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This article has a correction. Please see:

Erratum for the Research Article: “A rationally designed NRP1-independent superagonist SEMA3A mutant is an effective
anticancer agent” by N. Gioelli, F. Maione, C. Camillo, M. Ghitti, D. Valdembri, N. Morello, M. Darche, L. Zentilin, G.
Cagnoni, Y. Qiu, M. Giacca, M. Giustetto, M. Paques, |. Cascone, G. Musco, L. Tamagnone, E. Giraudo, G. Serini - July
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Semaphoring to tumor vasculature

Solid tumors typically have blood vessels that are not only increased in number but also exhibit various structural and
functional abnormalities. Thus, vascular normalization is frequently proposed as an antitumor strategy, with the goal of
improving intratumoral oxygenation and drug delivery. SEMA3A, a protein from the semaphorin family, is a known
vascular normalizing agent but not a good therapeutic candidate due to adverse effects. To address this concern,
Gioelli et al. engineered a mutant version of SEMA3A that retained its vascular normalizing function but did not activate
the pathway responsible for the main side effects. The authors then confirmed the ability of mutant SEMA3A to
normalize tumor vasculature and demonstrated its anticancer effects alone and combined with chemotherapy.

Abstract

Vascular normalizing strategies, aimed at ameliorating blood vessel perfusion and lessening tissue hypoxia, are
treatments that may improve the outcome of cancer patients. Secreted class 3 semaphorins (SEMA3), which are thought
to directly bind neuropilin (NRP) co-receptors that, in turn, associate with and elicit plexin (PLXN) receptor signaling, are
effective normalizing agents of the cancer vasculature. Yet, SEMA3A was also reported to trigger adverse side effects
via NRP1. We rationally designed and generated a safe, parenterally deliverable, and NRP1-independent SEMA3A point
mutant isoform that, unlike its wild-type counterpart, binds PLXNA4 with nanomolar affinity and has much greater
biochemical and biological activities in cultured endothelial cells. In vivo, when parenterally administered in mouse
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models of pancreatic cancer, the NRP1-independent SEMA3A point mutant successfully normalized the vasculature,
inhibited tumor growth, curbed metastatic dissemination, and effectively improved the supply and anticancer activity of
chemotherapy. Mutant SEMA3A also inhibited retinal neovascularization in a mouse model of age-related macular
degeneration. In summary, mutant SEMA3A is a vascular normalizing agent that can be exploited to treat cancer and,
potentially, other diseases characterized by pathological angiogenesis.

INTRODUCTION

Blood vessels of most solid cancers exhibit structural and functional abnormalities that severely hamper antineoplastic
drug delivery and radiotherapy effectiveness (1). Moreover, the hypoxia resulting from impaired vascular perfusion
supports the maintenance of tumor-initiating cancer stem cells (2, 3) and triggers proinvasive and immunosuppressive
gene transcription programs that foster cancer progression (4, 5). The functional impact of cancer genome mutations
and transcriptional alterations highly depends on environmental selection pressures (6), such as poor tissue
oxygenation. In their aiming at relieving stress factors that affect the selection process and thus foster cancer
aggressiveness, pharmacological strategies such as vascular normalization (1) may thus complement conventional
treatments. In particular, improving cancer perfusion and oxygenation can favor the delivery of chemotherapies, increase
the sensitivity to radiation therapy, and impair metastatic dissemination along with cancer stem cell renewal (1).

Semaphorins (SEMA) are a large family of extracellular signals controlling axonal navigation and endothelial cell (EC)
migration in development, as well as tumor angiogenesis, cancer progression, and immune function in adulthood (7-9).
We previously showed how homodimeric secreted chemorepulsive class 3 SEMA3A is a physiological vascular
normalizing factor (10) that is present in precancerous lesions of multiple preclinical transgenic mouse models of cancer
but lost during cancer progression (11, 12). When reintroduced by gene transfer, SEMA3A successfully counteracted
cancer blood vessel abnormalization and metastatic dissemination (11-13). Accordingly, decreased SEMA3A protein
expression has been correlated with poor prognosis in human gastric (14), hepatocellular (15), prostatic (16), and
squamous cell carcinomas (17), as well as meningiomas (18). In addition, integrated genomic and transcriptional
analyses of a wide cohort of human pancreatic ductal adenocarcinomas (PDACs) identified SEMA3A gene as
transcriptional target that is strongly down-regulated by N-terminally truncated p63 (TP63AN) in squamous PDAC, a
molecular subtype that is an independent poor prognostic factor (19).

Neuropilin 1 (NRP1) and sema domain-containing type A plexins (PLXNAs) are considered to be the mandatory ligand-
binding and signal-transducing components of SEMA3A holoreceptors, respectively (7). In this regard, a caveat is that
SEMAB3A was also reported to mediate some adverse side effects via the NRP1 receptor subunit. These included the
attraction of protumoral macrophages (20) and increased vascular permeability when SEMA3A protein was administered
acutely (21, 22), thus conceivably exposing vascular ECs to high amounts of this chemorepellent.

