the NCBI database six different
protein coding human CD99 splice variants are suggested (Gene
ID: 4267) (30) (Figure 3A). To distinguish the different human
CD99 isoforms, as described in the NCBI database (Table 6),

Frontiers in Immunology | www.frontiersin.org 10 April 2019 | Volume 10 | Article 65161

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Huijbers et al. Vaccination Against Tumor Vascular CD99

FIGURE 3 | A distinct human CD99 isoform is present in activated endothelial cells. (A) Schematic representation of the human CD99 molecule and its exons (dark

blue). The extracellular part (extracellular), the transmembrane region (TM) and the cytoplasmic domain (cytoplasmic) are indicated. Depicted in light blue are the

(Continued)
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FIGURE 3 | different human CD99 isoforms (variants) retrieved from the NCBI database (CD99 molecule Homo sapiens, Gene ID: 4267). Accession numbers of the

individual isoforms are indicated in brackets. Light blue exons are protein coding; UTRs are depicted in white. The inverted “v” below exon 9 indicates the presence of

an additional alanine at the start of the exon and thereby a different variant (var) (variant 5 or 6). RT-qPCR-primers used for identification: the primer pair k + l detects

all human CD99 variants (pan; total CD99). Primer pair d + e identifies variant 1, 5, 2, and 6. Primer pair a + b was used to detect the full-length CD99 isoform (var 1,

var 5) and the variants 7 and 4. Primer pair a + c detects variant 2 and 6, which lack exon 3 in the extracellular domain. Primer pair f + e was used to identify variant

7, lacking exon 7. Primer pair g + h detects the truncated CD99 isoform (var 4, isoform (C). (B) In activated HUVEC (HUVEC +; n = 9), EW7 (n = 11) and EWS-RDES

(RDES; n = 3) relative expression (2−dCt) of total CD99 is downregulated on mRNA level (k + l; all variants). For native HUVEC (HUVEC; n=6) vs. EW7 this is

statistically significant (**P < 0.01) and for HUVEC vs. activated HUVEC (HUVEC +) [P = 0.0905; k + l)] and RDES (P = 0.0833; k + l) there is a trend toward

significance. The observed difference of a + c between native and activated HUVEC (*P < 0.05) and EW7 (*P < 0.05) is due to that there is more total CD99 present

(k + l primers) in native HUVEC compared to activated HUVEC. The ratio a + c/k + l is similar for both cell types (HUVEC = 0.04327756; HUVEC + = 0.0440165). A

higher signal for the a + b primer pair is observed in native HUVEC compared to activated HUVEC+ (*P < 0.05), EW7 (**P < 0.01) or RDES (*P < 0.05). However, the

ratio a + b/k + l is similar for all cell types (Table 7). The main isoform present in growth factor activated HUVEC (HUVEC+) is variant 4 (the short CD99 isoform,

isoform (C), identified by primer pair g + h. (C) Western blot of cell lysates from control treated HUVEC (Ctrl) and HUVEC grown for 48 h in culture medium

supplemented with 1% serum (48 h). Different passages (P2–P4) of the same HUVEC (H1398) were used and P3 and P4 of different HUVEC (H1349 and H1383,

respectively). The upper panel shows CD99 expression in the cell lysates (green). A protein band of 35 kDa can be observed in all lysates, with increasing passages a

16 kDa band is induced. In the lower panel the same Western blot is shown as in the upper panel, but now stained for β-actin (45 kDa; red), which was used as a

loading control. (D) Data of the Western blot were quantified with ImageJ software. Expression of CD99 is induced in activated HUVEC; cells in higher passages

express more CD99 (35 kDa band, black bars). In addition, there is a trend toward induction of expression of the 16 kDa band (white bars, the short CD99 isoform;

isoform (C) with higher passage and by starvation of the cells.

TABLE 6 | Human CD99 isoforms listed in the NCBI database.

Gene Variant Protein Isoform Size (kDa)

NM_002414.4 Variant 1 NP_002405.1 Isoform A 18.8

NM_001122898.2 Variant 2 NP_001116370.1 Isoform B 17.1

NM_001321367.1 Variant 4 NP_001308296.1 Isoform C 16.0

NM_001321368.1 Variant 5 NP_001308297.1 Isoform D 18.8

NM_001321369.1 Variant 6 NP_001308298.1 Isoform E 17.0

NM_001321370.1 Variant 7 NP_001308299.1 Isoform F 17.2

we designed RT-qPCR primers specific for the different splice
variants (Figure 3A and Table 2). In Supplementary Figure 5

the different human CD99 splice variants retrieved from
the NCBI database (Supplementary Figure 5A) and the
Ensembl database (Supplementary Figure 5B) and their protein
sequences (Supplementary Figure 5C) are depicted.

In activated HUVEC (HUVEC+; n = 9), EW7 (n = 11),
and EWS-RDES (RDES; n = 3) expression of total CD99
(k + l primers; all variants) is downregulated on mRNA level
(Figure 3B). For native HUVEC (HUVEC; n= 6) vs. EW7 this is
statistically significant (∗∗P < 0.01) and for HUVEC vs. activated
HUVEC (ns P = 0.09) and RDES (ns P = 0.08) there is a
trend toward significance. The difference in expression found
with the a + b and a + c primers in native HUVEC is due to
high expression of total CD99 (k + l primers) in native HUVEC
compared to the other cell types; as determined by the ratio of
a + b/k + l and a + c/k + l (Table 7). On mRNA level however,
there is a trend toward a higher expression of the short human
CD99 isoform variant 4 (g+ h primers; Table 7).

Western blot was performed on cell lysates of growth factor
activated and serum starved HUVEC to determine if the short
CD99 isoform could be detected on protein level. In activated
HUVEC, after several passages (>P2) in culture, an additional
protein band around 16 kDa can be observed next to the 35
kDa band of human CD99 (Figure 3C, green bands, upper
panel). β-actin was used as a loading control (Figure 3C, 45 kDa,

TABLE 7 | Ratio variant specific primers vs. total CD99 (k + l primers).

Ratio a + b/k + l Ratio a + c/k + l Ratio g + h/k + l

HUVEC 1.640392 0.043278 0.0290038

HUVEC+ 2.280937 0.044017 0.408618

EW7 1.794606 0.072968 0.0949811

RDES 1.736055 0.175196 0.1944184

red band, lower panel). We quantified the ratio of the human
CD99 bands (35 kDa, black bars; and 16 kDa, white bars) and
β-actin with ImageJ software (Figure 3D, Table 8) and found
that expression of CD99 is induced in activated HUVEC; cells in
higher passages express more CD99 (35 kDa band, black bars). In
addition, there is a trend toward induction of expression of the 16
kDa band (white bars, the short CD99 isoform; isoform C) with
higher passage and after starvation of the cells for 48h.

Peripheral blood mononuclear cells (PBMC) of
healthy volunteers only express CD99 at low levels
(Supplementary Figure 4B). The main CD99 variants detected
in PBMC were variant 1, variant 5, variant 7, and variant 4
(primer pair a + b), of which variant 7 (primer pair f + e) was
basically undetectable (data not shown).

We also isolated mRNA from human colorectal carcinoma
and renal cell carcinoma and matching healthy tissue, but were
not able to determine any conclusive CD99 isoform expression
pattern. This is most likely due to the fact that only 1–2% of all
cells present in a tumor are endothelial cells and therefore it is
very difficult to pick up specific splice variants.

These results indicate that CD99 splicing is tissue specific and
provide an opportunity for specific targeting of CD99 isoforms in
human tumor vasculature.

DISCUSSION

It was previously described that CD99 is overexpressed in
inflamed vasculature. Our study demonstrated that CD99 is also
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TABLE 8 | Western blot quantification hCD99 expression in HUVEC.

Band area

b-actin

Band area

hCD99 (35 kDa)

Band area

hCD99 (16 kDa)

Ratio hCD99

(35 kDa)/b-actin

Ratio hCD99

(16 kDa)/b-actin

H1398 Ctrl P2 6835.426 3532.154 239.092 0.51674234 0.03497836

H1398 48 h P2 3108.770 686.284 116.950 0.22075741 0.03761938

H1398 Ctrl P3 5808.891 6647.004 199.971 1.14428107 0.03442499

H1398 48 h P3 5428.841 9946.832 1095.820 1.83222017 0.20185156

H1398 Ctrl P4 4948.770 9503.489 1683.820 1.92037395 0.34025020

H1398 48 h P4 5567.255 10257.631 4373.962 1.84249347 0.78565864

H1349 48 h P3 4026.698 4097.447 239.092 1.01756998 0.05937669

H1383 48 h P4 4014.113 6741.518 956.577 1.67945397 0.23830346

overexpressed in the vasculature of solid tumors. CD99 is also
known as a marker of Ewing’s sarcoma (EWS). A therapeutic
vaccination approach against CD99 could be of benefit for
EWS patients. In addition, vaccination against CD99 could be
used to treat other solid tumors by means of targeting the
tumor vasculature.

For construction of the vaccine fusion protein TRXtr-mCD99,
we used the protein sequence of the extracellular part of murine
CD99 as described in Bixel et al. (36). We show that it is possible
to induce a polyclonal antibody response against the self-antigen
CD99 in immunocompetent mice by vaccination. Vaccination
induced high levels of anti-mCD99 antibodies in the sera of the
mice. This confirms the findings of previous studies using the
same vaccination strategy for the induction of antibodies against
different self-antigens (23, 24, 37).

In three independent studies a significantly smaller tumor
volume was measured in the TRXtr-mCD99 vaccinated mice
compared to control vaccinated mice. In this context, it is
important to keep in mind that our vaccination strategy induces
a polyclonal antibody response that is much more effective
in inducing immune system activation than monocloncal
antibodies (38). A polyclonal antibody response induces
antibody-dependent cellular cytotoxicity (ADCC) where the
antibodies function as a recognition and binding site for non-
specific toxic cells like natural killer cells and macrophages. It
also induces complement-dependent cytotoxicity (CDC) where
the antibodies activate the complement system which leads to
the formation of the membrane attack complex (MAC) and
subsequent lysis of the target cell (39, 40).

In the CT26 model only low levels of CD99 are expressed
by the tumor cells as compared to the osteosarcoma model.
However, in the CT26 model also a significantly lower vessel
density was observed in tumors of CD99 vaccinated mice. It
is therefore likely that tumor growth inhibition in the CT26
model is mainly due to targeting of the tumor vasculature by the
CD99 vaccine. The osteosarcoma model highly expresses CD99
and therefore inhibition of tumor growth in this model is due
to targeting of both the tumor vasculature and the tumor cells,
which leads to a more pronounced anti-tumor effect.

Anti-CD99 antibodies induced by the TRXtr-mCD99 were
able to detect native CD99 in osteosarcoma tumor tissue.

However, a lot of background staining was observed when
the sections were stained with serum from CD99 vaccinated
mice. This can be explained by the fact that staining mouse
tissue with murine antibodies is difficult. We therefore used a
F(ab) fragment to prevent non-specific binding of the serum.
However, with this approach still a lot of background staining
was observed. We have considered to purify IgG from mouse
serum or to specifically purify the anti-CD99 antibodies in the
serum with antigen, but we did not have sufficient mouse serum
to do so.

After vaccination against CD99 we found more vessels
without pericytes in the osteosarcoma tumors. This indicates that
vascular targeting leading to vessel destruction occurs rather than
vascular normalization after which a higher pericyte coverage
is expected (41, 42). Vascular normalization is characterized by
neutralization of growth factors, such as vascular endothelial
growth factor (VEGF) (43). Neutralization of VEGF results
in a more quiescent vasculature with more pericyte coverage
and improved vascular flow. Vascular targeting on the other
hand, leads to killing of the tumor endothelial cells, since
these are attacked and removed by the immune system. This
would explain our observations of a lower number of vessels
with a lumen and pericytes in the tumors of CD99 vaccinated
mice. As, the target CD99 is a transmembrane molecule tissue
bound frustrated phagocytosis will occur (23) and not only the
endothelial cells will be destroyed but everything in their vicinity
as well, including pericytes.

No toxicity of the vaccination against CD99 was observed. In
the tumor growth studies, no weight loss of the mice occurred
during the study period. In addition, we monitored the body
weight and health condition of CD99 vaccinated mice, with
constantly high anti-mCD99 antibody levels in their sera, and
control vaccinated mice, for a period of 45 weeks. In this study
one mouse (CD99#2) was lost to follow-up. Considering the
good health of all other CD99 vaccinated mice, this was probably
due to non-treatment related conditions. We scrutinized the
morphology of the organs of control and CD99 vaccinated mice
and did not observe any changes in tissue morphology related to
the presence of anti-mCD99 antibodies, neither based on vessel
staining (CD31) of kidney vasculature and hematoxylin eosin
staining of heart, lung, kidney, and liver. For the mouse that

Frontiers in Immunology | www.frontiersin.org 13 April 2019 | Volume 10 | Article 65164

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Huijbers et al. Vaccination Against Tumor Vascular CD99

was lost to follow-up both the tissue and vessel morphology were
normal/comparable to control vaccinatedmice, implying that the
loss of themouse was probably not due side-effects of the vaccine.
Taken together, our data suggest that vaccination against CD99 is
safe, and provides a vascular targeting approach that lacks the risk
of current angiostatic approaches for running into drug-induced
resistance (44, 45).

Expression of CD99 was upregulated in growth factor
activated HUVEC, resembling tumor endothelial cells, as
determined by Western blot analysis. In addition, CD99
expression on cultured endothelial cells was induced by nutrient
deprivation, which suggests that expression of CD99 in the tumor
vasculature is most likely regulated by microenvironmental
stress. We did not investigate if distinct CD99 isoforms are
induced by starvation. To define which human CD99 isoform
is the main variant present in the tumor vasculature we would
need to perform a RT-qPCR on mRNA isolated from by flow
cytometry sorted tumor endothelial cells. In literature, two
distinct human CD99 isoforms have been described (27, 46).
The full-length isoform (variant I, 32 kDa) and the truncated
isoform (variant II, 28 kDa). Variant II includes a premature stop-
codon caused by an insertion in the cytoplasmic domain and
therefore lacks most of the cytoplasmic domain and is thought to
be non-functional. The murine CD99 only shows 46% homology
with human CD99 and resembles the human short isoform (28).
However, if CD99 has the same function in mouse as in humans
is unclear (29).

Currently, six different protein coding human CD99 isoforms
are described in the NCBI database. We found contradictory
results of CD99 expression on mRNA level and protein level in
growth factor activated HUVEC. On mRNA level expression of
CD99 seems to be downregulated in activated HUVEC, whereas
on protein level CD99 expression is upregulated in activated
HUVEC. On mRNA level the main CD99 isoform identified is
variant 4, the short CD99 isoform, lacking part of the cytoplasmic
domain. This is consistent with appearance of a 16 kDa protein
band in higher passages of HUVEC and after starvation of the
cells. If the 16 kDa protein band is a true splice variant of
human CD99 is difficult to determine, since the anti-human
CD99 antibody that we used is a polyclonal antibody that cannot
distinguish between different splice variants. The human CD99
protein is highly O-glycosylated (47) and starvation of cells
changes their glycosylation pattern (48), therefore the 16 kDa
band observed in the Western blot might be nonglycosylated
CD99. Also, in the Western blot a protein band between 35 and
25 kDa can be observed in some of the HUVEC cell lysates. We
did however not further investigate if this could be a human
CD99 splice variant.

In conclusion targeting of CD99 by vaccination inhibits
tumor growth in different murine tumor models and is safe.
Human CD99 is overexpressed in HUVEC and expression
of CD99 is induced in culture and by nutrient deprivation.
Also, a distinct human CD99 isoform is induced under these
conditions, which is distinct form the isoforms expressed
by EWS and healthy PBMC. These observations provide an
opportunity for specific targeting of CD99 isoforms in human
tumor vasculature.
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The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.00651/full#supplementary-material

Supplementary Figure 1 | Expression of CD99 in the tumor vasculature and

vaccination strategy. (A) Different tumor types and normal healthy tissues stained

for CD99 obtained from the Human Protein Atlas (scale bar 10µm) and own

staining of Ewing’s sarcoma (EWS, right panels; upper panel scale bar 10µm;

lower panel scale bar 50µm). All tumor types show staining of CD99 in the tumor

vasculature (in hepatic cancer and EWS indicated by arrow heads). (B) Illustration

of the vaccination strategy required for breaking self-tolerance. (1) The fusion

protein (TRXtr-mCD99extracellular) mixed with a potent adjuvant is injected s.c. or

i.m. (2) Antigen presenting cells (pink) will take up the fusion protein, digest it into

self (mCD99) and foreign (TRXtr) peptides and present these peptides on their

MHC class 2. (3) Foreign peptides are recognized by T-helper cells (Th, green) and

these become activated. The presented self-peptides will not be recognized by

the Th cells, since it is believed that all self-reactive T-cells are deleted in the

thymus during development. (4) Auto-reactive B-cells (blue), existing in the

circulation, recognize the self-part of the fusion protein via their B-cell receptor,

internalize the fusion protein, and present self- and foreign peptides via MHC class

II. The by the foreign peptides activated T-helper cells will now activate the

auto-reactive B-cells, since they present the same foreign peptides. (4) The

activated B-cells undergo clonal expansion and produce anti-self (mCD99)

antibodies. By this means a polyclonal antibody response against the mCD99 is

induced. (C) Schematic representation of the human CD99 protein: signal peptide

(amino acids (aa) 1–22 (signal; white); extracellular domain aa 23–122

(extracellular; green); transmembrane region (TMR; pink) aa 123–147; cytoplasmic

domain aa 148–185 (Cyto; orange). Retrieved from the uniport data base

(UniProtKB—P14209 (CD99_human). (D) Illustration of the pET21a expression

vector encoding TRXtr-mCD99. The TRXtr-mCD99extracellular DNA sequence was
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inserted between the restriction sites NdeI and XhoI into the multiple cloning site

(MSC). Protein expression is under the control of the IPTG-inducible T7lac

promoter. Amp, Ampicillin resistance gene.

Supplementary Figure 2 | Additional data osteosarcoma study I and II, CT26

study and long-term follow-up study. (A) Antibody titers of anti-CD99 antibodies in

the sera of TRXtr (n = 5; left panel) and TRXtr-mCD99 (n = 10; CD99; middle and

right panel) vaccinated mice at time point 9 weeks of study I Os-P0107 (C3H

mice). TRXtr vaccinated mice are devoid of anti-CD99 antibodies. (B) Anti-mCD99

antibody levels in the sera of the C3H mice (Os-P0107 model) at different time

points (weeks) of study II (n = 5 mice per group). (C) Body weight of CD99

vaccinated (CD99; red) and control vaccinated mice (TRXtr; blue) of the

osteosarcoma study I and II (left and middle panel) and the CT26 study (right

panel). No difference in body weight between the treatment groups was observed

in all three different studies. Values are depicted as mean ± SEM. [study I: TRXtr

(n = 5); CD99 (n = 10); study II: TRXtr and CD99 (n = 5); CT26: TRXtr and CD99

(n = 4)] (D) Kidneys stained for CD31 (brown-reddish staining) of TRXtr-mCD99

(n = 5; CD99) and control vaccinated (n = 5; TRXtr) mice from the long-term

follow-up study (time point 45 weeks). Tissues were counter stained with Mayer’s

hematoxylin (blue) (scale bar 50 µm). No difference in tissue morphology was

found between TRXtr-mCD99 vaccinated and control vaccinated mice.

Supplementary Figure 3 | Morphology of normal organs of TRXtr-mCD99 and

TRXtr vaccinated mice of the long-term follow-up study. (A) Hematoxylin eosin

staining of organs (heart, lung, kidney, liver) of TRXtr-mCD99 (n = 5; CD99) and

control vaccinated (n = 5; TRXtr) mice from the long-term follow-up study (time

point 45 weeks) (scale bar 35µm). No difference in tissue morphology was found

between TRXtr-mCD99 vaccinated and control vaccinated mice.

Supplementary Figure 4 | Anti-mCD99 antibodies induced by the TRXtr-mCD99

vaccine recognize native CD99 in tumor tissue. (A) Os-P0107 tumor tissues from

control vaccinated mice were stained with either serum derived from

TRXtr-vaccinated mice (TRXtr, left panels) or TRXtr-CD99 vaccinated mice (CD99,

right panels). The upper right panel shows specific staining of CD99 as indicated

by the arrows. In the lower right panel specific staining for CD99 is indicated by

the arrow heads. All sections show high background, because mouse serum was

used on mouse tissue (upper panels, scale bars 35µm; lower panels, scale bars

50µm). (B) Relative expression (2−dCt) of human CD99 variants in peripheral

blood mononuclear cells (PBMC) (n = 3; three different healthy donors). Only low

levels of CD99 are present on mRNA level in PBMC (k + l primer pair). The main

variants detected in PBMC are variant 1, variant 5, variant 7, and variant 4 (var 1,

var 5, var 7, var 4) identified by primer pair a + b.

Supplementary Figure 5 | Human CD99 splice variants. (A) Human CD99

variants described in the NCBI database Gene ID: 4267. (B) Human CD99

variants described in the Ensembl database Gene: CD99 ENSG00000002586.

(C) Alignment of the protein sequences of the different human CD99

splice variants.
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Several studies report the key role of the vascular endothelial growth factor (VEGF)

signaling on angiogenesis and on tumor growth. This has led to the development

of a number of VEGF-targeted agents to treat cancer patients by disrupting the

tumor blood vessel supply. Of them, bevacizumab, an FDA-approved humanized

monoclonal antibody against VEGF, is the most promising. Although the use of

antibodies targeting the VEGF pathway has shown clinical benefits associated with

a reduction in the tumor blood vessel density, the inhibition of VEGF-driven vascular

effects is only part of the functional mechanism of these therapeutic agents in

the tumor ecosystem. Compelling reports have demonstrated that VEGF confers,

in addition to the activation of angiogenesis-related processes, immunosuppressive

properties in tumors. It is also known that structural remodeling of the tumor blood

vessel bed by anti-VEGF approaches affect the influx and activation of immune cells

into tumors, which might influence the therapeutic results. Besides that, part of the

therapeutic effects of antiangiogenic antibodies, including their role in the tumor vascular

network, might be triggered by Fc receptors in an antigen-independent manner. In this

mini-review, we explore the role of VEGF inhibitors in the tumor microenvironment with

focus on the immune system, discussing around the functional contribution of both

bevacizumab’s Fab and Fc domains to the therapeutic results and the combination of

bevacizumab therapy with other immune-stimulatory settings, including adjuvant-based

vaccine approaches.

Keywords: vascular endothelial growth factor, bevacizumab, angiogenesis, Fc receptors, immune-modulation,

immunity

INTRODUCTION

The role of VEGF in driving tumor angiogenesis has made it an attractive target
for therapeutic interventions, being bevacizumab, an FDA-approved humanized
monoclonal antibody against VEGF, the most promising of them (1). Although these
therapeutics were originally designed to control blood-vessel formation, increasing
evidences point to their additional immunoregulatory role. In this mini-review,
we uncover a more complete picture of the immunological changes induced by
VEGF-targeting agents, specifically bevacizumab, in the tumor microenvironment (TME).
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Aguiar and Moraes Immunoregulatory Effects of Anti-VEGF Activity

We discuss the functional contribution of bevacizumab’s Fab
and Fc domains to the tumor immune landscape and outline
the therapeutic potential of combining bevacizumab with other
immune-stimulatory agents.

THE IMMUNOTHERAPEUTIC ROLE OF AN

ANGIOGENESIS TARGETED AGENT

The vascular endothelium represents a barrier that lines the vessel
compartment and regulates the access of blood components
to the surrounding tissue. In tumors, however, this barrier is
found corrupted. It determines a tortuous and disorganized
vessel network with low pericyte coverage and high vascular
permeability, contributing to install an immunosuppressive
milieu (2, 3).

VEGF inhibitors, particularly bevacizumab, have been found
to restore tumor blood vessel structure to normal, a process called
vessel normalization (4). The “normalized” tumor vasculature
results in increased tumor blood perfusion, higher pericyte
coverage and reduced areas with sluggish blood flow, leading
to enhanced influx of leukocytes into tumor parenchyma
(5). On this topic, strong correlations were found between
increased tumor-infiltrating lymphocytes—such as CD4+ and
CD8+ T cells—and the vascular normalization imposed by VEGF
pathway inhibitors (6, 7). The higher hydrodynamic force applied
to endothelial wall may have a role on that, having in mind
that a minimum level (above 0.5 dyn/cm2) of wall shear stress—
that is, the parallel pressure exerted by the blood flow in the
endothelial cell lining (5)—is required for enhanced endothelial
cell expression of selectin family members, cell-surface molecules
involved in leukocyte rolling in vessel wall (5, 8). On the other
hand, the adhesion molecule content on the tumor blood vessel
wall is also regulated by the local VEGF activity. Endothelial cell
exposure to VEGFwas found to hamper the expression of ICAM-
1/2, VCAM-1, and CD34 molecules, all of them related to trans-
endothelial cell migration and influx of leukocytes into the tumor
parenchyma (9, 10).

Combined, these are structural and molecular characteristics
of the TME, whose regulation affects the tumor vascular network
and potentially participates in the bevacizumab-induced tumor
recruitment of immune cells. Using a metaphor, the break
imposed by VEGF inhibitors in the endothelial physicochemical
barrier allows combat troops—here represented by the immune
cells—access more easily the enemy territory—the tumor.

But the relationship between bevacizumab and the immune
system is not only summarized by such indirect effects. In
fact, the inhibition of VEGF also interferes directly in the
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activation and modulation of the immune response within the
TME. In addition to vascular normalization, the pharmacological
blockade of the VEGF/VEGFR axis can enhance the recruitment,
trafficking and activation of CD8+ T-cell response in solid tumor
models (9, 11, 12). Similarly, the expression levels of VEGF were
found associated with decreased activation of CD8+ T and TH1
cell response on colorectal tumors (13), and the VEGF-enhanced
expression of inhibitory checkpoints on CD8+ T cells can be
reverted by VEGF- and VEGFR-targeted agents (14).

Beyond the effects on T cells, VEGF signaling also mediates
tumor-associated immunodeficiency by expanding inhibitory
immune cell subsets, such as FoxP3+ regulatory T lymphocytes
(Tregs) and myeloid-derived suppressor cells (MDSCs). Tada
and colleagues reported recently that the treatment of advanced
gastric cancer patients with ramucirumab–a fully humanized
IgG monoclonal anti-VEGF receptor 2 (VEGFR2) antibody–
not only increased CD8+ T-cell tumor infiltration, but also
significantly reduced the frequency of CD45RA− FOXP3high

CD4+ cells (effector regulatory T cells [eTreg]) in tumors.
Ramucirumab was also found to overcome VEGF-induced eTreg
proliferation in vitro (15). These findings are in line with
experimental data showing that VEGF directly enhances Treg
proliferation in tumor-bearing mice. Moreover, bevacizumab
significantly reduces the percentage of Tregs in peripheral blood
from cancer patients and inhibits in vitro tumor cell-increased
Treg proportion in PBMC (16, 17). In regard to MDSCs, it
was found that VEGF promotes the expansion of these cells,
being the CD11b+ VEGFR1+ MDSC population decreased in
the peripheral blood of renal cell cancer patients treated with
bevacizumab (18). Tumor-infiltrating MDSCs are known to
contribute to the local immune suppression by inhibiting T cell
activity and inducing Treg expansion (19).

Dendritic cells (DCs) and tumor-associated macrophages
(TAMs) are other major components of the immune system that
may be impaired by VEGF-targeting therapies. DCs are antigen-
presenting units that act as messengers between the innate and
adaptive immune systems. VEGF inhibits the DC precursor
differentiation and maturation into functional cells capable of
presenting tumor antigens and stimulating an allogeneic T-
cell response. DCs were found inversely correlated with VEGF
serum levels (20). Also, experimental data showed that the
VEGF-induced DC dysfunction is recovered by both anti-VEGF
and anti-VEGFR2 antibodies (20–25). When looking at TAMs,
known as prominent players of the cell repertoire that populates
tumors, we face again with a chemoattractant role of VEGF. The
signal conferred by this growth factor contributes to increase
the number of TAMs within the tumor bed and, as expected,
VEGF inhibitors impair that (26–28). Also, VEGF-exposed
macrophages were described to express endothelial cell markers
and to contribute to vascular mimicry (29).

The role of macrophages in tumors varies depending on the
environment. Based on their distinct regulatory and effector
functions within the tissue microenvironment, TAMs are
often classified on two major categories: (i) M1, designating
classically activated macrophages that arose in response to
IFN-γ, a TH1 signature cytokine; and (ii) M2, referring to
“alternatively” activated macrophages induced by TH2-type
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cytokines (specifically IL-4 and IL-13), although we currently
know that such yin-yang nomenclature does not recapitulate
the whole spectrum of macrophage phenotypes (30, 31). From
a tumor perspective, this classification not only reflects the
TH1-TH2 polarization of T cell’s response (32, 33), but also
the TAM phenotype within the tumor landscape: while M1
macrophages exert antitumor functions, the M2-polarized ones
are oriented toward promoting tumor growth, angiogenesis and
tissue remodeling. Most TAMs acquire M2-skewed functions
in the TME (34, 35), which means that the increased tumor
macrophage content imposed by VEGF stimulation may
contribute, together with the previously mentioned cellular
effects, to establish an immunologically permissive environment
for tumor growth. Although these data reveal that anti-VEGF
settings decrease the frequency of TAMs in tumors, the VEGF-
macrophage relationship goes further. Accumulation of M2-
polarizedmacrophages within the TMEwas found as an indicator
of tumor resistance to anti-VEGF therapy (36, 37), being possible
targets to be explored in therapeutic approaches aiming to
surpass such resistance. The vascular mimicry is among the
M2 macrophage’s contributions to the tumor refractoriness to
anti-VEGF therapy (38).

EXPLORING THE OTHER SIDE OF

VEGF-TARGETED IgG ANTIBODIES

Reducing the bioavailability of VEGF with full-length IgG
antibodies compromises not only the tumor vasculature, but
also the frequency and phenotype of immune infiltrative cells
in tumors, changing the local ecosystem. But that is only the
antibody’s Fab side of the story.

The structure arrangement of bevacizumab, as of all other
full-length IgG antibodies, comprises three functional domains,
identified based on the product of the immunoglobulin digestion
by papain: two Fab arms, and a single Fc domain (39). While
the Fab arms have the variable amino acid sequence responsible
for the antibody binding to the target antigen—which is, in that
case, VEGF–, the significance of the Fc portion of IgGs lies on
its ability to mediate cellular responses through a Fc-specific
transmembrane receptor for IgGs (FcγR).

FcγRs are present on the surface of most cells from the
immune system (39, 40). The binding of Fc domain of IgG
to those specialized receptors initiates downstream effector
functions, which englobes the antibody-dependent cell-mediated
cytotoxicity (ADCC), antibody-dependent cellular phagocytosis
(ADCP), and complement-dependent cytotoxicity (CDC). And
that list goes further.

Data published so far reveal that FcγRs, when activated, signal
a number of functional cellular changes in the tissue ecosystem,
which is not limited to the immune repertoire. Functional
FcγRs detected on endothelial and tumor cells contribute to
pathway activations, cell proliferation and adhesion (41–46).
Moreover, the signaling transduced by these receptors can even
interfere in the tumor vascular network, an effect experimentally
demonstrated by Bogdanovich et al. Bevacizumab was found to
inhibit angiogenesis via Fc-mediated signaling through FcγR in

a VEGF-independent manner (47). Such angioinhibition does
not depend on ADCC, APCD, or CDC, suggesting the role of
other FcγR-triggered effector responses induced by the antibody.
It has also been reported that infusion of IgGs in both mice and
humans inhibits angiogenesis (48) and that bevacizumab is more
effective than its Fab fragment version—available commercially
as ranibizumab—for the control of vessel formation (49). It is
noteworthy that Fc-mediated effects were found to be required
for achieving the maximum therapeutic effect of neutralizing
antibodies (50, 51).

With our current knowledge, we cannot summarize all the
effects triggered by bevacizumab-FcγR complexes. However, it
should be kept in mind that the effects are not limited to what
has been described above. To note, the IgG-FcγR interaction
potentially provides critical scaffolding to trigger adaptive
immunity. Experimental and clinical data revealed that passively
administered IgG antibodies engage Fc receptors on DCs to
stimulate a long-lasting anti-tumor cellular immune response
(51), what is termed as “vaccinal effect.” Upon IgG immune
complex binding, DCs undergo maturation and enhance CD8+

T-cell adaptive immunity through their antigen presentation
function, as well as prime a TH1 CD4+ T-cell response (51,
52). Although most of these data were found for rituximab,
the “vaccinal effect” potentially contributes to the Fc moiety
of bevacizumab in mediating an immune response targeting
VEGF found on TME cells. This is a point that deserves to be
explored. Also, it should be considered that the expression of
Fc receptors in TME cells is not fixed, being subjected to local
changes that occur throughout treatment regimens. An example
is FcγRIIb, a Fcγ receptor family member whose expression
can be upregulated by TH2-type cytokines, such as IL-10, IL-4,
and TGF-β, and downregulated by TH1-type cytokines, such as
IFN-γ (53).

Taken together, these data highlight the diversity and
complexity of the effects triggered by Fc domain-FcγR
complexes within the TME profile, which certainly affect
the tumor outcome. The understanding of the FcγR-mediated
immunomodulatory pathways in different environments and cell
subsets within the tumor ecosystem may be essential to improve
the therapeutic benefits of bevacizumab.

COMBINING BEVACIZUMAB WITH

IMMUNE MODULATORS TO ENHANCE

ANTI-TUMOR RESPONSE

The dual effect of bevacizumab on remodeling both vasculature
and immune components of tumors opens up an opportunity
for exploring combinatorial therapies aiming to enhance TH1
immune response against tumors. And some of the initiatives in
this way seem promising.

Hodi et al. investigated the combination of bevacizumab
and ipilimumab, an anti-CTLA-4 neutralizing mAb, in patients
with metastatic melanoma. The blockade of CTLA-4, a negative
regulator of T-cell responses, by ipilimumab may augment the
endogenous anti-tumor cellular immune response, leading to
tumor cell death. Results revealed an increased infiltration of
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CD8+ and CD163+ cells in tumors from patients receiving
both mAbs, compared to the observed in tumor samples from
the ipilimumab-only group (54). This was accompanied by
the concentrated CD31 staining detected at interendothelial
junctions of tumor vessels from the bevacizumab-treated group
(54), which evidences the vascular changes occurring during
VEGF blockade. CD31 is a vascular adhesion glycoprotein
known to influence lymphocyte extravasation (54, 55), and whose
expression and distribution pattern may have contributed to
the detected intratumoral leukocyte content. These results are
compatible with the obtained in further studies from the same
research group (56).

The functional significance of the increased CD163+ cell
population found under bevacizumab-containing regimen is
not clear. CD163 is identified as a scavenger receptor for
hemoglobin-haptoglobin complexes (57), but also as marker
for M2 macrophages (58). Perhaps the increased CD163+ cell
infiltration is an indicative of an evasive mechanism, mediated
by M2 macrophages, to the anti-VEGF therapy. Besides that,
few studies have investigated the functions of CD163, whose
expression is also detected in subsets of classical and monocyte-
derived DCs (59, 60). It is not even possible to discard that the
expression of CD163 is an immune response to the extravascular
hemoglobin content, secondary to necrosis index, eventually
increased in tumors from patients receiving the combinatory
treatment. Extravascular hemoglobin is a known endogenous
danger signal that induces M2-skewed macrophage influx and
CD163-macrophage polarization (61, 62). Clinically, CD163+

cell infiltration has been associated to both good (63) and bad
(64–68) prognosis.

Similar benefits have been found under therapeutic
interventions targeting programed cell death ligand 1 (PD-
L1; a suppressor of the immune system). It was recently
demonstrated that anti-VEGF and anti-PD-L1 combination
therapy increases CD4+ and CD8+ cell infiltration in tumors
and synergistically improves treatment outcome, compared
to the obtained with each monotherapy (69). An ongoing
clinical trial (ClinicalTrials.gov, trial identifier NCT01633970)
is also investigating that. Moreover, even initiatives aiming to
reprogram the M2 TAM-dominated TME have been put on the
table, considering the described relationship between tumor M2
macrophages and bevacizumab resistance. Experimental study
showed that combinatory treatment with a colony-stimulating
factor 1 receptor kinase (CSF1R) inhibitor reduces the M2
macrophage content within tumors and aids in overcoming
adaptive resistance to the herein explored anti-VEGF antibody
performance (70).

Another approach with potential to be considered is the
combination of bevacizumab therapy with adjuvant-based
vaccines that stimulate a TH1 response against tumors. Vaccine
adjuvants represent an attractive tool to modulate the immune
cell effector function, with some of them being classified
as inducers of TH1 T-cell immunity. That is the case of
toll-like receptor agonists, such as dextran-conjugated CpG
oligodeoxynucleotides (71) and double-stranded RNAs (72, 73),
whose application in vaccine formulations enhances tumor-
specific TH1-polarized CD4+ T cells and CTL responses.

Although combining bevacizumab with vaccination settings
seems to be a promising way to enhance the anti-tumor effect,
there is no report on that up to now, with the few works
in this direction limited to the use of TH1-inducer adjuvants
in anti-VEGF vaccines (74, 75). And even in these cases,
the results are restricted to the detection of specific cellular
immune responses, remaining the clinical benefits yet to be
demonstrated. In fact, all the herein exposed combination
initiatives are in their first steps and further works are needed
to clarify the effects in the TME and to achieve an optimized
therapeutic protocol.

A MATTER OF ANTIGEN SPECIFICITY:

BEVACIZUMAB RECOGNIZES ANOTHER

BIOMOLECULE BEYOND VEGF

It is becoming increasingly evident that both Fab and Fc
IgG domains—the two sides of the same coin—play a
role in changing the vascular and immune components of
solid tumors. As outlined above, a wide array of regulatory
functions within TME are driven by the bevacizumab’s constant
region (Fc), which was not initially expected when this
antibody was first employed in therapeutic settings. Likewise,
it was not expected that bevacizumab’s Fab domain recognizes
other biomolecules in addition to the one it is known
to identify.

Muller and coworkers demonstrated that bevacizumab
directly binds to and sequesters the macrophage migration
inhibition factor (MIF) from the TME. This may be due to certain
similarities detected between amino acid sequences 48–76 of MIF
and 29–51 of VEGF, the latter of which covers residues implicated
in the bevacizumab binding (76).

MIF is described as an important regulator of immune
responses (77). Experimental data showed that MIF
downregulation led to increased intratumoral IFN-γ-producing
CD4+ and CD8+ T cells, higher number of activated DCs,
and reduced prevalence of MDSC and Tregs within tumors
(36, 78–80), just as detected following VEGF inhibition. In the
same direction, the interference with the MIF signaling was
reported to decrease M2 macrophage shift in melanoma (81) and
in multiple myeloma (82) models. Similar polarization effect was
also found in microglial cells under MIF inhibition (83). Despite
these findings, MIF is not always described as a M2 phenotype
inducer. Lower levels of MIF at the tumor edge of glioblastomas
were showed both to increase the local macrophage population,
mainly from bone marrow-derived cells, and to polarize these
cells to a M2 phenotype (36), which suggests that different
microenvironmental contexts may imply in different MIF effects
on tumor-infiltrating immune cells.

Overall, the functional significance of bevacizumab’s Fab
domain includes the inhibition of MIF. However, it is important
to note that the direct binding to MIF is just one of the
demonstrated mechanisms by which bevacizumab inhibits the
MIF’s function. MIF expression is transcriptionally regulated
by VEGF (36), then subjected to the reduced local VEGF
bioavailability imposed by bevacizumab therapy.
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FIGURE 1 | Cartoon summarizing the effects mediated by the bevacizumab’s Fab and Fc domains in the tumor immune landscape. The vascular normalization, due

to the blockade of excessive VEGF signaling in tumors, is one possible implication of bevacizumab therapy in tumors. The solid blue arrow lines indicate activation

while the solid red hammer lines indicate inhibition. The black dashed line indicates inconclusive association (both activation and inhibition were reported). Surface

model of an IgG (PDB entry: 1IGT) was used to represent bevacizumab. Image without scale.

GENERAL OVERVIEW

Rather than just inhibiting angiogenesis, VEGF inhibitors have
proved to regulate the immune response in tumors. The anti-
VEGF antibody bevacizumab interferes in the composition and
function of several immune cells within the TME, including
T cells, TAMs, Tregs, MDSCs, and DCs. Bevacizumab was
also found to trigger FcγR-mediated responses and to inhibit
another immunoregulatory biomolecule beyond VEGF, which
points out to the diversity of actions of this antibody in the
tumor immune landscape. The herein described bevacizumab’s
immune-modulating effects are summarized on Figure 1.
Overall, these data evidence that the therapeutic effects of
anti-VEGF immunoglobulins reflect their multiple interactions

with different elements that compose the tumor tissue.
Understanding these effects is crucial to improve therapeutic
effectiveness. That is a perspective beyond VEGF inhibition.
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Angiogenesis is facilitated by the proteolytic activities of members of the matrix

metalloproteinase (MMP) family. More specifically, MMP-9 and MT1-MMP directly

regulate angiogenesis, while several studies indicate a role for MMP-2 as well. The

correlation of MMP activity to tumor angiogenesis has instigated numerous drug

development programs. However, broad-based and Zn2+-chelating MMP inhibitors have

fared poorly in the clinic. Selective MMP inhibition by antibodies, biologicals, and small

molecules has utilized unique modes of action, such as (a) binding to protease secondary

binding sites (exosites), (b) allosterically blocking the protease active site, or (c) preventing

proMMP activation. Clinical trials have been undertaken with several of these inhibitors,

while others are in advanced pre-clinical stages. The mechanistically non-traditional

MMP inhibitors offer treatment strategies for tumor angiogenesis that avoid the off-target

toxicities and lack of specificity that plagued Zn2+-chelating inhibitors.

Keywords: protease inhibitor, clinical trial, metalloproteinase, cancer, angiogenesis, antibody, exosite

INTRODUCTION

During the process of angiogenesis (the development of new blood vessels), the extracellular matrix
(ECM) is degraded by matrix metalloproteinases (MMPs), facilitating endothelial cell invasion
and leading to sprouting of new vessels (1–3). The MMP family (Figure 1) has fairly conserved
sequences between species, indicating that they are part of essential biological processes. The
domain organization ofMMPs is also fairly conserved, as all contain a signal peptide, a pro-domain,
and a catalytic (CAT) domain with a Zn2+ binding His-Glu-X-X-His-X-X-Gly-X-X-His motif
(Figure 1). Most MMPs contain a linker region and a hemopexin-like (HPX) domain (Figure 1).
In addition, some harbor specific features such as a furin activation domain (MMP-14/MT1-
MMP, MMP-15/MT2-MMP, MMP-16/MT3-MMP, MMP-21, MMP-24/MT5-MMP, MMP-23, and
MMP-28), fibronectin type II middle inserts (MMP-2 and MMP-9), and/or a transmembrane
domain (MMP-14/MT1-MMP, MMP-15/MT2-MMP, MMP-16/MT3-MMP, and MMP-24/MT5-
MMP) (Figure 1).

MMP-9 and MT1-MMP directly regulate angiogenesis, while some studies indicate a role for
MMP-2 as well (1, 4). Tumor angiogenesis and growth is reduced in MMP-2 knockout mice
(1). MMP-9 has been well-documented as a key contributor to the “angiogenic switch” in cancer
progression (5–8). The roles of MMP-9 in angiogenesis include the release of vascular endothelial
growth factor (VEGF) and/or basic fibroblast growth factor (FGF-2) (5, 7). Tumor-associated
macrophages, once polarized into the M2 phenotype, release VEGF and MMP-9 (9). MT1-
MMP contributes to blood vessel invasion, FGF-2-induced corneal angiogenesis, endothelial cell
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FIGURE 1 | Diagrammatic representation of MMP domain organization.

migration and tubulogenesis in three-dimensional collagen
matrices, and vascular lumen formation (10–15).