Here, we describe a safe, effective, and parenterally deliverable SEMA3A mutant isoform, which, unlike its wild-type
counterpart, directly binds to PLXNA4 with high affinity but cannot interact with NRP1. Owing to its ability to avidly bind to
PLXNAA4, the new SEMA3A mutant displays stronger activity on ECs in vitro and in vivo in models of pancreatic cancer.
Furthermore, we provide evidence that, whereas SEMA3A depends on NRP1 to elicit EC collapse and vascular
permeability, NRP1 is fully dispensable to mediate repulsion of migrating ECs, promote vascular normalization, and
inhibit tumor growth and dissemination to distant organs.

RESULTS
High-affinity SEMA3A binding to NRP1 is required to elicit EC collapse but not to inhibit haptotactic EC migration

Homodimerization is crucial for the activity of essentially all SEMA proteins (23). From its N to C terminus, the wild-type
SEMAS3A (SEMA3A_WT) monomer contains a seven-bladed B-propeller sema domain, followed by a plexin-semaphorin-
integrin (PSI) domain, an immunoglobulin (Ig)-like domain, and a basic amino acid stretch (7). Noncovalent interactions
between sema domains (24) and cysteine disulfide bond(s) lying in the Ig-like domain/basic tail area allow the formation
of a stably functional SEMA3A_WT homodimer (25). Furin-like pro-protein convertases cleave the basic stretch, expose
a C-terminal arginine, and allow mature SEMA3A_WT to bind with high affinity to the extracellular b1 domain of NRP1
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(8, 26). The extracellular a1l domain of NRP1 is instead posited to stabilize an extremely weak (27), albeit functionally
relevant (28) canonical interaction between the sema domains of SEMA3A_WT and PLXNAs. Furin-like proteases also
sever mature SEMA3A_WT just downstream of its PSI domain, thus physically dissociating the sema/PSI domain and
Ig-like domain/basic tail regions (29); this cleavage terminates SEMA3A_WT interaction with NRP1 (8, 26).

Because full-length SEMA3A WT can cause adverse side effects through NRP1 (20, 21, 30), but it was recently
postulated to directly, although tenuously, bind PLXNAs as well (Fig. 1A) (20, 27, 28), we asked whether SEMA3A
actually requires hinding to NRP1 to control EC behavior. First, we generated a mutant SEMA3A lacking the Ig-like
domain and C-terminal basic stretch (SEMA3A_Alg-b; Fig. 1A), two moieties that are well known to mediate high-affinity
SEMA3A binding to NRP1 [see (8, 26) and references therein]. To make the remaining sema-PSI region (amino acids 1
to 548) of mutant SEMA3A_Alg-b stably dimeric and easily purifiable on Sepharose protein A, we fused its C terminus
with the mouse 1gG1 constant fragment (Fig. 1A and fig. S1).

A SEMASA_WT SEMASA_Alg-b
= AAe SEMA3A_WT SEMA3A_Algb
PLXNA4 3N, 72
o P f v
PsI Mock ¢
B 3 . -
z L] Wy "
NRP) b = &
NRP1 . ot
PN L) * o ’ 4
B, y
Kt -
0.2
£ 5 04 1
2 ]
g Z r;n e ns
2 £ a5 TS
;_Jl ) ; -0.4
s SEMASA WTO2Z0M & SEMA3A_lg-b 0.2 nM
o SEMAZA WTO04nM 5§ SEMAZA_alg-b 0.4 nM
—SEMAZA_WT09M  ~ -0.8 SEMA3A_AIG-D 0.9 M
==SEMAZA_WT18nM 1 w—SEMAZA_Alg-b 1.8 nM
g 1 G & TSEMAIA_WT 35 1M g " - g SEMASA_Big-b3.5 M
3 a g b

a8 S 2
Time (h:mm) Time (h:mm)

o
m

i - » =01
® 3 -02
o sicd  siNRP1 g -03 shCil  shPLXNA4
£ - S -04 |
3
NRP1 B %
= .06
b Tubuling | S — 07 a Tubulini - —
-06 —siCl 4 SEMAZA_yi & PVIOP o w—mshCtl + SEMA3A_WT '
07 e sINRP 1 4 SEMAZA_WT Bt e thPLXNA® + SEMA3A_WT
g g g 8 8 & 3 5
e a & = 2 3 il o
F Time (h:mm) Time (h:mm)
g
ey T Control SEMAIA_WT SEMAIA_Alg-b
T8 50 {-SEMA3A_tigb
- -
S 5404 —
S
=
z<
vl 20
BE
zE10
= g 0
£ 2 5
Minutes of intemalization
G H shetl ShPUXNA4 | sictl siNRP1
100 100 _100 100 100
§ % e §% 1 § % 5 %
80 s 80 g o0 ns % 80 3 80
2 70 g 70 2 70 S 70 2 7
[ 1
£ w E e E 60 s Ee E g
S 50 T so T 50 T so % 50
g 40 2 40 2 40 2w g 40
5 30 oo E 30 T 30 30
€ w SEMASA_WT € 0{ I w==Control £ ===Control € 20 w==Control & 20 w—{ontrol
lg ——SEMAZA_Alg-b \g v SEMA3A_WT 10 SEMAZA_WT 10 SEMA3A_WT ‘g SEMA3A_WT
[ 0
Thour 2hours 3 hours 1 hour 2hours 3 hours 1 hour 2hours 3 hours Thour 2hours 3hours Thour 2hours 3 hours
Time Time Time Time Time
il shtl o ShPLXNA4 K i sictl 100 SiNRP1
c %0 c 90 e 90 %
2 w 2 0 s 2 80 g 80
~ I = = 7
% 70 % 0 g 70 5 $
£ 60 E &0 e Ew ]
g 0 3 T 50 T W
v 40 v 40 2 40 » 40
£ wn $ w0 z 30 £ 30
i 2 Contol € 20 e Control & 201 - ——Control
c 10 —mSEMAIA g & '3 —-—SEMAZA Nlgb 10 ——SEMAZA_glg-b ‘g ——SEMA3A_alg-b
0 0
Thour  2Zhours  3hours Thour  2heurs  3hours Thour 2hours 3 hours 1 hour 2hours 3hours