Inhibiting enzymes involved in tumor-driven angiogenesis
has been recognized as a potential anticancer therapy (16). Broad
spectrum and moderately selective MMP inhibitors have been
recognized as possessing antiangiogenic activity (17–19). The
majority of MMP inhibitors contain a hydroxamic acid group
which chelates the active site Zn2+ (20–24). Problems with
hydroxamic acid-based metalloprotease inhibitors include the
tendency of hydroxamic acids to chelate zinc in a non-selective
fashion (25). An often observed side effect of hydroxamic
acid-based MMP inhibitors has been musculoskeletal syndrome
(MSS). MSS has been attributed to combined inhibition of MMP-
1 and a disintegrin and metalloproteinase 17 (ADAM17) (26). A
pyrimidine-2,4,6-trione derivative that selectively inhibits MT1-
MMP, MMP-2, and MMP-9 is not associated with MSS (27).

Abbreviations: Abs, antibodies; ADAM, a disintegrin and metalloproteinase;

CAT, catalytic; ClC-3, chloride channel-3; ClTx, chlorotoxin; ECM, extracellular

matrix; EGFR, epidermal growth factor receptor; FGF-2, basic fibroblast growth

factor 2; Flp, (2S,4R)-4-fluoroproline; HPX, hemopexin-like; mep, (2S,4R)-4-

methylproline; MMP, matrix metalloproteinase; MSS, musculoskeletal syndrome;

PDAC, pancreatic ductal adenocarcinoma; scFv, single chain variable fragment;

THP, triple-helical peptide; THPI, triple-helical peptide inhibitor; TIMP, tissue

inhibitor of metalloproteinase; UC, ulcerative colitis; VEGF, vascular endothelial

growth factor.

Recent advances in the development of selective MMP inhibitors
have included unique modes of action for inhibiting MMPs
implicated in angiogenesis (MMP-2, MMP-9, and MT1-MMP).

MMP-2/MMP-9 INHIBITORS

Mechanism-based inhibitors selective for MMP-2 and MMP-
9 were developed based on the thiirane moiety (Figure 2A)
(28). Although it was initially proposed that the thiirane
would be activated via coordination with the active site Zn2+,
allowing for covalent modification by an active site nucleophile
(28), subsequent studies revealed a mechanism by which
deprotonation at the methylene adjacent to the sulfone occurred,
initiating ring opening of the thiirane and formation of a stable
Zn2+-thiolate complex (31). The thiirane-based inhibitor SB-
3CT (Figure 2A) exhibited antiangiogenic and antimetastatic
behaviors (32, 33). In vivo, SB-3CT was found to be metabolized
by several routes, including p-hydroxylation, hydroxylation
at the methylene adjacent to the sulfone leading to sulfinic
acid formation, and glutathione-based Cys conjugation of the
thiirane ring (34). α-Methyl variants of SB-3CT had improved
metabolic profiles, as only oxidation of the thiirane sulfur was
observed (35). Unfortunately, SB-3CT was poorly water soluble.
Thiirane-based inhibitors with improved water solubility were
subsequently developed (36). ND-322 (which was selective for
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FIGURE 2 | Structures of MMP small molecule inhibitors (A) thiiranes (where n = 1 for SB-3CT), (B) N-[4-(difluoromethoxy)phenyl]-2-[(4-oxo-6-propyl-1

H-pyrimidin-2-yl)sulfanyl]-acetamide, (C) N-(4-fluorophenyl)-4-(4-oxo-3,4,5,6,7,8-hexahydroquinazolin-2-ylthio)butanamide, (D) JNJ0966 [N-(2-((2-methoxyphenyl)

amino)-4′-methyl-[4,5′-bithiazol]-2′-yl)acetamide], and (E) NSC405020 [3,4-dichloro-N-(1-methylbutyl)benzamide], and (bottom) MMP inhibitory antibodies (IgG) and

antibody fragments. Illustrations reprinted with permission from Brown et al. (28), Alford et al. (29), and Santamaria and de Groot (30). Copyright 2000 and 2017

American Chemical Society and 2018 John Wiley and Sons.

MMP-2 and MT1-MMP) was found to have antimetastatic
activity (37), while the O-phosphate prodrug form of SB-3CT
crossed the blood-brain barrier (38).

Targeting antibodies (Abs) (Figure 2, bottom) directly to the
Zn2+ complex in the MMP active site (designated metallobodies)
could have superior properties over classical Abs by mimicking
the molecular recognition offered by the endogenous inhibitors
of MMPs, tissue inhibitor of metalloproteinases (TIMPs),
while providing better selectivity (39). Mice were immunized
with synthetic organic ligands bound to a metal ion (Zinc-
Tripod), which mimicked the MMP catalytic Zn2+ complex.
This was followed by immunization with the full-length
MMP. The immunization procedure yielded function blocking
metallobodies (SDS3 and SDS4) directed at the catalytic
Zn2+ and enzyme surface epitopes in activated MMP-9 (39).
Metallobodies SDS3 and SDS4 bound and inhibited MMP-9 with
KD = 200 and 20 nM, respectively, and Ki = 1µM and 54 nM,
respectively. SDS3 and SDS4 also effectively inhibited MMP-2,
but had no inhibitory activity toward MMP-1, MMP-7, MMP-12,

or ADAM17, andmore than an order of magnitude lower activity
toward MT1-MMP. SDS3 was shown, in both prophylactic and
therapeutic applications, to protect mice from dextran sodium
sulfate-induced colitis (39).

In general, metalloproteinases use the nucleophilic attack of a
water molecule as one of the steps of amide bond hydrolysis (40).
Water addition to the amide carbonyl results in a tetrahedral
transition state. Phosphinic peptides [9{PO2H-CH2}] are
analogs of this transition state and behave as inhibitors of
MMPs (41). Phosphinate triple-helical (collagen mimic) MMP
inhibitors allow incorporation of specificity elements for both
the S and S’ subsites of the enzyme. Although binding to
the non-primed region of the active site is generally weaker
than the primed site to prevent product inhibition (40), it
does add sequence diversity and potential selectivity. Triple-
helical structure allows for interaction with both the active
site and secondary binding sites (exosites) of collagenolytic
MMPs (42–44), which include MMP-2, MMP-9, and
MT1-MMP (45).
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Our laboratory produced a series of triple-helical
peptide inhibitors (THPIs) based on Gly9{PO2H-CH2}Leu,
Gly9{PO2H-CH2}Val, and Gly9{PO2H-CH2}Ile transition
state analogs (42, 46–51). The α1(V)Gly9{PO2H-CH2}Val THPI
[C6-(Gly-Pro-Hyp)4-Gly-Pro-Pro-Gly9{PO2H-CH2}(R,S)Val-
Val-Gly-Glu-Gln-Gly-Glu-Gln-Gly-Pro-Pro-(Gly-Pro-Hyp)4-
NH2], based on the cleavage site in type V collagen by
MMP-9 (52), was a selective inhibitor for MMP-2 and
MMP-9 (46). The thermal stability of the α1(V)Gly9{PO2H-
CH2}Val THPI was greatly reduced compared to the parent
substrate (46, 53). We synthesized a stabilized version
of the α1(V)Gly9{PO2H-CH2}Val THPI, designated
α1(V)Gly9{PO2H-CH2}Val [mep14,32,Flp15,33] THPI,
where mep was (2S,4R)-4-methylproline and Flp was
(2S,4R)-4-fluoroproline (51). α1(V)Gly9{PO2H-CH2}Val
[mep14,32,Flp15,33] THPI had a melting point (Tm value)
18 ◦C higher than α1(V)Gly9{PO2H-CH2}Val THPI (51).
α1(V)Gly9{PO2H-CH2}Val [mep14,32,Flp15,33] THPI exhibited
Ki values against MMP-2 and MMP-9 of 189.1 and 90.6 nM,
respectively, at 25◦C, and 2.24 and 0.98 nM, respectively, at
37◦C (51).

Triple-helical peptides (THPs) have been found to be
reasonably stable to general proteolysis, as observed in vitro
in mouse, rat, and human serum and/or plasma and in
vivo in rats (54–58). The stability of THPs has allowed for
their administration orally (59). The α1(V)Gly9{PO2H-CH2}Val
[mep14,32,Flp15,33] THPI was effective in vivo in a mouse
model of multiple sclerosis, reducing clinical severity and
weight loss (51).

MMP-2 SELECTIVE INHIBITORS

Chlorotoxin (ClTx) is 36-residue peptide isolated from the
venom of the Israeli Yellow scorpion Leiurus quinquestriatus
(60). ClTx preferentially binds neuroectodermal tumors and
exhibits antiangiogenic and anti-invasion activity (61–65). ClTx
selectively inhibits MMP-2 in a dose-dependent manner (KD ∼

115 nM) (62). The ClTx interaction with a membrane complex
of chloride channel-3 (ClC-3) and MMP-2 (66) has been used
to create numerous cancer imaging agents (63, 65, 67–69). ClTx
can pass through the blood-brain barrier (65), and has yielded
promising preclinical and clinical results in the treatment of
glioblastoma (64, 68).

MMP-9 SELECTIVE INHIBITORS

Mouse mAb REGA-3G12, a selective inhibitor of MMP-9, was
prepared using MMP-9 as antigen (70). REGA-3G12 recognized
the MMP-9 Trp116 to Lys214 region, located in the CAT domain
but not part of the Zn2+ binding site (71). REGA-3G12 bound
to MMP-9 with KD = 2.1 nM (70). REGA-3G12 prevented
interleukin-8-induced mobilization of hematopoietic progenitor
cells in rhesus monkeys (72). A single chain variable fragment
(scFv) (Figure 2, bottom) derived from REGA-3G12 selectively
inhibited MMP-9 compared to MMP-2 (73). Gelatin hydrolysis
was inhibited 44% at a scFv concentration of 5 µM (73).

Two monoclonal anti-MMP-9 antibodies, AB0041 and
AB0046, were shown to inhibit tumor growth and metastasis in
a surgical orthotopic xenograft model of colorectal carcinoma
(74). AB0046 improved immune responses to tumors, as
the inhibition of MMP-9 reversed MMP-9 inactivation of T-
cell chemoattractant CXCR3 ligands (CXCL9, CXCL10, and
CXCL11) (75). A humanized version of AB0041, GS-5745
(Andecaliximab), was generated for use in clinical trials (74). GS-
5745 was found to bind to MMP-9 near the junction between
the pro-domain and CAT domain, distal to the active site, and
(a) inhibited proMMP-9 activation and (b) non-competitively
inhibited MMP-9 activity (76). GS-5745 bound to MMP-9 with
∼150-400-fold weaker affinity compared with proMMP-9 (KD

= 2.0–6.6 vs. 0.008–0.043 nM) (76). GS-5745/Andecaliximab
has been evaluated under several clinical trials. A randomized
placebo controlled phase 1b single and multiple ascending dose-
ranging clinical trial on 72 patients diagnosed with moderately to
severely active ulcerative colitis (UC) showed that GS-5745 was
safe, well-tolerated, and could be used as a potential therapeutic
agent for UC (77). A phase 2/3 UC study with 165 patients treated
over 8 weeks further indicated that GS-5745 was well-tolerated
(78). A phase 1b trial investigating the safety, pharmacokinetics,
and disease-related outcomes for 15 rheumatoid arthritis patients
(ClinicalTrials.gov Identifier NCT02176876) demonstrated that
GS-5745 was safe, with adverse events that were only grade 1 or 2
in severity and no indication of MSS (79).

Several non-active site small molecule MMP-9 inhibitors
have been described. N-[4-(difluoromethoxy)phenyl]-2-
[(4-oxo-6-propyl-1H-pyrimidin-2-yl)sulfanyl]-acetamide
(Figure 2B) bound selectively to the MMP-9 HPX domain
with KD = 2.1µM and inhibited tumor growth and lung
metastasis in MDA-MB-435 mouse models (80). Based on
this lead compound a library of analogs was generated, and
N-(4-fluorophenyl)-4-(4-oxo-3,4,5,6,7,8-hexahydroquinazolin-
2-ylthio)butanamide (Figure 2C) emerged as a more potent
inhibitor (KD = 320 nM) (29). This compound prevented
association of proMMP-9 with the α4β1 integrin and CD44,
resulting in the dissociation of epidermal growth factor receptor
(EGFR) from the β1 integrin subunit and CD44 (29). High-
throughput screening led to the identification of compound
JNJ0966 [N-(2-((2-methoxyphenyl)amino)-4′-methyl-[4,5′-
bithiazol]-2′-yl)acetamide] (Figure 2D), which bound selectively
to proMMP-9 with KD = 5.0µM (81). JNJ0966 inhibited the
activation of proMMP-9 and the migration of HT1080 cells, and
was able to penetrate the blood-brain barrier (81).

MT1-MMP SELECTIVE INHIBITORS

Several selective MT1-MMP inhibitory antibodies and antibody
fragments have been described (27, 30, 82–84). Screening a
human Fab display phage library resulted in the development
of DX-2400, a selective, fully human MT1-MMP inhibitory
antibody (Ki = 0.8 nM) (27, 85). DX-2400 was a competitive
inhibitor of MT1-MMP (85). DX-2400 inhibited tumor MT1-
MMP activity, resulting in the inhibition of MDA-MB-231
primary tumor growth but notMCF-7 tumor growth in xenograft
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mouse models (85). DX-2400 also inhibited metastasis (85), and
enhanced tumor response to radiation therapy (86).

Recombinant human scFv antibodies (Figure 2, bottom) were
generated against the MT1-MMP HPX domain (87). Two scFv
antibodies, CHA and CHL (KD = 10.7 and 169 nM, respectively),
were found to have differing activities. CHL inhibitedMT1-MMP
binding to collagen, while CHA had the opposite effect, yet both
scFv antibodies inhibited HT1080 invasion of type I collagen.
CHA inhibited CD44 shedding and endothelial cell sprouting
from endothelial cell/fibroblast co-cultures in type I collagen,
while CHL had no effect on either activity (87).

Monoclonal antibody (mAb) 9E8 (KD = 0.6 nM) inhibited
MT1-MMP activation of proMMP-2, but not other MT1-MMP
catalytic activities (88). mAb 9E8 bound to the Pro163 to Gln174
loop in the MT1-MMP CAT domain (89). This loop region
is present in the CAT domain of MT1-MT6-MMPs, but is
not found in all other MMPs. mAb 9E8 prevented formation
of the MT1-MMP•TIMP-2•proMMP-2 complex required for
proMMP-2 activation by interfering with TIMP-2 binding (89).
Another antibody raised against the loop region, LOOPAb, also
inhibited MT1-MMP activation of proMMP-2, but not MT1-
MMP collagenolysis (90).

The LEM-2/15 antibody was generated using a cyclic peptide
mimicking the MT1-MMP CAT domain V-B loop (residues
218-233) (91). A minimized Fab fragment (Figure 2, bottom)
of LEM-2/15 was designed, and possessed a reasonable binding
affinity compared to the intact antibody (KD = 2.3 vs. 0.4 nM,
respectively) (92). The Fab fragment was a non-competitive
inhibitor of MT1-MMP activities, including collagenolysis (92).
The Fab fragment of LEM-2/15 induced a conformational change
in MT1-MMP by destabilizing the exposed region of the V-B
loop, ultimately narrowing the substrate binding cleft (30, 84,
92). Treatment with the Fab fragment of LEM-2/15 significantly
increased the ability of virally infected mice to fight off secondary
Strep. pneumoniae bacterial infection (93). Treatment with the
Fab fragment of LEM-2/15, before or after infection, helped to
maintain tissue integrity (93).

Human scFv-Fc (Figure 2, bottom) antibody E3 bound to the
MT1-MMP CAT domain and inhibited type I collagen binding
(94). A second generation E3 clone (E2_C6, KD = 0.11 nM)
inhibited tumor growth and metastasis (94).

Human antibody Fab libraries were synthesized where
the Peptide G sequence (Phe-Ser-Ile-Ala-His-Glu) (95) was
incorporated into complementarity determining region (CDR)-
H3 (96). Fab 1F8 exhibited EC50 = 8.3 nM against theMT1-MMP
CAT domain, and inhibited MT1-MMP CAT domain activity
with Ki = 110 nM (96).

Screening of a phage displayed synthetic humanized Fab
library led to the identification of Fab 3369 (97). Fab 3369
inhibited the activity of the MT1-MMP CAT domain with IC50

= 62 nM (97). IgG 3369 treatment of MDA-MB-231 mammary
orthotopic xenograft mice reduced lung metastases, collagen
processing, and tumor density of CD31+ blood vessels (97).

It has been noted that antibody antigen binding sites are not
complimentary to the concave shape of catalytic clefts, as antigen
binding sites are planar or concave (84). To overcome this, the
convex-shaped paratope of camelid antibodies was incorporated

into the human antibody scaffold (98). Fab 3A2 bound selectively
to MT1-MMP CAT domain outside of the active site cavity
with KD = 4.8 nM, and was a competitive inhibitor with Ki =

9.7 nM (98, 99). Fab 3A2 inhibitedMT1-MMP collagenolysis and
reduced metastasis in a melanoma mouse model (99).

Virtual ligand screening of the NCI/NIH Developmental
Therapeutics Program ∼275,000 compound library resulted in
the identification of compound NSC405020 [3,4-dichloro-N-(1-
methylbutyl)benzamide] (Figure 2E), a small molecule MT1-
MMP HPX domain inhibitor (100). NSC405020 inhibited MT1-
MMP homodimerization but not proMMP-2 activation or
catalytic activity toward a peptide substrate. NSC405020 reduced
the collagenolytic activity of MCF7-β3/MT1-MMP cells and was
effective in vivo, as intratumoral injections reduced tumor size
significantly (100).

CRITICAL OVERVIEW

Tumor growth is limited without the ability of the tumor to create
its own blood supply (101). The use of antiangiogenic therapeutic
agents is viewed as beneficial due to (a) the prevention of new
blood vessel formation and/or (b) the normalization of tumor-
associated vasculature (102). Normalizing the tumor-associated
vasculature can enhance the penetration of therapeutic agents
(102, 103). Clinically utilized antiangiogenic agents typically
target VEGF or the VEGF receptor (VEGFR), or are multikinase
inhibitors (102). Significant improvement in overall survival
and prolonged progression-free survival was observed when
angiogenesis inhibitors were applied in gastric cancer (104).
Anti-VEGFR-2 and multikinase inhibitor treatments were more
efficacious than anti-VEGF treatment (104). This was suggested
to be due to blocking only VEGF-A in the latter treatment
(104). Thus, angiogenesis targeting via MMP inhibition could be
very efficacious based on the potential broader impact than just
VEGF-A inhibition (as discussed in the Introduction). The ability
of the combination of angiogenesis inhibition and chemotherapy
to prolong progression-free survival in patients with gastric
cancer was dependent upon the antiangiogenic agent used (104).

Antiangiogenic therapies can have serious side effects, such
as bleeding, venous or arterial thromboembolisms, proteinuria,
and hypertension, and can also increase drug resistance, cancer
invasion, and metastasis (102, 104–106). An obvious concern is
that antiangiogenic approaches can negatively impact capillaries
and blood flow in healthy tissues (104). Additionally, targeting
VEGF can lead to upregulation of other pro-angiogenic factors
(107, 108). All in all, side effects from the use of angiogenesis
inhibitors are often viewed as manageable (104, 105, 109).

Unique modes of action have been used to develop antibody-
based, triple-helical peptide, and small molecule inhibitors of
MMPs implicated in angiogenesis. The selective, small molecule
MMP-9 and MT1-MMP inhibitors do not yet have preferred
affinities, but represent a promising start based on their novel
mechanisms of inhibition. Clinical trials utilizing antibodies
have provided evidence that selective MMP inhibitors do not
induce MSS. Unfortunately, antibodies are subject to proteolysis,
may be removed from circulation rapidly, and are costly.
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Nonetheless, antibodies have provided truly selective, high
affinity MMP inhibitors. Selective, high affinity inhibitors can
be developed for MMPs based on triple-helical structure. THPIs
have excellent pharmacokinetic properties compared with other
peptide-based therapeutics. The mechanistically non-traditional
MMP inhibitors offer treatment strategies for tumor angiogenesis
that avoid the off-target toxicities and lack of specificity that
plagued Zn2+-chelating inhibitors.

One must consider that when applied as antiangiogenic
agents, MMP inhibitors may have the undesired effect of (a)
limiting turnover of already existing tumor vessels and (b)
disrupting vascular homoeostatis, where normal vessel turnover
and other related activities are needed. This would be dependent
upon which MMP was targeted. For example, MT1-MMP has
been shown to contribute to both angiogenesis and vascular
regression in an aortic ring model (110). Inhibition of MT1-
MMP catalytic activity following the vessel growth phase resulted
in reduced vascular regression due to inhibition of collagenolysis
(110). Vessels are destabilized by MT1-MMP shedding of Tie-
2 from endothelial cells (111), and thus enzyme inhibition
could stabilize tumor vessels (103). In similar fashion, TIMP-
2 and TIMP-3 were found to stabilize newly formed vascular
networks by (a) inhibiting regression and (b) preventing further
endothelial cell tube morphogenesis (112). The action of TIMP-
2 and TIMP-3 was correlated to MT1-MMP activity, and thus
inhibition of MT1-MMP could stabilize vascular networks (112).
Deletion of MT1-MMP or inhibition of MT1-MMP activity
resulted in increased vascular leakage (103). In this latter
case, MT1-MMP was proposed to modulate TGFβ availability,
with decreased TGFβ levels impacting vascular homoeostatsis
(103). MT1-MMP shedding of endoglin (CD105) results in the
release of sEndoglin, which inhibits angiogenesis (113). MMP-
9 contributes to edema prevention, which is a component
of vascular homoeostasis (103). MMP-2 cleavage of ECM
biomolecules leads to disruption of endothelial cell β1 integrin
binding and subsequent signaling (114, 115). In turn, disruption
of signaling leads to a decrease in MT1-MMP production (114).

Another consideration for MMP inhibition is the effect on
the production of antiangiogenic agents, such as angiostatin
(from plasminogen), endostatin (from type XVIII collagen),
arresten (from the α1(IV) collagen chain), canstatin (from

the α2(IV) collagen chain), and tumstatin (from the α3(IV)
collagen chain). MMP-9 is capable of generating angiostatin
(116, 117), endostatin (118, 119), arresten (120), canstatin (120),
and tumstatin (120, 121). However, the redundancy of proteases
capable of generating these agents (116, 118, 120) suggests that
inhibiting one (such as MMP-9) may have little effect on these
particular antiangiogenic activities.

While selective MMP inhibitors are greatly needed, often
overlooked is that the timing of MMP inhibitor application
is also critical (see above). Application of a broad spectrum
MMP inhibitor (marimostat) in combination with gemcitabine
significantly improved survival in pancreatic cancer patients with
disease confined to the pancreas (122). Presurgical treatment with
an oral MMP inhibitor improved survival from 67 to 92% in a
mouse breast cancer model (123). As discussed earlier, MMP-9 is
a key contributor to the angiogenic switch during carcinogenesis
of pancreatic islets (5). However, MMP-9 deficiency in pancreatic
ductal adenocarcinoma (PDAC) mouse models resulted in more
invasive tumors and an increase in desmoplastic stroma (124).
The absence of MMP-9 led to increased interleukin 6 levels in the
bone marrow, which activated tumor cell STAT3 signaling and
promoted PDAC invasion and metastasis (124). Thus, MMP-9
represents an anti-target in the later stage of pancreatic cancer.
The “window of opportunity” for MMP inhibitor application is
often in premetastatic disease (125).
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Most cancer peptide vaccinations tested so far are capable of eliciting a strong immune

response, but demonstrate poor clinical benefits. Since peptide vaccination is safe and

well-tolerated, and several indications suggest that it has clear potential advantages over

other modalities of treatment, it is important to investigate the reasons for these clinical

failures. In this review, the current state of the art in targeting angiogenic proteins via

peptide vaccines is presented, and the underlying reasons for both the successes and the

failures are analyzed. The review highlights a number of areas critical for future success,

including choice of target antigens, types of peptides used, delivery methods and use of

proper adjuvants, and suggests ways to achieve better clinical results in the future.

Keywords: angiogenesis, peptide vaccines, adjuvant, cancer, VEGF, EMMPRIN

INTRODUCTION—WHY TARGET ANGIOGENESIS?

The unprecedented success of checkpoint inhibitors in the therapy of solid tumors has ignited
renewed interest in immunotherapy as a strategy to eradicate tumor cells and prevent metastasis.
However, even recent interventions such as the checkpoint inhibitors anti-CTLA4 and anti-PD-
1 that “release the brakes” and mobilize effector T cells into the tumors so they can eradicate
tumor cells, show limited clinical success, with only about 20–40% of the patients responding to
checkpoint inhibitors as monotherapy (1). Patients treated with monoclonal antibodies that attack
tumor antigens and patients treated with tyrosine kinase inhibitors (TKIs) that inhibit receptor
signaling pathways, are still experiencing tumor recurrence and progression, and suffer from high
mortality rates (2). Therefore, the search for an adjuvant therapy that improves survival rates is
expanding, with targets other than tumor cell proteins being considered.

Tumor cells depend on angiogenesis, the process of generating new capillaries from pre-
existing blood vessels, to supply them with oxygen and nutrients, remove waste products, and
support tumor survival, progression, invasion and metastasis. Therefore, it has been suggested to
target proteins that mediate this process. In normal physiological conditions, angiogenesis occurs
during development, menstrual cycle, or wound healing, and depends on the balance between
pro- and anti-angiogenic factors. However, when this balance is disrupted and pro-angiogenic
factors begin to accumulate, an “angiogenic switch” occurs to initiate pathological angiogenesis,
associated with many types of chronic inflammatory diseases, including cancer (3). This causes the
activation, proliferation and migration of endothelial cells (ECs) through the basement membrane
and extracellular matrix (ECM), using matrix metalloproteinases (MMPs) to degrade them. The
migrated ECs then spatially reorganize to form tube-like structures that maymature into functional
vessels. In cancer, these vessels are typically leaky due to increased permeability and lack of sufficient
stabilization and maturation via attachment of pericytes (3), and are usually more complex, dilated,
tortuous, and in a state of chronic inflammation (3, 4).
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Targeting angiogenesis and EC mobility as an anti-tumor
strategy, as was first suggested by Judah Folkman (5), may
offer additional benefits. First, ECs play an important role in
establishing the immunosuppressive tumor microenvironment
(TME). The heterogeneous vessel density produces irregular
blood flow that generates hypoxia in some regions, which is the
driving force of the angiogenic switch and tumor cell metabolism
via activation of the transcription factor hypoxia-induced factor-
α (HIF-1α) (3, 6–9). Thus, targeting ECs may indirectly
affect tumor metabolism. Second, the chronic production of
angiogenic factors suppresses adhesion molecules (e.g., ICAM-
1, E-selectin, CD34), thus making the infiltration and adhesion
of T cells into the tumor more difficult, increasing immune
suppression (10, 11). Third, tumor ECs may also actively assist
in the killing of Fas-expressing effector T cells, but not T
regulatory cells (Tregs), by expressing Fas ligand (FasL) (12).
Fourth, tumor cells utilize several strategies to escape immune
recognition, including the alteration or loss of MHC/HLA class
I molecules, leading to the inability of CD8+ cytotoxic T cells
(CTLs) to attack them (13). As ECs are genetically stable,
they express class I molecules, present angiogenic targets, and
allow CTLs to attack them thus causing vasculature damage
(14). Thus, attacking the tumor vasculature indirectly leads to
tumor cell death, as the latter are deprived of their oxygen
and nutrients.

The most potent pro-angiogenic factor is vascular endothelial
growth factor (VEGF), and VEGF itself or its signaling
pathway have been targeted by monoclonal antibodies or their
fragments (e.g., bevacizumab/Avastin, Ranibizumab/Lucentis),
soluble receptors (e.g., ziv-aflibercep/Zaltrap, ramucirumab)
and small molecules receptor TKIs (e.g., sorafenib, sunitinib,
and others). However, these agents were proven insufficient,
as their effect was transitory and moderate, they exhibited
off-target toxicities and reduced delivery of chemotherapeutic
agents (15–17). More importantly, upon withdrawal of treatment
tumors demonstrated a more aggressive phenotype of enhanced
growth, invasion and metastasis, known as the “rebound
effect” (18, 19), probably because of compensatory pathways
activated by other VEGF family members, pro-angiogenic factors
and cytokines (4, 20). Alternatively, other, more immediate
mechanisms may compensate for reduced angiogenesis, such as
vessel cooption, vessel intussusception, or vasculogenic mimicry
to sustain tumor blood flow and bypass the effect of the
angiogenesis inhibitors (4, 20). Thus, a different approach to
the targeting of angiogenesis that yields long-lasting effects
is needed.

Several vaccination strategies and delivery systems have
already been tried, including recombinant proteins, fusion
proteins, DNA vaccines, pulsed dendritic cells and whole
endothelial cell vaccines (11). However, in this review I
focus only on the progress made in peptide vaccination
that elicits an immune response against angiogenic targets,
and I do not discuss other forms of vaccination or other
mechanisms of action used by peptides (e.g., inhibition,
competition), which have already been addressed by other
reviews (20–23).

PRINCIPLES OF PEPTIDE VACCINATION

Tumor cells are in constant interaction with immune cells,
especially macrophages, as explained by the concept of
immunoediting (24). The contributions of immune cells to the
killing of tumors in early stages, to the shaping of the tumor
during the equilibrium stage, and to the support of tumor
growth in later stages [by secreting immunosuppressive and
pro-angiogenic factors to the tumor microenvironment (TME)],
suggests an intricate relationship between the cell types. However,
although suppressed, the potential to recognize and eliminate
tumor cells inherently exists even in late stages of tumor escape,
as suggested by the presence of autoantibodies found in many
cancer patients (25), and by the release of pre-existing CTLs from
immune suppression by checkpoint inhibitors (26). Thus, the
goal of any form of immunotherapy is to restore the ability of
adaptive immune effector cells to attack and eradicate the tumor.

Most current immunotherapeutic approaches rely on passive
immunization by introducing monoclonal antibodies directed
against tumor antigens or against checkpoint co-inhibitory
molecules. The advantages of monoclonal antibodies are their
high specificity and affinity to tumor antigens, thus avoiding off-
target toxicity. However, antibodies are very costly to develop and
to produce, and they must be provided in repeated injections
of high doses. In addition to the rebound effect known to arise
especially in antibodies and TKIs directed against angiogenic
targets (15), antibodies might also lose their effectiveness over
time, as anti-drug antibody (ADA) response develops against
the antigen-binding site of the therapeutic antibody and confers
resistance to treatment (27, 28).

In contrast, peptide vaccination depends on active vaccination
that elicits a strong immune response with memory, which
may be critical to prevent tumor recurrence. This strategy is
generally considered a simpler approach, with high specificity,
reduced costs, easy synthesis, which is safe and well-tolerated,
as detailed below. Nonetheless, despite their ability to elicit a
strong immune response, cancer peptide vaccines have so far
yielded only limited clinical benefits. This is mostly explained
by central and peripheral tolerance mechanisms, which limit
the T cell repertoire able to recognize self-antigens only to low-
affinity T cells, and by the immunosuppressive TME (29, 30).
Additional strategies that the tumor may employ to escape
immune recognition, such as reduced MHC class I expression
(30, 31) or loss of IFNAR expression (32), may also take a part in
this general failure to use cancer peptide vaccination effectively.

Choice of Antigens
The choice of the target antigen is critical to the success of
the vaccination. Ideally, the target should be highly expressed
only on tumor cells, to ensure that even low-affinity effector
T and B cells could recognize it and mount an effective
immune response. Tumor antigens are classified as tumor-
specific antigens (TSAs) and tumor-associated antigens (TAAs).
Viral antigens are a class of TSAs unique to tumors that
originate from viral transformation, such as in the case of
HPV or EBV. However, most tumors arise due to genetic
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instability, and different mutations (translocations, frame-shift
mutations or point mutations) may generate a new protein,
a truncated protein, or expose a previously hidden (crypt)
epitope that are different from the normal self-protein. Therefore,
such mutations that generate neoantigens could potentially be
recognized by the immune system. A correlation was found
between high tumor mutation load and anti-tumoral response,
positive clinical response, survival, and response to checkpoint
inhibitors therapy, which strengthens this premise (33). The
idea to elicit an immune response against neoantigens is a
promising “personalized medicine” approach, but its clinical
translation may be challenging and require a multistep process
(22). This process includes mapping the tumor exome, assessing
the immunogenicity of specific mutations in silico, selecting
peptide(s) that are predicted to match to the patients HLA class
I and II molecules, synthesizing the selected peptide(s) under
Good Manufacturing Practice (GMP) conditions and injecting
them to the patient (34). Thus, tailoring the vaccine to each
patient may increase the response rates, but this approach is time
consuming, labor-intensive and still costly.

In contrast to TSAs, TAAs are self-antigens that are aberrantly
overexpressed on cancer cells but physiologically expressed on
some normal cells. For example, cancer-testis (CT) antigens are
expressed on male gametes, silenced in normal adult tissues and
reactivated in tumor cells (e.g., MAGE-A, NY-ESO-1, and SSX-
2). Differentiation antigens are specific to a cell lineage or a tissue
(e.g., Melan-A/MART-1, gp100, tyrosinase). If overexpressed in
the tumor, these antigens may become immunogenic when their
expression exceeds the threshold required for TCR recognition
and CD4+ T helper activation. Antibodies directed against
TAAs found in the serum of cancer patients suggest that such
recognition occurs, even without treatment (25). Most peptide
vaccination approaches to date were designed to target TAAs
such as the CT antigen 1B (CTAG1B), MAGE family member
3 (MAGE-3), TTK protein kinase (TTK), Wilms tumor 1
(WT1), survivin (BIRC5), EGFR, erb2/Her2, indoleamine 2,3-
dioxygenase (IDO1), and others (30). However, such antigens are
not necessarily critical for tumor survival, andmay be suppressed
when attacked.

Another approach would be that of targeting proteins that
regulate angiogenesis or regulate the interactions between stroma
and tumor cells that promote pathological angiogenesis. This
may provide universal targets to indirectly attack tumor cells,
especially in combination with other treatment modalities, and
reduce vaccination costs (22).

Types of Peptides Used for Vaccination
Two types of peptides are typically used for peptide vaccination.
Short peptides (<15 amino acids long, usually 9–10 amino acids)
have a short half-life and are rapidly degraded in the serum. These
peptides can be loaded onto the HLA class I groove from the
outside of the nucleated cell, even without prior processing in
professional antigen presenting cells (APCs). This may lead to
tolerance or to a short-term induction of CD8+ T cells, without
parallel induction of CD4+ T cells and without induction of
memory (35, 36). Therefore, they are often conjugated to a
carrier protein, to allow uptake and processing by APCs and

to elicit an effective immune response. In contrast, synthetic
long peptides (SLPs) (>20 amino acids), are more stable and
immunogenic. Since they are efficiently taken-up and processed
by dendritic cells (DCs), they can present the epitope in the
context of both class I and class II molecules, resulting in a strong,
long-lasting, and balanced anti-tumoral immune response that
involves CD4+ T cells, CD8+ T cells and antibody production by
B cells (35, 36). Some studies use the multiple epitope approach,
where several epitope peptides are mixed and injected together,
or where a single long peptide that contains several epitopes
is injected. Targeting several epitopes derived from different
antigens simultaneously may circumvent the ability of the tumor
cell to evade immune recognition by losing an antigen.

The magnitude and strength of the immune response depends
on the interaction of the peptide with the presenting MHC/HLA
molecule, and even small changes in the peptide sequence may
affect this interaction. Therefore, several modifications of the
peptide sequence were investigated. Some studies substituted
a single amino acid in the peptide sequence to better anchor
the peptide to the MHC groove and enhance the T cell
response (35, 37). Other modified peptides, called mimotopes
or altered peptide ligands (APL), mimic the spatial structure of
the presented epitope, and not necessarily its sequence. However,
although mimotopes/APL elicited a better expansion of T cells
than the unchanged peptide, these T cells did not efficiently cross-
react with the native antigen or presented a reduced affinity
relative to the native epitope (37), requiring additional boost
vaccination with the native tumor antigen to improve anti-tumor
immunity (38). Yet, although this approach increased the ex vivo
CD8+ T cells responses in melanoma patients, it did not extend
the patients’ overall survival (39). This could be due to the
limited number of MHC-peptide complexes exhibited by tumor
cells and the lack of expression of co-stimulatory molecules
(37). Multiple antigenic peptide (MAP) represents a different
approach to peptide modification. Here, the peptide epitope is
conjugated four or eight times onto a core of lysine residues,
generating a branched peptide tree with a molecular weight of
a small protein (40). This structure endows the peptide with high
stability (41, 42) and increases its immunogenicity due to the
increased concentrations of the repeated peptide sequence and
the changes in the three-dimensional structure (43).

Peptide Delivery and the Role of Adjuvants
Peptides can be delivered by direct subcutaneous injections in
the presence of an adjuvant, or by re-infusing DCs that have
first been isolated from peripheral blood, matured and expanded
ex vivo, and then pulsed with the peptide. Both approaches yield
comparable results in terms of eliciting immune responses and
clinical responses (44). Novel delivery systems that were used to
enhance the efficiency of vaccination include liposomes, virus-
like particles that do not include the viral genome, and caged
proteins nanoparticles that are self-assembled protein structures,
that can be delivered with or without adjuvants (45). The different
forms of nanoparticles show improved uptake by DCs, and may
enhance antigen presentation on these cells (46).

Adjuvants are necessary to protect peptides from fast
degradation, to prolong the release of the peptide (the depot
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effect) and therefore the duration of the immune response, and
to recruit and stimulate APCs to process and present the peptides
to B and T cells (47). The most used adjuvant for human subjects
in pathogen vaccination are aluminum salts (Alum), but as these
promote Th2 responses, they are not compatible with cancer
vaccines (47). Thus, in human cancer patients, the most used
adjuvant is Incomplete Freund’s adjuvant (IFA) or Montanide
ISA-51, water-in-oil emulsions of the antigen that form a depot
that slowly releases the antigen. However, in some cases, the
slow release of short peptide vaccines promotes secretion of pro-
inflammatory cytokines (e.g., IFNγ), which in turn, enhance Fas
ligand (FasL) expression on tissue cells and T cell apoptosis,
exhaustion and reduced memory formation (48). This leads to
persistence of T cells in the vaccination site, inhibiting their
movement to the tumor, and therefore, sufficient anti-tumoral
responses are not mediated (36, 49). Thus, the commonly used
adjuvants could be contributing to the limited clinical success
observed with peptide vaccination so far, despite the presence of
peptide-specific CD8+ T cells in the circulation.

Alternative adjuvants that could first recruit leukocytes to
the vaccination site, support T cell expansion and activation,
and promote their migration to the lymph nodes and tumor
site, could potentially include bacterial or synthetic TLR ligands,
cytokines and growth factors, or nanoparticles that deliver the
antigen (50, 51). Currently, TLR ligands, such as unmethylated
CpG motifs that activate TLR9, or polyI:C that binds to TLR3,
show improved immune responses to peptide vaccinations alone
or with Montanide ISA-51, increased Th1 polarization and
CTL responses (51). Inclusion in the adjuvant formulation of
cytokines, such as GM-CSF that enhances DCs and macrophage
proliferation, or IL-12 that enhances IFNγ production in T
cells and NK cells, improved immune responses to peptide
vaccination (51, 52). However, in most cases GM-CSF provided
only weak adjuvant properties (47), and since it can potentially
expand theMDSCs population and increase immunosuppression
in high doses, it is recommended to use it in in low and repeated
doses (51, 52).

ANGIOGENIC TARGETS FOR PEPTIDE

VACCINATION

As mentioned before, most cancer peptide vaccines used so far
were directed against TAAs, and only a few angiogenic proteins
were targeted. In contrast to neoantigens, these targets are shared
between many types of tumors, they are not subject to genetic
variations, and they are expressed on stroma cells, such as ECs.
VEGF and its receptors stand out as the main targets of this class
of proteins, but other potential targets were also tested, especially
in preclinical studies (summarized in Table 1).

Pre-clinical Studies
VEGF itself or its receptors can be obvious angiogenic targets.
In a pre-clinical study, Wentick et al. (10) used a 79 amino
acid long peptide that includes critical areas in the VEGF
molecule, including the typical cysteine-knot fold. This sequence
reconstitutes the complete conformation of the discontinuous

binding site of bevacizumab to VEGF165. Furthermore, to
prevent oxidative folding of the peptide, two cysteine residues
were substituted for alanine, thus modifying the peptide.
Vaccination with this peptide produced antibodies that were
cross-reactive with VEGF and comparable to bevacizumab, and
inhibited tumor growth in two mouse models (10). A similar
approach included engineering a conformational shorter peptide
of 23 amino acids that correctly mimics the VEGF binding site
to VEGFR2 and includes an insertion of two cysteine residues
to allow cyclization of the peptide. This peptide (VEGF-P3-
CYC) inhibited the proliferation, migration and tube formation,
as well as VEGFR2 phosphorylation in human umbilical vein
endothelial cell (HUVEC) in vitro, and when injected to
the transgenic VEGF+/−Neu2-5+/− mouse model, the peptide
significantly delayed tumor growth (60). In a follow-up study, the
authors vaccinated mice with a Her2 peptide, and after tumor
implantation, VEGF mimic peptides (the VEGF-P3-CYC and
the same sequence synthesized in reverse with D-amino acids-
RI-VEGF-P4-CYC) were weakly intravenously injected to the
tumor-bearing mice. The combination of these two peptides
resulted in a marked inhibition of tumor growth relative to
each single treatment or to the controls, as well as inhibition
of cell proliferation and reduction of microvascular density in
the tumors (61). However, in both studies, the VEGF mimic
peptides were injected to the tail vein in PBS and in the
absence of adjuvant. Thus, only their anti-angiogenic functions,
including inhibition of proliferation, VE-cadherin expression
and angiogenesis in an aortic ring assay were measured, whereas
the ability to elicit an immune response with both humoral and
cellular responses was not checked.

Another approach to target VEGF was demonstrated by
developing a VEGF mimotope that was identified by using a
phage display technology followed by screening the library with
bevacizumab/Avastin (62). Although the peptide sequence was
not identical to VEGF, it mimicked the spatial organization of
the epitope, suggesting that Avastin recognizes a discontinuous
conformational epitope on VEGF. The resulting 12 amino acid
peptide was conjugated to KLA and used to immunize mice who
developed high titer of VEGF-specific antibodies that blocked
VEGF binding to VEGFR2. The purified Ab inhibited the
proliferation of HUVEC cells, their ability to migrate and to form
tubes (62).

Kim et al. report on inhibition of VEGF using an antagonizing
branched dimeric peptide with two repetitions of the six amino
acids peptide sequence RRKRRR (RK6) synthesized as D-amino
acids (MAP2-dRK6). This modified MAP peptide had increased
stability to serum proteolysis and inhibited the binding of VEGF
to its receptors expressed on HUVECs, more than the L-amino
acid counterpart or the unmodified linear peptides. MAP2-dRK6
inhibited VEGF-induced, but not bFGF-induced, proliferation
and signaling in HUVECs, as well as their ability to form tube-
like structures in vitro. In a model of SW480 human colorectal
cancer cells implanted in nude mice, MAP2-dRK6 could inhibit
tumor growth by 65%, and reduce the microvessel density,
suggesting that it effectively blocked angiogenesis (53). However,
as MAP2-dRK6 was injected s.c. daily for 14 days without the
presence of adjuvant, and tumors were monitored for only 20
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TABLE 1 | Preclinical trials for pro-angiogenic peptide vaccines.

Antigen Type of peptide Cancer type Adjuvant used Timing Result References

VEGF Long peptide (79 aa), two cysteine

residues replace with alanine

Melanoma Raffinose fatty acid

sulfate ester

(RFASE)

Prophylactica

vaccination

Inhibition of tumor

growth by ∼50%

(10)

VEGF MAP2-dRK6 Colorectal None Therapeutic

vaccination

Inhibition of tumor

growth by ∼65%

(53)

VEGFR2 Epitope screening of 38 short

peptides (9–10 aa each)

A2/K2 transgenic mice implanted

with different mouse tumor cells

IFA Therapeutic

vaccination

Inhibition of tumor

growth by ∼5-fold

(14)

VEGFR1 Epitope screening of 40 short

peptides (9–10 aa each)

A2/K2 transgenic mice implanted

with different mouse tumor cells

IFA Therapeutic

vaccination

Inhibition of tumor

growth by ∼2-fold

(54)

Fibronectin, ED-A

fragment

Recombinant fusion peptide (<100

aa) conjugated to bacterial

thioredoxin

metastatic mammary

adenocarcinoma (MMTV-PyMT)

Montanide

ISA-720 with GpC

oligo

Therapeutic

vaccination

Inhibition of tumor

growth by ∼40%

(55)

Heparanase Octa-branched MAP with a 15 aa

peptide

Hepatocarcinoma (HCC-97H

cells)

CFA/IFA Therapeutic

passive

vaccination

Reduced tumor

volume by

∼3-fold; Reduced

pulmonary

metastasis by

10-fold

(56, 57)

FGF-2 Heparin binding domain of FGF-2 (44

aa peptide)

B16BL6 and experimental lung

metastasis models

Liposomes and

lipid A

Prophylactic

vaccination

Inhibition of 96%

of macroscopic

metastases

(58)

EMMPRIN/CD147 Octa-branched MAP with a 9 aa

peptide

A498 renal, CT26 colon and

TRAMP-C2 prostate carcinomas

CFA/IFA Prophylactic and

Therapeutic

vaccination

Inhibition of tumor

growth by 72%

and 94%.

(59)

aProphylactic, vaccination was carried out before injection of tumor cells; Therapeutic, vaccination was carried out after injection of tumor cells.

days, this study did not examine a possible activation of the
immune system.

In an attempt to identify the best peptide sequences to target in
humanVEGFR2 or VEGFR1, a library of peptides of 9–10 aa long
was synthesized according to their predicted binding affinities
to HLA-A0201 or HLA-A2402. Peptide-specific cytotoxic T cells
(CTLs) were identified by their ability to kill HLA-restricted
target cells that were pulsed with each peptide. Leading peptides
for each receptor matched to the specific HLA molecule were
also identified by the ability to drive cytotoxicity and IFNγ

production of peptide-pulsed target cells incubated with spleen
cells derived from peptide-vaccinated A2/k2 transgenic mice that
express HLA-A0201 (14, 54). Lastly, the selected HLA-A0201-
restricted peptides were used to vaccinate A2/Kb transgenic mice
implanted with several tumor cell lines (that do not express HLA
and are therefore not targeted themselves) to demonstrate in vivo
efficacy. Inhibition of tumor growth suggests that targeting
angiogenesis in vivo could be a feasible strategy (14, 54). These
experiments helped identify the VEGFR1-1084 and VEGFR2-169
peptides that were subsequently used in clinical trials.

FGF-2 (or bFGF) is a potent pro-angiogenic factor that
promotes ECs proliferation by binding either to the FGF receptor
or to heparin sulfate proteoglycan on the cell surface. Vaccinating
mice with an FGF-2-derived peptide (44 aa long) directed to
the heparin binding site domain, but not with a peptide (22 aa
long) directed to the receptor binding site domain, administered
in liposomes containing lipid A, resulted in generation of high
titer of FGF-2 specific antibodies. Moreover, the heparin domain
peptide inhibited neovascularization in an angiogenesis sponge

model, and reduced metastatic foci by 96% in the lungs of
vaccinated mice (58).

Fibronectin (FN) is a complex ECM protein that has many
isoforms due to alternative splicing. Interestingly, the specific
FN type III extracellular domains A and B (ED-A, ED-B) are
only expressed during vasculogenesis in the embryo and are
spliced out in adult normal tissue. However, they are expressed
again in high levels in tumors, especially near angiogenic
vasculature (55). Here, Femel et al. therapeutically vaccinated the
transgenic MMTV-PyMT mice model of metastatic mammary
adenocarcinoma with a construct consisting of the ED-A
fragment (<90 aa) conjugated to bacterial thioredoxin (TRX).
They demonstrate a significant 40% reduction in primary tumor
weight and reduction in metastases relative to control mice, with
increased infiltration of macrophages into the tumors. While
CD31-stained blood vessels were not reduced in number, their
functionality was compromised by the vaccination, as more
fibrinogen leaked out of the vessels and less FITC-labeled lectin
was perfused (55). Surprisingly, although the titer of anti-ED-A
antibodies was significantly elevated, the authors do not mention
any attempt to examine a CD8+ T cell response as well.

Heparanase is the only endoglycosidase found that specifically
degrades and removes heparan sulfate (HS) side chains from
heparan sulfate proteoglycans, thus releasing heparin-binding
proteins to the TME. It is expressed by tumor- and activated
stroma-cells including ECs, activated only in acidic conditions
that are typical to the tumor TME, and in addition to
regulating ECM remodeling it has a role in activating signaling
pathways that increase transcription of pro-angiogenic factors,
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such as VEGF (63, 64). Testing of the passive vaccination
against heparanase was reported in two papers, where rabbits
were immunized with a 15-amino acids sequence derived
from human heparanase that was synthesized as octa-branched
MAP. The resulting polyclonal antibodies were then purified
from rabbit serum and injected to mice bearing the HCC-
97H hepatocarcinoma tumor in different doses. The antibodies
reduced the serum levels of VEGF and FGF and decreased MVD,
tumor volumes and the number of pulmonarymetastasis (56, 57).

EMMPRIN is a multifunctional protein, which is moderately
expressed on stroma cells, and overexpressed on many types of
tumor cells. Among its many functions, EMMPRIN can induce
the expression of VEGF and several types of MMPs. We have
previously identified a specific short epitope as being responsible
for the induction of VEGF and MMPs (65), and synthesized this
epitope as an octa-branched MAP and vaccinated tumor-bearing
mice with it (59). We show in three different implanted models
and in two experimental metastasis models that the vaccination
reduced angiogenesis by reducing MVD, VEGF, and MMP-9
concentrations. Additionally, the vaccination reduced tumor cell
proliferation, increased macrophages and CTL infiltration into
the tumor, and shifted the TME to allowmore cytotoxicity toward
the tumor cells, thereby reducing tumor size and the number of
metastatic lung foci (59). In a DSS-induced colitis model that
simulates the human autoimmune disease ulcerative colitis, we
show that a similar effect occurs, where angiogenesis is reduced
and infiltration of macrophages and CTLs to the colon tissue is
increased, ultimately leading to improvement in the clinical score
of the vaccinated mice relative to their controls (66).

Clinical Studies
Currently, most clinical studies are at phase I or II, designed
to test safety of peptide vaccination, toxicity, required
dose, and induction of immune responses by the vaccine
(immunogenicity), and not to estimate the efficacy of the
vaccination. In some studies, a monotherapy approach was
taken, vaccinating patients with single or multiple peptides,
whereas in others a combination with chemotherapy was tested.
These experiments are summarized in Table 2.

Targeting VEGFR2, Miyazawa et al. (67) have vaccinated
pancreatic cancer patients with a VEGFR2-derived peptide
(VEGF-169, HLA-A2402 restricted) and vaccinated in
combination with gemcitabine treatment, the standard care for
pancreatic cancer patients with metastatic or recurrent disease.
The vaccination was well-tolerated with no vascular adverse
events (such as bleeding, thromboembolism, or hypertension)
reported. Immune responses at the injection site were observed
in 83% of the vaccinated patients, but only 61% of them exhibited
stimulation of epitope-specific cytotoxic T cells, with reduced
frequency of epitope-specific Tregs. Disease control rate (DCR)
was 67%, including patients with stable disease (SD) or partial
response (PR), whereas 33% exhibited progressed disease (PD).

Similar results were shown in the use of either the HLA-
A0201-restricted peptide VEGFR1-770 or the HLA-A2402-
restricted peptide VEGFR1-1084 for the treatment of metastatic
renal cell cancer (RCC). Out of the 18 patients examined, 15
developed CTL responses specific to the injected peptide (83%),

regardless of the dose injected. Two of the cohort exhibited PR,
and five showed SD for over 5 months, so that the DCR was
55% (68).

To test the feasibility of peptide vaccination in high-
grade glioma patients (including glioblastoma, anaplastic
astrocytoma and anaplastic oligodendroglioma), eight patients
were vaccinated with HLA-A2402-restricted peptides derived
from the VEGF receptors VEGFR1-1084 and VEGFR2-169.
Most patients developed positive immune responses to the
VEGFR1 peptide (87.5%) and VEGFR2 peptide (12.5%), but
this was not correlated to overall survival. However, a negative
correlation that was found between plasma IL-8 levels and
overall survival may suggest the use of IL-8 levels as a biomarker
for vaccination efficacy (69). The authors suggest that targeting
VEGF receptors may be more efficient than targeting VEGF
alone, as these receptors can bind all VEGF family members, and
may promote the killing of VEGFR-expressing tumor cells and
endothelial cells.

Multiple epitopes (“cocktail”) vaccinations were tested in
several studies. The pro-angiogenic VEGF receptors were
targeted using a mixed “cocktail” vaccination that included the
peptides VEGFR1-1084 and VEGFR2-169, with or without other
antigens, and often in combination with a chemotherapeutic
drug. No difference in the overall survival (OS) and progression
free survival (PFS) was found if each peptide was injected in a
different site or if all peptides were mixed together and injected in
a single site (71).When patients were stratified between those that
expressed the HLA-A2402 haplotype and those that did not, no
significant change was observed (73, 74). The ability to generate
a peptide-specific cellular immune response, which was tested
by the IFNγ secretion of CD8+ T cells that were stimulated
ex vivo with the peptide in ELISPOT assay, was correlated to
disease free survival (DFS) rate or disease control rate (DCR) (72,
73), suggesting that the activation of an immune response was
responsible for the clinical effect. Inmost studies, high percentage
of the patients exhibited positive CTL responses to at least one of
the vaccinating peptides. In one study, patients that had positive
CTL responses to the VEGR2-169 peptides, but not those with
immune responses to VEGFRI-1084 peptide, had significantly
better prognosis (70). In contrast, another study showed better
OS in patients that had positive CTL responses to VEGFR1-1084
but not to VEGFR2-169 (73). Thus, additional studies are needed
to determine which receptor is the preferred target.

NRG-TNF is a drug consisting of the human TNFα protein
fused to the CNGRCG peptide that targets it to aminopeptidase
N (CD13), an enzyme overexpressed on newly formed tumor
endothelial cells (75). NRG-TNF alters the vascular barrier
and allows the increased uptake of chemotherapeutic drugs
by the tumor cells, and improves immune cell infiltration.
In a phase I/II clinical study, NRG-TNF was administered to
patients with metastatic melanoma that were resistant to other
drugs, together with one of the two peptides that were derived
from melanoma-associated antigens, according to their HLA-A
haplotype restriction. One peptide (NA17.A2) was derived from
a spliced form of N-acetylglucosaminyltransferase expressed on
50% of melanoma patients, and another peptide (MAGE-3.A1)
was derived from chain A of the MAGE 3 protein expressed
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TABLE 2 | Clinical trials for pro-angiogenic peptide vaccines.

Antigen and type of

peptide

Cancer type Adjuvant used Positive CTL response Clinical response Phase HLA restriction Combination References

Monotherapy

VEGFR2-169

(9 aa)

Advance pancreatic

cancer

Montanide ISA-51 11/18 (61%) DCR 67% I A2402 Gemcitabine (67)

VEGFR1-770 or

VEGFR1-1084

(9 aa each):

Metastatic renal cell

carcinoma

Montanide ISA-51 8/18 (83%) SD (over 5 months)−8/18 (45%);

PR−2/18 (11%)

I A2402, A0201 None (68)

Multiple epitope vaccines

VEGFR1-1084 and

VEGFR2-169

(9 aa each)

Advanced gliomas Montanide ISA-51 7/8 (87/5%) to VEGFR1, 1/8

(12.5%) to VEGFR2

SD−25% (2/6)

PD— 75% (6/8)

I A2402 None (69)

VEGFR1-1084 and

VEGFR2-169

(9 aa each)

Advanced gastric

cancer

Montanide ISA-51 18/22 (84%) to each of the

peptides

PR−12/22 (55%)

SD−10/22 (45%)

DCR−100%

I/II A2402 S-I and

cisplatin

(70)

VEGFR1-1084,

VEGFR2-169,

RNF43-721,

TOMM34-299,

KOC1-508

(9–10 aa each)

Advances Coloreactal

cancer (CRC)

Montanide ISA-51 18/18 (100%) to at least one of

the peptides

10/18 (55%) to VEGFR1, 12/18

(66%) to VEGFR2

CR-1/18 (5.5%)

SD-6/18 (33%)

DCR 38.9%

I A2402 None (71)

VEGFR1-1084,

VEGFR2-169,

KIF20A-66

(9–10 aa each)

Resected pancreatic

cancer

Montanide ISA-51 13/29 (44.8%) to VEGFR1

13/29 (44.8%) to VEGFR2

Median DFS of 15.8 months

relative to 12 month of controls

(only gemcitabine).

II A2402 Gemcitabine (72)

VEGFR1-1084,

VEGFR2-169,

KIF20A-66

(9–10 aa each)

Advanced pancreatic

cancer

Montanide ISA-51 22/37 (59%) to VEGFR1

16/37 (43%) to VEGFR2

RR-12.1%

PR-8/66 (12%)

SD-41/66 (62%)

DCR-74.2%

II A2402 Gemcitabine (73)

DEPDC1-294,

URLC10-177,

FoxM1-262,

KIF20A-66,

VEGERI-1084

(9–10 aa each)

Advanced gastric

cancer

Montanide ISA-51 11/20 (55%) to VEGFR1 SD−10/22 (45%)

PD−12/22 (55%)

II A2402 None (74)

CR, complete response; SD, stable disease; PR, partial response; PD, progressive disease; DFS, disease-free survival; DCR, disease control rate (usually SD + PR).
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on 70% of melanoma patients (76). All patients had increased
serum levels of the chemokines MCP-1 and MIP-1β, suggesting
inflammation and increased infiltration of immune cells into
tumors. Additionally, immunohistochemistry in some lesions
showed increased infiltration of macrophages (76). 6 out of
7 patients showed positive T cell responses to the peptides
or to other melanoma antigens (due to antigen spreading) in
the peripheral blood, and long-term survival (above 4 months)
was demonstrated in 4 out of 8 patients (76). These results
demonstrate the benefit of combination therapy that target
the tumor vasculature and provides immunotherapy against
tumor antigens.

In all the studies mentioned above, no adverse effects of
grade 3 or higher were observed, and all doses examined were
well-tolerated. However, limited rate of more severe adverse
responses, especially neutropenia, were observed in some of
the studies when peptide vaccination was combined with
chemotherapy (70, 72, 73). The most common effects were
erythema and pain at the site of injection. Thus, in accordance
with other studies that targeted a wide range of non-angiogenic
targets, peptide vaccination seems to be safe and well-tolerated.
Of interest, some studies indicated that a better clinical outcome
was generally observed in patients with a strong injection site
responses (ISR), sometime reaching significance (72, 73).

SUMMARY AND CONCLUSIONS

One of the problems in cancer immunotherapy is the set
of defense mechanisms employed by the tumor to evade
immune recognition, and especially its ability to alter antigens
or lose their expression due to mutations. Especially pertinent
to vaccination is the ability of tumors to reduce or lose
the expression of HLA class I molecules, thereby avoiding
efficient antigen presentation and immune response. As this
makes targeting of tumor antigens more difficult, an alternative
way might be to target antigens expressed on vascular ECs
and induced in the tumor tissue by the angiogenic switch.
This approach is effective even if these antigens are not
expressed by the tumor cells, since ECs that stably express
HLA molecules are the main targets of the vaccination,
resulting in tumor cell suffocation and increased death due to
reduced angiogenesis.

Using peptide vaccination is a promising approach to target
angiogenesis. So far, targeting antigens by peptide vaccination
in general, and attacking angiogenic targets in particular, have
shown only limited therapeutic beneficial results, although
most studies demonstrate stimulation of a peptide-specific
immune response. However, all clinical studies exhibit safety and
vaccines were well-tolerated with only mild adverse responses.
Thus, once optimal conditions for vaccination are defined,
peptide vaccination may be more advantageous than monoclonal
antibodies that carry the risk of long-term ADA or rebound
effect. These optimal conditions include target choice, peptide
formulation, adjuvant and delivery systems, choice of patient
populations that will better respond to treatment, and the
vaccination regimen.

Target Choice
Lessons learnt from cancer peptide-vaccinations that target a
variety of TAAs suggest that targeting of TAAs exhibits only
limited efficacy. This is explained by tolerance that retains only
a limited T cell repertoire with low affinity to TAAs, by the
ability of tumors to escape immune recognition by reducing
or losing expression of MHC/HLA class I molecules, and by
the immunosuppressive TME. Most clinical trials targeting pro-
angiogenic proteins focused on VEGF and VEGFRs. However,
these targets are problematic, as they can be compensated for
by other members of their family or other pro-angiogenic
proteins. One approach could be to use multiple-epitope vaccines
that would include VEGF, VEGFR1, VEGFR2, FGF-2, and
additional pro-angiogenic targets injected together as a cocktail.
Another approachwould be to identify additional pro-angiogenic
protein targets. Such proteins could affect ECM remodeling
(e.g., heparanase), or be overexpressed on the tumor vasculature
and/or tumor cells (e.g., EMMPRIN). Thus, since EMMPRIN is
expressed on tumor cells, leukocytes (especially Tregs) and tumor
vasculature, targeting it could directly and simultaneously attack
tumor cells, disrupt tumor vascularization, and alleviate immune
suppression. The ideal target would be a protein that is essential
to tumor growth and dissemination, so that the tumor cannot
afford to reduce its expression. Preferably, such a target would be
expressed on both tumor cells and tumor vasculature.

Peptide Formulation
The vastmajority of peptide vaccines tested so far, including those
targeting angiogenic proteins, are based on short peptides, and
only few studies used SLPs to target pro-angiogenic proteins.
All of these studies, for the most part, did not yield tumor
regression in pre-clinical studies or complete response in clinical
studies. T cells that expand after vaccination a priori have only
low affinity and avidity to tumor antigens, due to elimination
of high affinity T cells by central and peripheral tolerance, and
so are not sufficient to drive strong anti-tumor responses. Better
results may be obtained by usingmodified peptides, especially the
multiple antigenic peptide (MAP) modification. Modification of
the peptide seems to be a crucial strategy to elicit a sufficiently
strong immune response. Therefore, it is highly recommended
to introduce modifications to the peptide formulation in future
experiments. Future research should attempt to identify the best
type of modification that would elicit a strong immune response
against the modified peptide, thus overcoming tolerance, yet
allowing cross-reactivity with the native antigen.

Adjuvant and Delivery Systems
Most studies used IFA or Montanide ISA-51 and only recently
other compositions that include TLR ligands or GM-CSF are
being evaluated. It seems that the choice of adjuvant may be
critical in light of evidence demonstrating entrapment of T
cells in the vaccination site, and it is still not fully understood
whether this occurs only for short peptide vaccines or may also
occur using SLPs or modified peptides. Therefore, much work
should be devoted to identifying the optimal adjuvant for cancer
peptide vaccines.
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Patient Populations
Selection of patients for clinical studies is usually biased,
limiting our possibility to evaluate vaccine efficiency. Patients
that participate in clinical studies are often terminally ill, far-
advanced patients with high grade and stage tumors and/or
widespread metastases that have already shown refractoriness
to treatments with chemotherapy or radiotherapy, and whose
immune system is already compromised. Therefore, the window
of opportunity to vaccinate efficiently is long-passed in these
patients. It is conceivable that patients with early stage disease
could potentially benefit more from peptide vaccination. Studies
should look at the efficacy of vaccination in sub-populations
according to the stage of the disease.

Vaccination Regimen
Usually peptide vaccination is performed as a standalone
approach or a<underline >monotherapy, yielding only poor
clinical benefits, and when combined with chemotherapy,
improvement is noticeable. Therefore, future investigations
should identify the best modality of treatment to combine
with peptide vaccination, which would yield significant clinical
improvement. Since peptide vaccination is about triggering the
immune system and restoring its anti-tumoral effects, it is logical
to examine a possible combination between peptide vaccination
and checkpoint inhibitors, a combination likely to repolarize
the immune system toward the desired effect. Experiments with
monoclonal antibodies revealed that anti-VEGF inhibits the
expression of checkpoint inhibitors such as PD-1, CTLA-4, LAG-
3, and TIM-3, preventing the exhaustion of CD8+ T cells, and
suggesting a mechanism that could explain a synergistic effect
of anti-PD-1 and anti-VEGF (77). In view of the recent success
in combining checkpoint inhibitors with other anti-angiogenic
treatment modalities (78), this combination approach might
also be highly effective for anti-angiogenic peptide vaccines and
should be explored further. Although data are lacking at the
moment, it will be interesting to see future developments using
a combination of neoantigen-derived peptides with peptides
targeting the tumor vasculature, and to explore whether such
combinations enhance the anti-tumoral response and increase
clinical success.

Of note, pathological angiogenesis that results from an
imbalance between pro- and anti-angiogenic factors is associated
with many types of chronic inflammatory diseases. While cancer

diseases are one form of chronic inflammation, angiogenesis
is also essential to the progression of autoimmune and
inflammatory diseases (79, 80). However, with the exception of
our previously mentioned study on a DSS-induced colitis model
(66), other studies on peptide vaccination targeting angiogenic
proteins in autoimmune disease models were not found.
Therefore, examining the potential of targeting angiogenesis in
such conditions is strongly indicated.

In conclusion, the fact that most peptide vaccinations
demonstrated poor clinical benefits is the main difficulty facing
the development of new peptide vaccines. On the other hand,
peptide vaccination is safe and well-tolerated, suggesting clear
potential advantages over other modalities of treatment. The
data presented here suggests that peptide vaccination, especially
against angiogenic targets, is still a viable option, if peptides
are modified, targets are well-selected and an optimal adjuvant
is used. Additional possibilities of using peptide vaccines as
adjuvant therapy to other treatment modalities still await
more exploration. Still, targeting angiogenic proteins may be a
double-edged sword, as these proteins may be physiologically
expressed in normal tissues as well. In this case, stimulating
the immune system against these proteins could risk triggering
autoimmunity and cause catastrophic results. However, so far,
peptide vaccination in general, and that of pro-angiogenic
targets in particular, has been well-tolerated and showed no
adverse responses, suggesting that the immune system is directed
in a selective manner to the tumor site. The mechanisms
that might explain such a phenomenon should be intensively
studied. Once such mechanisms are better understood, they
could be manipulated at need to avoid autoimmune diseases
and promote the use of peptide vaccination for the treatment of
cancer diseases.
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YKL-39 belongs to the evolutionarily conserved family of Glyco_18-containing proteins

composed of chitinases and chitinase-like proteins. Chitinase-like proteins (CLPs) are

secreted lectins that lack hydrolytic activity due to the amino acid substitutions in their

catalytic domain and combine the functions of cytokines and growth factors. One of the

major cellular sources that produce CLPs in various pathologies, including cancer, are

macrophages. Monocytes recruited to the tumor site and programmed by tumor cells

differentiate into tumor-associated macrophages (TAMs), which are the primary source

of pro-angiogenic factors. Tumor angiogenesis is a crucial process for supplying rapidly

growing tumors with essential nutrients and oxygen. We recently determined that YKL-39

is produced by tumor-associated macrophages in breast cancer. YKL-39 acts as a

strong chemotactic factor for monocytes and stimulates angiogenesis. Chemotherapy is

a common strategy to reduce tumor size and aggressiveness before surgical intervention,

but chemoresistance, resulting in the relapse of tumors, is a common clinical problem

that is critical for survival in cancer patients. Accumulating evidence indicates that TAMs

are essential regulators of chemoresistance. We have recently found that elevated levels

of YKL-39 expression are indicative of the efficiency of the metastatic process in patients

who undergo neoadjuvant chemotherapy. We suggest YKL-39 as a new target for

anti-angiogenic therapy that can be combined with neoadjuvant chemotherapy to reduce

chemoresistance and inhibit metastasis in breast cancer patients.

Keywords: YKL-39, chitinase-like proteins, cancer, angiogenesis, chemotactic activity, tumor-associated

macrophages, neoadjuvant chemotherapy

INTRODUCTION

YKL-39 belongs to the family of Glyco_18-containing proteins composed of chitinases and
chitinase-like proteins. Chitinases comprise the Glycosyl hydrolase (GH) 18 family; their name
originates from their ability to cleave chitin polymers into oligosaccharides of different sizes
and release monosaccharides from the end of chitin polymer (1, 2). Chitin is the second most
abundant polysaccharide in nature (after cellulose) and is found in the cell walls of fungi and the
exoskeletons of crustaceans and insects (3–5). The chitinases are produced by the lower life forms
as a defensemechanism against infection with chitin-containing organisms (6, 7). Mammals cannot
synthesize chitin, but several chitinases and chitinase-like proteins have been identified in rodents
and in humans. In humans, two functional chitinases—Acidic Mammalian Chitinase (AMCase)
and Chitotriosidase (CHIT1)—have been found. AMCase is induced by IL-13 and is found in
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FIGURE 1 | Structure of mammalian chitinases and chitinase-like proteins. (A) Domain organization of Glyco_18-containing proteins. (B) Critical amino acids in

catalytic sites of mammalian Glyco_18-containing proteins (12), Copyright by de Gruyter.

allergic inflammations such as asthma (8, 9). Chitotriosidase
is expressed by phagocytic cells and is a biomarker for
Gaucher’s disease, a lysosomal storage disease that involves the
dysfunctional metabolism of sphingolipids (10, 11).

Chitinase-like proteins (CLPs), as well as chitinases, possess
Glyco_18 domains, but they lack enzymatic activity (12). In
mammals, the following CLPs have been identified: YKL-40 (13),
YKL-39 (14), SI-CLP (15), YM1, and YM2 (16). Of these, YKL-39
is present only in humans but absent in rodents, while YM1 and
YM2 are only present in rodents (12).

CLPs lack enzymatic activity due to the substitution of
the critical catalytic residue (glutamic acid) at the end of the
DxxDxDxE conserved motif with either leucine, isoleucine, or
tryptophan (Figure 1) (12).

The sugar-binding properties of CLPs are attributed to the
Glyco_18 domain of CLPs (Table 1). Lectin properties define
the interactions of CLPs with glycoproteins on the cell surface
and with specific carbohydrate molecules in the extracellular
matrix. For YKL-40, lectin properties have been identified
to be critical for its interaction with syndecan-1 and αvβ3

Frontiers in Immunology | www.frontiersin.org 2 January 2020 | Volume 10 | Article 293097

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Kzhyshkowska et al. YKL-39 for Anti-Angiogenic Therapy

TABLE 1 | Lectin properties of CLPs.

CLP Carbohydrate-binding Method of analysis References

YKL-39 Chitooligosaccharides,

(GlcNac)5, and (GlcNac)6

Glycan array screen

and intrinsic tryptophan

fluorescence

(17)

Chitooligosaccharides Isothermal titration

calorimetry (ITC)

(18)

YKL-40 Type I collagen Affinity chromatography

and surface plasmon

resonance

(19)

Chitooligosaccharides Protein X-ray

crystallography

(20)

(GlcNac)5 and (GlcNac)4 Western blotting (21)

Heparin Heparin affinity and

HPLC chromatograph

(22)

SI-CLP Galactosamine,

glucosamine,

chitooligosacharide,

(GlcNac)4, ribose,

and mannose

Isothermal titration

calorimetry (ITC)

(23)

YM1 Glucosamine,

galactosamine, and

glucosamine polymers

Surface plasmon

resonance

(24)

integrin, resulting in the activation of the ERK1/2 pathway
and vascular endothelial growth factor (VEGF) production in
endothelial cells (25, 26). Moreover, SI-CLP was shown to
bind lipopolysaccharide (LPS) in vitro and thereby to neutralize
the toxic effect of LPS on macrophages (23). By applying a
glycan microarray, performed at the Consortium of Functional
Glycomics, the chitooligosaccharides were identified as the best
ligands of YKL-39 (17). Structural analysis demonstrates that
YKL-39 interacts with chitooligosaccharides through hydrogen
bonds and hydrophobic interactions, and compared with other
GH-18 members, YKL-39 has the least extended chitin-binding
cleft (18). However, the biological relevance of these interactions
is questionable, since chitin is not synthesized by mammals,
and the tissue expression of YKL-39 rather precludes contact
with chitooligosaccharides as a component of the nutrition or
pathogens (17).

YKL-39 IDENTIFICATION AND

EXPRESSION IN PATHOLOGY

YKL-39 was first identified when found to be produced in
high amounts by synoviocytes and chondrocytes (14, 27) and
was suggested as a circulating biomarker for osteoarthritis
(OA) (14, 27, 28). Increased YKL-39 mRNA levels were also
detected in the microglia of Alzheimer patients (29). The
detection of YKL-39 in cerebrospinal fluid was suggested to be
a potential prognostic biomarker in the early stage of multiple
sclerosis (30, 31). Also, YKL-39 mRNA levels were significantly
increased in the hippocampus in simian immunodeficiency virus
encephalitis (SIVE) and HIV encephalitis (HIVE) (32). These
data suggested the role of YKL-39 in both neurodegeneration

and chronic inflammatory diseases of the brain.We have recently
identified that YKL-39 is expressed in human breast cancer
(33), and these data are discussed in the context of the role
of CLPs in tumor progression and response to therapy in the
following paragraphs.

BIOLOGICAL ACTIVITIES

Biological activities of chitinase-like proteins related to tumor
progression include chemotactic activity, growth factor activity,
induction of cytokine secretion, and stimulation of angiogenesis.
YKL-39 was identified to combine monocyte chemotactic and
pro-angiogenic activities (33), and these biological activities will
be discussed in our review.

CHEMOTACTIC ACTIVITY

Several chitinase-like proteins were demonstrated to have
chemotactic activities. YM1 was first identified as eosinophil
chemotactic protein (ECF-L) (34). YM1 attracted T lymphocytes
and bone marrow polymorphonuclear leukocytes in vitro and
induced selective extravasation of eosinophils in a mouse model
(34). Microglia-secreted YM1 was suggested to be involved
in eosinophilic meningitis and meningoencephalitis caused by
Angiostrongylus cantonensis infection (35). YM1 and YM2 were
strongly induced in a mouse model for proliferative dermatitis
characterized by the accumulation of eosinophils in the skin (36).

Human YKL-40 was reported to have chemotactic activity
toward different cell types. Nishikawa et al. showed that YKL-40
is associated with vascular smoothmuscle cell (VSMC)migration
and invasion into the gelatinous matrix (22). YKL-40 expressed
in human colon cancer SW480 cells enhanced the migration
of human monocyte-like THP-1 cells and human umbilical
vein endothelial cells (HUVEC). The expression of YKL-40 was
associated with macrophage infiltration and micro-vessel density
(MVD) in the tumors of human colorectal cancer patients and
in a xenograft mouse model (37). YKL-40 was also found to
contribute to the migration of bronchial smooth muscle cells
indirectly by inducing the expression of IL-8 (38).

We have recently demonstrated that purified YKL-39
strongly induces the migration of freshly isolated human
CD14+ monocytes (Figure 2) (33). YKL-39 was active at the
concentration of 100 ng/ml corresponding to the biologically
active concentration of YKL-40, 90.3 ± 8.2 ng/ml, in patients
with OA (39). After 3 h of migration, the effect of YKL-39 was
comparable to the effect of the major monocyte chemotactic
factor CCL2 if used at the same concentration. Monocytes
are intensively recruited into growing tumors by chemotactic
factors secreted by tumor cells and stromal cells in the tumor
microenvironment, where both tumor-associated macrophages
(TAMs) and cancer cells serve as sources of chemotactic
factors such as CCL2 (40, 41). Monocytes differentiate in the
tumor tissue into tumor-associated macrophages, which are key
inducers of the angiogenic switch (42). The strong chemotactic
activity of YKL-39 makes it an attractive candidate to consider as
a target to reduce monocyte recruitment into the tumor tissue.
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FIGURE 2 | Schematic illustration of YKL-39 activity in cancer. Monocytes are recruited into growing tumors by chemotactic factor YKL-39 secreted by TAMs in the

tumor microenvironment, where TAMs support the survival and growth of cancer cells. Monocytes differentiate in the tumor tissue into TAMs, which are key inducers

of the angiogenic switch. YKL-39 possesses pro-angiogenic activity and causes stimulation of angiogenesis that can lead to the intensive intravasation of cancer cells

to the blood vessels.

ANGIOGENESIS

YKL-39 was identified by us as a strong pro-angiogenic factor
in vitro. Tumor angiogenesis is a crucial process for supplying
rapidly growing tumors with essential nutrients and oxygen (41).
Monocytes recruited to the tumor site and programmed by tumor
cells are known as TAMs, which are the primary source of pro-
angiogenic factors (41, 43). TAMs produce a variety of pro-
angiogenic factors under the hypoxic condition in tumor sites, for
example, VEGF, which promotes migration of endothelial cells
and macrophages toward tumor areas (40, 44).

VEGF is the prototypical proangiogenic factor that induces
vascular permeability and increased migration and proliferation
of endothelial cells, making it a major target for therapy (45). One
of the main anti-angiogenic approaches is to block VEGF using

a monoclonal antibody (bevacizumab). Other drugs include
VEGF pathway inhibitors such as small-molecule tyrosine
kinase inhibitors (sunitinib, sorafenib, pazopanib, regorafenib,
lenvatinib, and vandetanib), a soluble VEGF decoy receptor
(aflibercept), a human monoclonal antibody against VEGFR-2
(ramucirumab), and others (45, 46). Administering bevacizumab
in combination with chemotherapeutic agents showed improved
survival of patients with colorectal cancer, ovarian cancer, and
lung cancer in comparison with chemotherapy alone (46–48).
However, there is resistance against anti-VEGF medication,
which includes several mechanisms, such as the activation
and upregulation of alternative proangiogenic pathways, the

recruitment of bone marrow-derived proangiogenic cells, and
the adoption of alternative angiogenic mechanisms (45). Several
studies have demonstrated TAM accumulation in the tumor
mass after chemotherapy and antiangiogenic therapy. Thus,
Dalton et al. showed that recruitment of macrophages to the
TME after anti-VEGF treatment leads to tumor growth as
a mechanism of resistance to therapy but that depletion of
macrophages inhibited tumor growth and improved the survival
of tumor-bearing mice (49). The vascular disrupting agent
combretastatin A4-P causes the increased production of CSF-1,
CCL2, and CXCL12 that increases monocyte recruitment and
TAM accumulation in tumor sites (50). In mouse mammary
tumors, chemotherapy increased the expression of CSF-1 by
tumor cells, followed by the recruitment of macrophages (51).
Thus, chemotherapy and anti-VEGF therapy have disadvantages
such as TAM accumulation and treatment resistance, and
additional new therapeutic approaches need to be developed.

Chitinase-like protein YKL-40 has already been shown to be
involved in tumor angiogenesis in several studies. It was reported
that gp38k (porcine homolog protein of YKL-40) promotes the
migration and spreading of VSMCs in vitro (22). The expression
of YKL-40 in MDA-MB-231 breast cancer cells and HCT-116
colon cancer cells is also associated with tube formation in an
extensive angiogenic phenotypemousemodel (26). Recombinant
YKL-40 protein was also found to induce angiogenesis of vascular
endothelial cells in vitro (52). A correlation between blood
vessel density and YKL-40 expression has also been observed in
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human breast cancer patients (53). The YKL-40-induced pro-
angiogenic effect was VEGF-independent, suggesting that YKL-
40 and VEGF individually promote endothelial cell angiogenesis
(26). However, a long-term blockade of VEGF may result in
angiogenic compensative tumor cell activities by inducing YKL-
40 (54). It is most likely that blockade of one angiogenic factor
induces the expression of other potent angiogenic factors to
maintain tumor vascularization.

YKL-39 has a high structural similarity to YKL-40. Therefore,
we considered that YKL-39 can act as a pro-angiogenic factor in
cancer. We have performed tube formation assay using HUVEC
cells and found that YKL-39 exerts a strong pro-angiogenenic
effect through direct activation of vascular endothelial cells
(Figure 2). Recombinant YKL-39 at a concentration of 100 ng/ml
significantly induced tube formation in HUVEC cells in vitro
(33). This data indicated that YKL-39 can directly induce
angiogenesis and that YKL-39-expressing TAMs can serve as a
source of angiogenic factors in the tumor microenvironment.

MACROPHAGES ARE A MAJOR SOURCE

OF CHITINASE-LIKE PROTEINS

Pathological programming of macrophages is crucial for the
development of major types of life-threatening disorders,
including cancer and cardiovascular and neurodegenerative
disorders (55–59). Macrophages regulate intratumoral
immune responses and the progression of atherosclerosis
by the secretion of cytokines, growth factors, enzymes, and
extracellular matrix proteins (41, 55, 60). Two major directions
of macrophage polarization are known: pro-inflammatory M1
macrophages with antitumor properties and anti-inflammatory
M2 macrophages with pro-tumor functions. In most solid
tumors, macrophages are represented by the M2 phenotype,
which supports tumor growth, angiogenesis, and metastatic
spread (61, 62). Macrophages serve as a major source of all
murine and human chitinase-like proteins (Table 2). However,
the expression of YKL-40 is not restricted to macrophages
(TAMs) and has been found in human small cell lung cancer
(63), microglia from Alzheimer’s disease patients (29), and
other cell types. The expression of SI-CLP was detected in
peripheral blood mononuclear cells from rheumatoid arthritis
(RA) patients (68).

Elevated levels of YKL-39 gene expression were detected in
microglia of Alzheimer’s patients (29). In in vitro experimental
models, expression of CLPs depends on the activation state
of macrophages (M1 or M2). YKL-40 expression is elevated
during the differentiation process of human macrophages, and
macrophage differentiation factors GM-CSF or M-CSF have
been shown to induce YKL-40 expression (65, 70). It was
identified that in human monocyte-derived macrophages, IFN-
γ and LPS are strong inducers of YKL-40 gene expression
(15, 67). In contrast, expression of SI-CLP is induced by IL-4
and dexamethasone on both the mRNA and protein levels in
human monocyte-derived macrophages (15). YKL-39 expression
is strongly induced by TGF-beta, an essential regulatory cytokine
of the tumor microenvironment (33).

TABLE 2 | Expression of chitinase-like proteins in macrophages.

CLP Macrophage type Method of analysis References

YKL-40 Human primary

monocyte-derived

macrophages stimulated

by IFN-γ

RT-PCR (15)

Microglia in Alzheimer’s

disease patients

RT-PCR (29)

Human peritumoral

macrophages and murine

lung macrophages

RT-PCR (63)

Human macrophages in

pulmonary

sarcoid granulomas

Immunohistochemical

staining

(64)

Peritumoral macrophages

in human small cell

lung cancer

Immunohistochemical

staining

(63)

Human primary

monocyte-derived

macrophages stimulated

by GM-CSF or M-CSF

RT-PCR/ELISA/

Immunofluorescence

staining

(65)

Murine

pulmonary macrophages

RT-PCR/ELISA (66)

Human M1 polarized

macrophages stimulated

by LPS and IFN-γ

RT-PCR (67)

SI-CLP Human primary

monocyte-derived

macrophages stimulated

by IL-4+dexamethasone

RT-PCR/Western

blotting/Immunofluorescence

staining

(15)

Murine bone marrow-

derived macrophages

RT-PCR/Western

blotting

(68)

PMA-treated

THP-1 macrophages

RT-PCR/Western

blotting

(68)

THP-1, Mono-Mac-6 cells RT-PCR/Western

blotting

(15)

YKL-39 Human primary

monocyte-derived

macrophages stimulated

by TGF-beta and IL-4

RT-PCR (33, 69)

Alternatively activated

microglia in Alzheimer’s

disease patients

RT-PCR (29)

The secretion of SI-CLP and YKL-39 at least partially depends
on their transport into the secretory lysosomes, mediated by
their intracellular sorting by stabilin-1 (15, 33). Lysosomes are
organelles with complex functions involved in the cell death,
immunity, signaling, and stress responses (71–73) that not
only participate in digesting extracellular material internalized
by endocytosis and intracellular components sequestered by
autophagy but also secrete their contents by fusing with the
plasma membrane (72). Two types of lysosome-contained
proteins are necessary for their functions: soluble hydrolases and
integral lysosomal membrane proteins. More than 60 hydrolases
have been identified and characterized, some of which play
an important role in tumor progression (72, 74). The best
investigated lysosomal hydrolases are the cathepsin proteases,
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which are subdivided into three groups based on the active site
of the amino acids and the catalytic activity: serine cathepsins
(cathepsins A and G), cysteine cathepsins (cathepsins B, C, F,
and H), and aspartic cathepsins (cathepsins D and E) (72). It
has been suggested that cathepsins could either promote or
suppress tumor growth; the cytosolic cathepsins inhibit tumor
growth by activating the apoptotic pathway (75), whereas, in
contrast, the extracellular cathepsins promote tumor growth
through degradation of basement membrane and activation
of other pro-tumorigenic proteins (76). Cathepsins B and
E have been proved to be involved in cancer progression
and metastasis in different types of cancer, such as breast
cancer and pancreatic cancer (69, 77). Glyco_18 domain-
containing proteins were also found by us and others to be
sorted via the endosomal/lysosomal system and secreted by
activated macrophages (4, 15, 78). Chitotriosidase was seen
to be comparable to cathepsin D in lysosomal vesicles in
macrophages (78). We identified that LAMP+CD63+lysosomes
are major sites of SI-CLP localization in human IL4 and
dexamethasone-stimulated M2 macrophages (15). Sorting of
newly synthesized SI-CLP from the biosynthetic to the lysosomal
pathway was mediated by stabilin-1. Similarly, we found
that YKL-39 is sorted into LAMP-1 positive and secretion-
committed CD63 positive lysosomes in human IL-4+TGF-beta-
stimulated macrophages (33). The mechanistic role of stabilin-
1 in the intracellular sorting of YKL-39 was confirmed using
the HEK293-YKL-39-FLAG cell line, where YKL-39 is miss-
sorted into the globular structures and localized in the nuclear
area. Transient overexpression of recombinant stabilin-1 in
this model cell line resulted in the re-distribution of YKL-
39 into the cytoplasm, and this effect was similar to our
previously published data demonstrating the role of stabilin-
1 in the intracellular sorting of SI-CLP in a H1299 cell
model (15). Protein–protein interaction studies demonstrated
that the extracellular fasciclin domain 7 domain of stabilin-1
directly interacts with SI-CLP and YKL-39 (15, 33). Therefore,
YKL-39, similarly to SI-CLP, can be targeted by stabilin-1
into the lysosomal secretory pathway in human alternatively
activated macrophages.

YKL-39 was identified by us to be produced by human
macrophages in vitro and in the tumor microenvironment
(33, 79). In vitro, TGFbeta was a key inducer of YKL-
39 gene expression, and release in primary macrophages
propagated up to 24 days (33). During tumor growth and
progression, a significant amount of TGF-beta is produced
by cancer and stromal cells and secreted into the tumor
microenvironment (80). Increased expression of TGF-beta
was shown to correlate with the malignancy of different
cancers (81, 82). Therefore, TGF-beta is considered to play
a major role in the initiation and progression of cancer by
affecting the proliferation, apoptosis, and differentiation of
cancer cells in the tumor microenvironment (83). Using
a monoclonal-aYKL-39 antibody generated by us, we
have identified that in human breast cancer, YKL-39 is
expressed on TAMs, but, in contrast to YKL-40, not on
cancer cells.

CHITINASE-LIKE PROTEINS IN CANCER

Accumulating data reveals that CLPs play a role in the
progression of different types of cancer. Elevated levels of
circulating YKL-40 are related to poor outcome or short disease-
free survival in glioblastoma, melanoma, ovarian, breast, colon,
lung, and prostate cancers in humans (52, 84–92). Moreover, in
breast cancer, elevated serum levels of YKL-40 have been used as
a prognostic biomarker (84). The adhesive and invasive abilities
of U87MG glioblastoma cells were significantly inhibited when
endogenous expression of YKL-40 was blocked (93). YKL-40 was
also induced during pulmonary melanoma metastasis, and this
induction was mediated by Sema7a (90, 94). Overexpression of
YKL-40 and YM1/2 was observed in the pre-neoplastic phase of
a latent membrane protein 1 (LMP1) viral oncogene-expressing
transgenic mouse model, which is associated with carcinogenic
progression (95). In breast cancer, YKL-40 may support cancer
progression and facilitate angiogenesis, as experimental knock-
down of YKL-40 in tumorigenic breast epithelial cell line
D492HER2 resulted in reduced migration and invasion as well as
reduced ability to induce angiogenesis in vitro (96). Targeting of
YKL-40 as a potential therapeutic approach has been evaluated
in melanoma and glioblastoma mouse models. Application of
anti-YKL-40 antibody in the U87 glioblastoma mouse models
resulted in the suppression of xenograft tumor growth as well
as angiogenesis (97). However, an opposite result was seen
in BALB/c-scid mice injected with human melanoma cells;
the tumor growth was enhanced after anti-YKL-40 antibody
treatment (98). The contradictory results between glioblastoma
and melanoma mouse models can be explained by the different
mouse strains and antibodies used in the studies.

SI-CLP was shown to induce the secretion of IL-1β, IL-
6, IL-12, and IL-13 in PMA-treated THP-1 cells, suggesting
that it may serve as a regulator of inflammation and in the
tumor microenvironment (68). The regulatory effect of SI-CLP
is not clear yet since the cytokines induced by SI-CLP can
either promote (IL-1β, IL-6, IL-13) or suppress (IL-12) tumor
progression (99, 100).

Information about the potential role of YKL-39 in cancer is
still very limited. Serial Analysis of Gene Expression (SAGE)
revealed that YKL-39 expression is elevated in the II–IV grades
of glial tumors (101). The expression of YKL-39 was detected
in the majority of glioblastomas (19 of 27 samples analyzed) by
Northern blot analysis and demonstrated on the protein level
by Western blotting (102). Our recent study has demonstrated
that YKL-39 is expressed in human breast cancer, and its
expression level were indicative of metastatic spread in patients
who underwent neoadjuvant chemotherapy, as discussed below.

CHEMOTHERAPY, TAMs AND

CHITINASE-LIKE PROTEINS

Chemotherapy (CT) is a common strategy for reducing
tumor size and aggressiveness before surgical intervention
(103). However, only a subset of patients respond efficiently
to neoajuvant chemotherapy (NAC). Chemoresistance and
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chemotherapy-induced immunosuppression can result in the
relapse of tumors and are critical for survival in cancer
patients (49, 104). Numerous studies have examined the
molecular mechanisms that promote the chemoresistance
of cancer cells, such as the induction of anti-apoptotic
regulators, ABC transporters, aberrant transcription factor
nuclear factor-κB (NF-κB) activity, and the mechanisms of
damaged DNA repair (104–106). Evidence is accumulating
that the tumor microenvironment, and TAMs in particular,
is critical to the response to chemotherapy (107, 108). TAMs
may contribute to resistance to therapy and facilitate tumor
progression via macrophage-induced suppression of T cell
immunity, maintenance of tumor cell survival, and stimulation
of tumor revascularization (50, 108, 109). Chemotherapeutic
agents can edit macrophages in tumor-protective or antitumor
directions, where three major mechanisms must be considered:
(1) changes in the macrophage phenotype; (2) induced
recruitment of monocytes or macrophages to the tumor site;
and (3) systemic depletion of monocytes/macrophages (110).
Numerous data demonstrate that chemotherapy interacts with
macrophages; however, the mechanisms of the direct action of
chemotherapeutic drugs on TAMs, as well as the mechanisms of
TAM-mediated chemoresistance in tumors, still require in-depth
investigation. The profile of immune cell subpopulations in the
tumor microenvironment can help to identify a group of patients
that are more sensitive/or resistant to neoadjuvant chemotherapy
to improve treatment regimens.

Several studies have identified correlations between levels
of CLPs and the efficiency of chemotherapy. For example,
a high plasma level of YKL-40 was associated with shorter
progression-free survival (PFS) and shorter overall survival (OS)
in 140 patients with chemotherapy-resistant ovarian cancer
treated with bevacizumab (111). A similar result was obtained in
prostate cancer, where high serum YKL-40 levels were associated
with shorter OS and disease-specific survival (DSS) in 109
patients who received first-line treatment with docetaxel (DOC).
Moreover, YKL-40 serum levels were significantly higher in
DOC-resistant patients (112). In another study, 120 patients
with small cell lung cancer with high levels of serum YKL-
40 had a shorter PFS and OS than those with low levels of
serum YKL-40 (113). YKL-40 levels were significantly decreased
after chemotherapy (cisplatin with etoposide or cisplatin with
irinotecan). However, patients with high serum YKL-40 showed
a poorer response to chemotherapy than those patients with
low serum YKL-40. Of the 81 patients with high serum YKL-
40, only 46% responded to chemotherapy with either complete
response or partial remission. Of 39 patients who had low serum
YKL-40, 70% exhibited a response to chemotherapy (p = 0.031)

(113). The question of the exact role of CLPs in the response of
cancer cells, macrophages, and the intratumoral vasculature to
chemotherapeutic agents remains open.

A recent study of 195 patients in the European cohort
with pancreatic ductal adenocarcinoma indicated single-
nucleotide polymorphisms (SNP) in YKL39 that was associated
with tumor-associated survival after pancreatic resection.
Individuals who were homozygous for the minor A allele of
SNP rs684559 (YKL-39) had an increased risk for tumor-
associated death compared with patients with at least 1G
allele of rs684559 (protective phenotype) (114). Our recent
study for the first time demonstrated the prognostic role of
YKL-39 in cancer metastasis in breast cancer patients after
neoadjuvant therapy (33). In patients with metastases, the
expression levels of YKL-39 in tumor tissue obtained after
NAC were more than 6 times higher than in the patients
without metastases. Significantly higher expression levels
of YKL-39 were found in patients with stable disease or
progressive disease than in patients with the objective response
(partial response). Our data demonstrated that elevated
levels of YKL-39 in tumor tissues after NAC are indicative of
poor prognosis.

Taking into consideration that YKL-39 was demonstrated by
us as a pro-angiogenic factor and chemoattractant formonocytes,
we suggest that YKL-39 is a promising target for cancer therapy
and that targeting of YKL-39 can be considered in combination
with NAC in breast cancer patients in order to reduce the risk of
metastasis formation.
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The axonal guidance molecules, semaphorins, have been described to function both

physiologically and pathologically outside of the nervous system. In this review, we

focus on the vertebrate semaphorins found in classes 3 through 7 and their roles in

vascular development and autoimmune diseases. Recent studies indicate that while

some of these vertebrate semaphorins promote angiogenesis, others have an angiostatic

function. Since some semaphorins are also expressed by different immune cells and

are known to modulate immune responses, they have been implicated in autoimmune

disorders such as multiple sclerosis, rheumatoid arthritis, systemic lupus erythematosus

and systemic sclerosis. We conclude this review by addressing strategies targeting

semaphorins as potential therapeutic agents for angiogenesis and autoimmune diseases.

Keywords: semaphorin, neuropilins, plexins, angiogenesis, angiostatic, autoimmunity, MOG, targeted therapy

INTRODUCTION

Semaphorins consist of a large family of conserved proteins originally described as axon guidance
molecules during the development of the nervous system. These molecules are now known to
be expressed in other adult tissues and function outside of the nervous system (1). Semaphorins
since have been discovered to have pleiotropic effects in both health and disease. Semaphorins
and their receptors have widespread functional impact physiologically and pathologically as
they participate in immune regulation, extracellular matrix remodeling, organogenesis, and
angiogenesis (2–4). These molecules therefore play crucial roles in pathophysiology of diseases
such as cancer, systemic lupus erythematosus, rheumatoid arthritis, psoriasis, arthritis, proliferative
retinopathy, and atherosclerosis among others (5–10). In this review, we discuss semaphorin’s
structure, receptors, signaling and downstream effects on pathophysiology. We then highlight the
roles of semaphorins with respect to angiogenesis and autoimmune disease. We conclude with an
emphasis on the role of semaphorins in angiogenesis and autoimmune disease and explore the
possibility of targeting semaphorins and their receptors to ameliorate angiogenesis and regulate
immune functions.

STRUCTURE, RECEPTORS, AND SIGNALING

The semaphorin family is divided into eight classes, with invertebrate semaphorins belonging
to classes 1 and 2, the vertebrate semaphorins being found in classes 3–7, and the viral
semaphorins in class 8 (Figure 1). The Sema domain of semaphorins contains approximately
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FIGURE 1 | Schematic representation of vertebrate semaphorins and semaphorin receptors. Class 3 is secreted, Classes 4-6 are transmembrane and Class 7 is GPI

anchored. Cleavable semaphorins are Sema3, 4, 6, and 7. Receptors for semaphorins are shown on the right side of the figure, neuropilins, plexins, Tim-2, and α1β1

integrin.

500 amino acids (1). At the carboxy terminus of
the Sema domain, all semaphorins also contain a
Plexin-semaphorin-integrin (PSI) domain (11). Variations
in the C-terminal motifs joining the PSI domain are the key
differentiating factor among semaphorins (12). The C-terminus
of vertebrate Sema3, 4, and 7 contains an immunoglobulin loop.
Sema3 (A-G) contains a basic domain and Sema5 (A-C) contains
thrombospondin repeats on their C termini, respectively. Class
3 semaphorins are secreted, classes 4, 5, and 6 are membrane
bound and class 7 is the only member that is GPI-anchored
(13) (Figure 1). Semaphorins 3, 4, 6, and 7A are susceptible to
cleavage by matrix metalloproteinases and adamlysin family
proteases (14, 15).

Neuropilins and Plexins serve as semaphorin receptors and
are the means through which semaphorins can participate in
signal transduction (16–19). Both are transmembrane proteins,
with extracellular domains capable of interaction with the
semaphorins which can dimerize to mediate their function. Most
semaphorins can interact with Plexins directly, while almost all
of the class 3 semaphorins (except 3E) bind neuropilins, which
form complexes with type A Plexins or Plexin D1. The plexins
are required to transduce the signals (13, 16, 20, 21). There
are two known neuropilins, -1 and -2 (16, 17) (Figure 1). Both
have short intracellular domains. Their interaction with Plexins,
which possess a longer intracellular segment, facilitates their
involvement in the transduction of pro-angiogenic signals. The
extracellular segment of neuropilins is also the site of binding
for VEGF, HGF (hepatocyte growth factor), FGF-2, PDGF-B,

TGF-β and other ligands (22–24). The Plexins can more robustly
participate in signal transduction via their longer intracellular
GTP-ase activating domain (GAP domain). The intracellular
GAP domain interacts with GTP-ases directly. Plexins are
subdivided into classes A, B, C, and D (Figure 1) and interact
directly with semaphorins from classes 4, 5, 6, and 7 and Sema3E
(25, 26). Plexins A (1–4) and D interact with neuropilins 1 and 2
(25, 26).

Semaphorins are a family of proteins that were initially
established as repellent cues in axonal guidance and synapse
formation during embryogenesis. It is now known that they not
only exert a repulsive effect in axonal guidance but, they can also
be attractive axonal cues. Sema3A has repellent effects on neurons
while Sema3C is known as an attractant. The other members in
this family, Sema3D, Sema3E, and Sema3F have both repellent
and chemoattractant effects on axons (27, 28). Semaphorin 4A
has been shown to function as a chemoattractant, likely working
in concert with other neurotrophic factors to promote neurite
outgrowth (29). Sema5A, on the other hand, has been shown to
have both attractive and repulsive functions during development
(30, 31). Of class semaphorins, Sema6A and Sema6B were shown
to have chemorepulsive activity via interaction with Plexin A4
in various models of development and angiogenesis (32–34).
Although Sema7A promotes axon growth, chemotropic effect
was not evident in a model of rat olfactory bulb explant (35).
In addition to their role in axonal guidance, semaphorins also
play a role in the periphery in regulating angiogenesis and
immune responses.

Frontiers in Immunology | www.frontiersin.org 2 March 2020 | Volume 11 | Article 346107

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Iragavarapu-Charyulu et al. Semaphorins in Angiogenesis and Autoimmunity

ROLE OF SEMAPHORINS IN

ANGIOGENESIS

Semaphorins play a significant role in vascular development
through the promotion or inhibition of angiogenesis. A
balance between pro- and anti-angiogenic signals determine
the progression of new blood vessel sprouting. Similar to their
function in axonal guidance, semaphorins guide endothelial
cells toward tube formation for angiogenesis. Pro-angiogenic
semaphorins include Sema3C, Sema4A, Sema4D, Sema6D,
and Sema7A, while angiostatic semaphorins include Sema3A,
Sema3B, Sema3D, Sema3E, and Sema3F (Table 1). Although
Sema3C and Sema4A have been shown to have pro-angiogenic
activity, they also were reported to function as anti-angiogenic
molecules (13, 53) (Table 1).

Class 3 semaphorins are for the most part anti-angiogenic.
Class 3 semaphorins exert angiogenic effects through interactions
with co-receptors neuropilin-1, -2 (NRP-1,−2) and vascular
endothelial growth factor (VEGF) receptor family. Semaphorins
3A, 3B, 3D, 3E, and 3F are exclusively anti-angiogenic (Table 1).
The anti-angiogenic activity of Sema3A was demonstrated using
cultured rat aortic rings. Sema3A inhibited capillary sprouting
and it was further shown to inhibit endothelial cell migration
(36). Using an oxygen-induced retinopathy mouse model, Yu
et al. showed that injection of the intravitreous region with
Sema3A reduced neovascularized areas and decreased abnormal
vessel growth (37). Acevedo et al. showed that Sema3A interferes
with VEGF-induced angiogenesis (38). Recently, in a mouse
model of bronchial asthma by Adi et al. have shown that
treatment of mice with Sema3A reduced inflammatory cell
infiltration in bronchioles and angiogenesis was significantly
decreased compared to the untreated controls (39). Sema3A
and Sema3F are characterized as anti-angiogenic by competing
with VEGF in binding to endothelial cell expressed neuropilins
(NRP-1/2), the co-receptors for VEGF family (40). Further,
Guttmann-Raviv et al. found that co-expression of Sema3A
and Sema3F repel endothelial cells more potently than either
one of the semaphorins alone (40). Sema3B also was found to
have anti-angiogenic activity via NRP-1/-2 which resulted in
the repelling of endothelial cells, induction of apoptosis, and
inhibition of tube formation (41). Rolny et al. determined the
role of Sema3B in tumor angiogenesis and found a reduction
in angiogenesis in mice injected with Sema3B transduced tumor
cells (42). Similarly, Sema3D/NRP-1 activity was found to inhibit
cell motility and tube formation in endothelial cells (47). In
contrast, Sema3E was determined to be anti-angiogenic via
Plexin-D1, and not NRP signaling on endothelial cells in vitro
and in vivo (63). Sakurai et al. reported that Sema3E’s anti-
angiogenic activity can be attributed to its inactivation of
R-Ras and stimulation of Arf6 factors which affect integrin
activity and inhibit endothelial cell adhesion (63). Other studies
have also elucidated Sema3E/Plexin-D1’s activity to work as
a regulatory mechanism for VEGF-induced angiogenesis by
modulating the ratio of endothelial tip and stalk cells (24).
Studies with Sema 3E−/− mice revealed the important role that
avascular zones generated by Sema3E play in guiding cardiac

vessel development (48). Further, in a rat model of ischemic
stroke, it was shown that Sema3E/Plexin-D1 signaling inhibited
angiogenesis through regulation of endothelial dynamic delta-
like 4 molecule (64).

Within class 3 semaphorins, Sema3C is one of the exceptions
due to its bifunctional activity as both a pro-angiogenic and anti-
angiogenic factor (13, 43, 45, 65). In vitro studies showed Sema3C
to induce endothelial cell proliferation, adhesion and directional
migration (43). However, other studies report Sema3C to be
significantly anti-angiogenic (13, 45). Pathologic angiogenesis
was shown to be inhibited by Sema3C in an oxygen-induced
retinopathy model (45). Further, these authors showed that
Sema3C inhibits endothelial tube formation when Human

Umbelical Vein Cells were cultured with Sema3C conditioned
medium. The anti-angiogenic activity of Sema3C was shown by

overexpressing Sema3C in U87 glioblastoma cells and assessing
formation of neovasculature in chick chorioallantoic membranes
(CAM). Sema3C overexpressing U87 cells did not induce
new vessels while control U87 cells had extensive vessels on
CAMs (66). Therefore, the effects of this semaphorin may
be environment dependent and are ultimately controversial.
Sema3F contrary to majority of class 3 semaphorins, was shown
to promote extraembryonic angiogenesis via inhibition of Myc-
regulated throbospondin 1 in yolk sac epithelial cells (50). In
contrast, other studies showed that Sema3F is expressed in the
avascular outer region of retina and that it exerts anti-angiogenic
effects on the retinal and choroidal capillaries (51).

Within class 4 semaphorins, Sema4D was found to have
pro-angiogenic effects. Both soluble and membrane-bound
forms of Sema4D have been described as pro-angiogenic by
signaling through endothelial receptors, Plexin-B1 and Plexin-
B2. Interaction of Sema4D with Plexin-B1 stabilizes vasculature.
Sema4D has been shown to have potent angiogenic effects both
in vitro and in vivo by inducing endothelial cell chemotaxis, tube
formation, cytoskeletal rearrangements, and vessel growth (55,
56). Increased levels of Sema4D have been correlated with poor
prognosis in studies of leukemia and mammary carcinoma (67–
69). Interestingly, this semaphorin has been shown to play a role
in vasculogenic mimicry in a non-small cell lung cancer model.
Xia et al. found that the interaction of Sema4D with PlexinB1
promoted vasculogenic mimicry while inhibition of Sema4D
decreased vasculature (70). In contrast to Sema4D, Sema4A was
found to have dual activity as both a pro- and anti-angiogenic
factor. The pro-angiogenic effect of Sema4A in the context of
tumor is indirectly mediated by signaling through Plexin-D1-
expressing macrophages, which induce VEGF-A expression and
thereby enhance tumor vasculature (52). However, depending
on the environment, Sema4A inhibits angiogenesis using the
same receptor, Plexin-D1 (53). Therefore, the role of Sema4A in
tumors is still controversial.

The only member in class 5 semaphorins reported to
have angiogenic activity is Sema5A. This semaphorin has
been shown to be necessary for normal cranial vasculature
development and be a regulator of angiogenesis by promoting
endothelial cell migration and proliferation, while also reducing
apoptosis (57, 58).
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TABLE 1 | The role of semaphorins in mediating angiogenesis and autoimmune

diseases.

Semaphorin Angiogenesis References

Semaphorin 3A (36–40)

Semaphorin 3B (41, 42)

Semaphorin 3C (43, 44)

(13, 45, 46)

Semaphorin 3D (47)

Semaphorin 3E (48, 49)

Semaphorin 3F (40, 50)

(51)

Semaphorin 4A (52)

(53)

(54)

Semaphorin 4D (55, 56)

Semaphorin 5A (57, 58)

Semaphorin 6D (59)

Semaphorin 7A (60–62)

Anti-angiogenic; Pro-angiogenic.

Among class 6 semaphorins, Sema6D acts by binding to a
receptor complex composed of PlexinA1 and either Off Track
(OTK) or VEGFR2. Binding of Sema6D to these receptor
complexes results in varying effects during cardiac development
including, endothelial cell repulsion or attraction, respectively
(2). In models of gastric cancer, signaling due to Sema6D and
Plexin-A1/VEGFR2 interaction results in effects similar to VEGF
binding alone. In addition, Sema6D/Plexin-A1 expression is
positively correlated with the expression of VEGFR2, therefore
contributing to its angiogenic and tumorigenic properties (59).
Poor prognosis of gastric cancer has been correlated with
Sema6D expression and increased angiogenesis (59) (Table 1).

Class 7 semaphorins have also been found to have pro-
angiogenic effects (Table 1). In particular, Sema7A was
determined to mediate angiogenesis through signaling via
Plexin-C1 and β1 integrins. Using a corneal neovascularization
model, Ghanem et al. showed that Sema7A is expressed
in vascularized corneas and that basic fibroblastic growth
factor (bFGF) enhances the expression of Sema7A (60). The
pro-angiogenic function of Sema7A in promoting intraplaque
neovascularization was found to be mediated through β1 integrin
and activation of VEGFA/VEGFR2 (61). Tumor angiogenesis is
regulated by stromal cells such as macrophages, neutrophils and
cancer associated fibroblasts (71). Tumor angiogenesis is affected
by infiltration of leukocytes, e.g., tumor associated macrophages
(TAMs) (72). Due to its chemotactic effects, Sema7A could
attract TAMs which could then regulate angiogenesis in the
tumor microenvironment (73). Garcia-Areas et al. delineated the
angiogenic role of Sema7A in promoting tumor growth. In this

study, it was shown that co-culture of Sema7A with macrophages
induces the production of angiogenic chemokines, CCL2,
CXCL2/MIP2. Further, implantation of Sema7A gene-silenced
mammary tumor cells resulted in decreased in vivo tumor
angiogenesis compared to the wild type tumors (62). Thus, in
the context of tumor, Sema7A could promote angiogenesis in
multiple ways. Further, Black et al. revealed a novel role for
Sema7A in promoting lymphangiogenesis in breast cancer and
reported that loss of Sema7A reduces both tumor cell invasion
and activation of β1-integrin receptor (74).

ROLE OF SEMAPHORINS IN

AUTOIMMUNE DISEASE

Semaphorins through interaction with their receptors, in
addition to playing a role in angiogenesis, regulate immune
homeostasis, and tissue inflammation. Neuropilins are important
for the initiation of the primary immune response as NRP-1
has been shown to mediate contact between DCs and T cells
in the immunologic synapse (75). Autoimmune disorders are
characterized by dysregulated immune responses associated with
decreased T regulatory cells and overactive responses by B and T
cells against self-molecules. T regulatory development is guided
by the transcription factor, Foxp3 (76). In a mouse model, it was
shown that Treg cells express NRP-1. However, it is important
to note NRP-1 is not a marker of human Foxp3 Treg cells (77).
The interaction of NRP-1 with immune cell-expressed Sema4A
in mice further potentiates Treg cell function (78). Further,
peripheral tolerance is also maintained by dendritic cells that
could prevent activation of self-reactive cells which can then
lead to inhibition of autoimmunity. The receptors expressed at
the immunological synapse between dendritic cells (DCs) and T
cells can therefore affect the outcome between development of
tolerance or autoimmune response (79).

Semaphorins, Sema3A, Sema3E, Sema4A, Sema4D, Sema5A,
Sema6D, and Sema7A may be considered as “immune
semaphorins” since they are involved in physiological and
pathological immune responses (80). Autoimmune diseases,
such as systemic lupus erythematosus (SLE), rheumatoid
arthritis (RA), multiple sclerosis (MS), and systemic sclerosis or
scleroderma (SSc), are characterized by chronic inflammation
and subsequent tissue damage resulting from cellular and
humoral immune responses to self-antigens. Inflammation
affects the expression of semaphorins and their receptors and
recent studies show that several members of the semaphorin
family are aberrantly expressed in autoimmune disorders
(Table 2) (89, 90). In this review, we focus on immune
semaphorins as one of the mediators of autoimmune diseases.

The secreted class 3 semaphorinsmodulate immune responses
by binding and signaling through neuropilins and their
association with Plexins. The members of the semaphorin 3
family that function in pathogenesis of autoimmune diseases are
Sema3A, Sema3C, Sema3E, and Sema3F. Sema3A is a potent
immunoregulatory molecule and has been shown to suppress
the over-activity of T and B lymphocytes (91–93). Activation of
naïve T cells requires an immunological synapse with dendritic
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TABLE 2 | The role of semaphorins in mediating autoimmune diseases.

Semaphorin Autoimmune disease References

Semaphorin 3A Rheumatoid Arthritis (RA),

asthma, systemic sclerosis (SSc),

Multiple Sclerosis (MS), systemic

lupus erythematosus (SLE)

(81, 82)

Semaphorin 3C RA (83)

Semaphorin 3E SSc (49)

Semaphorin 3F MS (84)

Semaphorin 4A Experimental autoimmune

encephalomyelitis (EAE), MS, RA

(85)

Semaphorin 4D MS/EAE, RA (85–87)

Semaphorin 5A RA (88)

Semaphorin 6D EAE (21)

Semaphorin 7A RA, MS/EAE, SSc, COPD (85)

cells in the secondary lymphoid organs. The immunosuppressive
role of Sema3A on T cell proliferation was first described by
Lepelletier et al. (94). NRP-1, the Sema3A receptor expressed by
activated T cells and DCs., was found to play an important role
in forming DC-T cell synapse (75). Lepelletier et al. found that
the high levels of Sema3A produced in the later stage of DC-T
cells co-cultures inhibited T cell proliferation. Thus, the induced
Sema3A expression by both DCs and T cells during the latter
part of the immune response could be regulating this response
(94). Either neutralization by blocking antibodies or by an
antagonist peptide of Sema3A increased T cell proliferation (94).
These authors have shown that the immunomodulatory function
of Sema3A is mediated by actin cytoskeleton reorganization
that has downstream effects on signal transduction (94)
(Figure 2B). Solomon et al. have shown that NRP-1 attenuates
autoreactivity of myelin oligodendrocyte glycoprotein (MOG)-
induced experimental autoimmune encephalitis (EAE) and that
lack of NRP-1 aggravates the disease (95). Furthermore, Lepellier
et al. have also shown that both Sema3A andGalectin-1 expressed
by mesenchymal stem cells inhibit T cell proliferation through
NRP-1 binding (96).

Other studies have shown that Sema3A downregulates T cell
activation and modulates immune responses through activation
of T regulatory cells (81). Further, co-culture of B regulatory cells
with Sema3A upregulated expression of CD72 and enhanced the
production of immunoregulatory cytokines, IL-10 and TGF-β
(97) (Figure 2B). More significantly, culturing of Sema3A with
cytosine-phosphodiester-guanine oligodeoxynucleotides (CpG-
ODN)-stimulated B cells from SLE patients resulted in decreased
TLR-9 expression that could then have an effect on cytokine
production profile (98). Several studies have linked pathogenesis
of autoimmune diseases to lower Sema3A levels and serum
levels were reported to inversely correlate with disease activity
of SLE, RA and SSc (81, 97–99) (Table 2). Catalano reported
downregulation of Sema3A in T cells from RA patients (91).
Further, transient ectopic expression of Sema3A inhibited clinical
manifestation of collagen induced arthritis (91). Rezaeepoor
et al. found that serum levels of Sema3A and its expression in
peripheral blood mononuclear cells were significantly decreased

in MS patients compared to normal subjects (100). In contrast,
Williams et al. showed an increase in expression of Sema3A
at the inflammatory regions from brains of human patients
(84). It is possible that Sema3A is involved in the regeneration
of oligodendrocytes, and deregulation of Sema3A could impair
recruitment of oligodendrocyte precursors preventing repair. T
helper cell differentiation and transmigration through the blood
brain barrier are also detrimental in mediating pathogenesis of
MS. Lack of Sema3A or its receptors resulted in impaired T cell
priming and studies show that inhibiting immune cell migration
prevents MS relapse (85). These studies indicate that Sema3A
downregulates autoimmune disease by suppressing both B and
T cell activity (93). The role of Sema3A in SSc is unclear, while
some studies have shown reduced expression of Sema3A in serum
and in regulatory T cells, others did not detect any differences
in expression levels between SSc patients and normal individuals
(81, 82).

Another member of class 3 semaphorins, Sema3C, has been
implicated in RA (Table 2). Miller et al. showed that synovial
tissue samples from RA patients were positive for Sema3C and
synovial macrophages and fibroblasts were found to express
Sema3C by immunofluorescence (83). In contrast to decreased
Sema3A levels in SSc, elevated levels of Sema3E were found in
both serum and skin from SSc patients (49) (Table 2). Impaired
angiogenic response following tissue ischemia and hypoxia is
an important feature of SSc (101). Thus, the anti-angiogenic
effect of the Sema3E and Plexin-D1 interaction results in the
dysregulation of vascular tone control and may contribute to
pathogenesis of SSc. The last member of the semaphorin 3
family implicated in autoimmunity is Sema3F. The transcripts
of Sema3F were upregulated in the brains of MS patients and
in experimental models of demyelination (84, 102). Increased
Sema3F expression was associated with glial cell infiltrates in
the inflammatory lesions (84). These authors suggested Sema3F
expression influences oligodendrocyte precursor cell recruitment
that could promote re-myelination.

Class 4 semaphorins also play a role in autoimmune diseases
(Table 2). The effects of Sema4 members are mediated by
binding to class B Plexins, Tim-2, CD72, NRP-1, and NRP-2
among others (4, 103–106) (Figure 1). Additionally, Sema4A and
Sema4D may be cleaved producing soluble forms (21). Both
of these semaphorins have been associated with pathology of
RA. Levels of Sema4A and Sema4D are increased in serum
and synovial fluid of RA patients (87, 107). These elevated
levels have been positively correlated with serum levels of
inflammatory cytokines, TNF-α and IL-6 (107). Sema4A is
expressed in activated T cells and DCs and plays a critical role
in the immune system as it is involved in antigen-specific T
helper cell responses (108, 109). Pathogenesis of MS is mediated
in part by dysregulated helper T cells. Since Sema4A plays
a role in T helper cell differentiation, it has been associated
with pathogenesis of MS. Further, the use of anti-Sema4A
(anti-CD100)monoclonal antibodies significantly suppressed the
development of EAE (108). Others have shown that mice lacking
Sema4A have diminished TH1 responses; this suggests that these
mice may be less prone to EAE, which is mediated by TH1
cells (109). Another member of class 4 semaphorins which is
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FIGURE 2 | Schematic of semaphorin interaction with receptors to modulate angiogenesis and autoimmunity. (A) Sema3A interferes with angiogenesis through

binding to NRP-1, the co-receptor for VEGFR; (B) Sema3A dampens immune response through binding to NRP-1 with downstream effects on actin cytoskeletal

reorganization and upregulation of CD72 on B regulatory cells; and (C) Inhibition of angiogenesis and autoimmunity by neutralizing anti-Sema4D antibody.

implicated in autoimmune disease is Sema4D. While Sema4D
is expressed at low levels in B cells, it is expressed at higher
levels in T cells. The interaction of T cell expressed Sema4D with
CD72 on DCs augments T cell activation (110, 111) (Table 2). By
binding to Plexin B1 and CD72, Sema4D promotes activation of
B cells to induce antibody production and antigen specific T cells
(86, 110, 112). Okuno et al. demonstrated attenuation of MOG-
specific EAE development by adoptive transfer of MOG-specific
T cells into Plexin-B1 deficient mice, which indicates the role of
the Sema4D-Plexin B1 interaction in pathogenesis of EAE (88).

Among class 5 semaphorins, Sema5A is the only member thus
far that has been associated with autoimmune disease (Table 2).
High levels of secreted Sema5A were found in circulation of
patients with RA (113). Further, treatment of primary T cells and
NK cells with soluble form of recombinant Sema5A resulted in
increased proliferation and secretion of proinflammatory TH1
and TH17 cytokines (113).

A class 6 semaphorin, Sema6D, is expressed in lymphoid
populations including T, B and NK cells. O’Connor et al. studied
the regulation of T cells by Sema6D, the stimulation of which
resulted in enhanced Sema6D expression (114). Sema6D interacts
with Plexin A1 and TREM-1/DAP12 complex to activate T cells
and generate antigen specific T cells (85). In mice lacking Plexin
A1, production of antigen-specific T cells is defective. Therefore,
these mice are less prone to developing EAE (21). These
studies suggest a potential role for Sema6D in the development
of MS.

Semaphorin 7A, an immune semaphorin, plays an important
role in regulating innate immune cells. In the immune
system, Sema7A is expressed by activated T lymphocytes and
stimulates not only monocytes, but also macrophages to produce
proinflammatory cytokines. Sema7A was found to induce the
production of proinflammatory cytokines through monocytes
(73) and activated T-cells (4) (Figure 1). By binding to α1β1
integrin in both monocytes (115) and T cells, Sema7A activates
the MAP kinase pathway (43, 115). This finding departs from

the notion that semaphorins signal only through Plexins and
neuropilins, the traditional semaphorin receptors. As a GPI-
anchored protein, Sema7A is recruited to lipid rafts that
accumulate at the immunological synapse between T cells
and macrophages. Direct immunization of Sema7A-deficient
mice with MOG peptide and adoptive transfer of antigen-
specific Sema7A-deficient T cells do not induce T-cell-mediated
immune responses (115). Sema7A-knockout mice resist the
development of inflammation after hapten-induced contact
hypersensitivity (85). In human studies, Sema7A has been shown
to be involved in chronic inflammatory diseases like chronic
obstructive pulmonary disease (COPD) (116) and RA (117)
(Table 2).

In addition to its role in the immune response, Sema7A, the
only GPI-anchored semaphorin, functions as a chemoattractant
and stimulates neuronal migration. Other semaphorins such
as Sema4D (118), Sema4C (119), and Sema6A (120) have also
been shown to promote neuronal migration. More importantly,
Sema7A promotes dendricity not only in axons (35), but also
in melanocytes (121), osteoclasts (122), activated T-cells (4), and
monocytes (73). Expression of Sema7A has also been associated
with fibrosis, inflammation and immune modulation, and is
shown to play a role in RA, MS and SSc (123–125) (Table 2).

Sema7A is cleaved off the membrane by ADAM-17 (15).
In patients with RA, the elevated levels of soluble Sema7A in
both serum and synovial fluid have been correlated with disease
severity (99, 125). Xie et al. showed that soluble Sema7A activates
TH1 cells resulting in increased production of the inflammatory
cytokines IL-6 and IL-17 that could contribute to pathogenesis
of RA (125). Costa et al. studied the expression of Sema7A in
lesions of MS patients and correlated the levels to the severity
of the inflammation in the lesions (126). Using an EAE mouse
model, Gutierrez-Franco et al. elucidated the role of Sema7A
in MS by comparing demyelination or cell death in Sema7A
deficient mice with wild type mice. Mice deficient in Sema7A
had impaired inflammatory cellular infiltrates into the central
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nervous system and reduced demyelination compared to wild
type littermates (124). Further, decreased circulating levels of
Sema7A have been associated with patients with SLE compared
to healthy controls (99).

Sema7A is also an important regulator of tissue remodeling
by inducing fibrosis (116, 127). A pulmonary fibrosis study
showed that expression of Sema7A and its receptors, Plexin
C1 and α1β1 integrins, are induced by TGF-β1 contributing
to TGF-β1-derived fibrosis and tissue remodeling mediated by
the PI3K/AKT pathway (116). Similarly, recent studies found
Sema7A in astrocytes and, accumulation of Sema7A in fibrotic
tissue following spinal cord injury via activation the PI3K/AKT
pathway (127). Sema7A knockout mice crossed with TGF-β1
overexpressing transgenic mice exhibited decreased severity in
lung fibrosis compared to TGF-β1 overexpressing transgenic
control mice (123). Collagen-producing fibrocytes and B cells
expressing Sema7A contribute to pulmonary fibrosis and thus
could lead to SSc (123).

TARGETING SEMAPHORINS TO CONTROL

ANGIOGENESIS AND AUTOIMMUNE

DISEASES

Numerous studies have implicated semaphorins as therapeutic
targets for angiogenesis and autoimmune diseases. However, the
strategies depend on various factors. For example, semaphorins
can either promote or inhibit angiogenesis depending on the
receptor they engage with, whether it is a transmembrane
or a secreted molecule, and which signaling pathways are
activated. Further, semaphorin signaling is modulated by the
receptor and co-receptor complex. Thus, different combinations
of receptor complexes can affect signaling pathways to result in
altered cytokine production, cell proliferation andmigration and,
ultimately, causing either angiogenesis or angiostasis. Similarly,
dysregulated immune responses contributing to autoimmune
disorders are also affected by transmembrane vs. secreted
semaphorins, the receptors engaged and the signaling pathways
activated. All of these factors must be considered when designing
therapeutic strategies. So, what are some of the possible strategies
to control angiogenesis and/or autoimmune diseases mediated
by semaphorins? Some strategies include the use of soluble
semaphorins, small molecules or blocking antibodies to inhibit
signaling, and antagonist peptides to inhibit sema-receptor
complexes. Addressed in this review are soluble semaphorins and
antibodies to ameliorate angiogenesis and autoimmune disease.

Studies show that Class 3 semaphorins have anti-angiogenic
activity (128–130). Sema3A, -C, and E have all been shown
to be anti-angiogenic. Thus, class 3 semaphorins have been
used as “physiological vascular normalizing agents” for anti-
cancer therapy and thereby, aid in enhancing the efficacy and
overcoming acquired resistance to anti-angiogenic therapies
(130). In vitro studies show that migration of endothelial cells
cultured in the presence of angiogenic inducers is inhibited
by Sema3A and Sema3F (38, 129, 131). In mouse models
of cancer, systemic delivery of Sema3A impaired angiogenesis
and metastasis (128). A possible mechanism by which Sema3A

inhibits angiogenesis is by competing for neuropilin, a co-
receptor for VEGF (Figure 2A). Anti-angiogenic activity of
Sema3E is mediated through Plexin D1 to regulate endothelial
cells and development of vasculature (132). Sema3E-plexin
D1 interaction inhibits angiogenesis by suppressing the VEGF
signaling pathway (133). It may be postulated that semphorins
such as Sema3A or Sema3E can be used as anti-angiogenic
agents to block the pro-angiogenic activity of semaphorins such
as Sema4A or Sema4D. Using an oxygen-induced retinopathy
model, Yang et al. found that local administration of Sema3C
inhibits pathological angiogenesis (45). Further, both tumor
angiogenesis and lymphangiogenesis were inhibited by the
stabilized form of Sema3C (65). In a glioblastoma model,
ectopic expression of Sema3D or Sema3E reduced tumor growth
(134). Using a RipTag2 pancreatic tumor model, Tamagnone
et al. showed inhibition of tumor angiogenesis by administering
Sema3E via an Alzet pump delivery system (135). These studies
indicate that semaphorins may be used as therapeutic agents to
regulate angiogenesis. However, a potential problem with the
use of semaphorins as treatment agents for angiogenesis are the
possible side effects, e.g., those caused by suppressing the VEGF
pathway by Sema3E/Plexin D1.

In terms of its possible use in treating autoimmune diseases,
Sema3A is a viable candidate as it has been shown to
have immunoregulatory activities on both innate and adaptive
immunity (136). Treatment with Sema3A and subsequent
binding to NRP-1 suppresses the immune response and also
enhances B regulatory cells by upregulating CD72 (137)
(Figure 2B). In a mouse model of RA, overexpression of Sema3A
partially attenuated disease progression (91). Further, treatment
of mice with Sema3A was beneficial in that it reduced lupus
nephritis (136). Behar et al. showed that increased Sema3A
expression on B regulatory cells and that addition of Sema3A to
activated B cells resulted in downregulation of TLR-9 expression
(136). Sema3A could therefore be added to the arsenal of
treatment options for MS, SLE and other autoimmune disorders.

Antibodies provide an attractive treatment option to directly
target specific molecules to block the action of semaphorins
and thus, reduce angiogenesis or suppress autoimmune diseases.
However, there are difficulties in targeting semaphorins due
to: (1) the conserved Sema domain in semaphorins and
Plexins; (2) redundancy in semaphorins; and (3) receptors
that bind to molecules other than semaphorins. Despite these
difficulties, antibodies have been designed and manufactured
providing positive results. Semaphorins interact with their
receptors, neuropilins, and Plexins, to mediate the downstream
effects. Studies have shown that targeting neuropilins, Plexins,
or semaphorins with specific antibodies results in decreased
angiogenesis. Semaphorin 4D blocking antibody was used to
assess the level of inhibition of angiogenesis in vitro and in
vivo. Reduced vessel counts were observed in mice that received
anti-sema4D antibodies indicating reduced angiogenesis (56)
(Figure 2C). Kong et al. using anti-NRP-1 peptide in both in
vitro and in vivo studies found suppression of VEGF-induced
angiogenesis and experimental arthritis (138).

Blocking of semaphorins and preventing interaction with
their receptors provides a unique strategy to inhibit autoimmune
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diseases. It is known that CD4T cells proliferate and differentiate
into TH1 or TH2 cells when presented with an antigen by DCs.
TH1 cells not only promote cell-mediated immunity but are
involved in development of autoimmune disease. NRP-1 is one
of the molecules involved in stabilization of DC-T cell interaction
(75). Incubation of either T cells or DCs with NRP-1 antibodies
reduced T cell proliferation. This could have implications in
developing treatment options for autoimmune diseases. Using
an in vivo experimental model of axotomy of the rat optic
nerve, Shirvan et al. demonstrated that injecting anti-Sema3A
antibodies inhibited retinal ganglion cell loss and neuronal
protection from degeneration was observed (139). These studies
led to the use of the semaphorin antibodies and peptides
as possible treatment options for immune mediated diseases.
Administration of anti-Sema4A monoclonal antibodies during
MOG-induced EAE blocked the development of EAE (108).
Other studies have shown that use of neutralizing anti-Sema4D
antibodies in treating EAE and RA decreased disease severity
(140). Fisher et al. determined that anti-Sema4D antibodies
ameliorate collagen-induced arthritis and reduced inflammation
in a collagen-induced arthritis model (140). In other studies,
administration of anti-Sema4D reduced the severity of RA (107),
and using anti-Sema7A antibodies, Xie et al. reported inhibition
of collagen induced arthritis (125) (Figure 2C). Using antibodies
as therapeutics, one must be cognizant of off-target effects
on vasculature, vascularized organs, brain, and spinal cord. In
addition to antibodies peptides targeting semaphorin receptors
may be an alternative strategy to ameliorate autoimmune
diseases. A recent study used Plexin-A1 antagonist to counteract
the anti-migratory effect of Sema3A in oligodendrocytes. It was

shown that blocking PlexinA1, the receptor of Sema3A enhanced
myelin content and thus locomotor activity in an in vivo model
of EAE (141).

CONCLUSION

Considering that the field of study of semaphorins is relatively
new, tremendous progress has been made in understanding
their roles in various diseases affected by angiogenesis and
autoimmune reactivities. Designing effective strategies to reduce
pathogenicity associated with these molecules is crucial. In this
review, we discussed the role of immune semaphorins, Sema3A,
3C, 3E, 3F, 4A, 4D, 5A, 6D, and 7A in angiogenesis and
autoimmune diseases. We then highlighted the inhibition of
semaphorins or their receptors in ameliorating angiogenesis and
autoimmune diseases.
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