Time Time Time Time


http://stm.sciencemag.org/content/10/442/eaah4807.full#ref-8
http://stm.sciencemag.org/content/10/442/eaah4807.full#ref-26
http://stm.sciencemag.org/content/10/442/eaah4807.full#ref-27
http://stm.sciencemag.org/content/10/442/eaah4807.full#ref-28
http://stm.sciencemag.org/content/10/442/eaah4807.full#ref-29
http://stm.sciencemag.org/content/10/442/eaah4807.full#ref-8
http://stm.sciencemag.org/content/10/442/eaah4807.full#ref-26
http://stm.sciencemag.org/content/10/442/eaah4807.full#ref-20
http://stm.sciencemag.org/content/10/442/eaah4807.full#ref-21
http://stm.sciencemag.org/content/10/442/eaah4807.full#ref-30
http://stm.sciencemag.org/content/10/442/eaah4807.full#F1
http://stm.sciencemag.org/content/10/442/eaah4807.full#ref-20
http://stm.sciencemag.org/content/10/442/eaah4807.full#ref-27
http://stm.sciencemag.org/content/10/442/eaah4807.full#ref-28
http://stm.sciencemag.org/content/10/442/eaah4807.full#F1
http://stm.sciencemag.org/content/10/442/eaah4807.full#ref-8
http://stm.sciencemag.org/content/10/442/eaah4807.full#ref-26
http://stm.sciencemag.org/content/10/442/eaah4807.full#F1

Fig. 1. Unlike PLXNA4, NRP1 is necessary for SEMA3A-elicited EC collapse but not for SEMA3A inhibition of EC haptotaxis.

(A) The C-terminal basic stretch of SEMA3A_WT hinds the b1 domain of NRP1 with high-affinity (solid double arrow) NRP1, and this
domain acts as a co-receptor that keeps SEMA3A_WT close to PLXNA4. SEMA3A_WT drives the activation of PLXNA4 guanosine
triphosphatase (GTPase) activating protein (GAP) domain via a very low-affinity sema domain-sema domain interaction (dashed
double arrow). The SEMA3A_Alg-b deletion mutant lacks the high-affinity NRP1-binding basic stretch and, after fusion with the
mouse lgG1 constant fragment (Fc), is stably dimeric. Cyto, cytosolic domain; IPT, integrin-plexin-transcription factor domain; PM,
plasma membrane. (B) In situ binding assays on NRP1 or green fluorescent protein (Mock)-transfected COS-7 cells evaluated the
ability of AP-SEMA3A_WT and mutant AP-SEMA3A_Alg-b to bind to NRP1. Scale bar, 50 ym. (C) Real-time analysis of SEMA3A-
elicited EC collapse as evaluated by an xCELLigence system. ECs were left to adhere on type | collagen (Coll I) for 2 hours.
Different amounts (0.2 to 3.5 nM) of either SEMA3A_WT (green) or SEMA3A_Alg-b (blue) were then added or not to ECs, and cell
spreading index was monitored over time. A representative experiment out of three is shown. For simplicity, data from the same
experiment are plotted in two separate graphs: SEMA3A WT (left graph) and SEMA3A_Alg-b (right graph). Each curve is the mean
of three technical replicates + SD. (DandE) Collapse of control (siCtl or shCtl), NRP1 (siNRP1)-silenced (D),
or PLXNA4 (shPLXNA4)-silenced (E) ECs was analyzed over time upon addition of 3.5 nM SEMA3A_WT. A representative
experiment out of six (D) or five (E) is depicted. Results are the mean of four technical replicates + SD. (F) To label ligand-
bound/active asfa integrins on the cell surface, living ECs were incubated for 10 min at 37°C with SNAKA51 mAb. ECs were then left
to internalize SNAKA51-bound asf1 integrins for 2 or 5 min either in the absence (control; gray) or in the presence of SEMA3A_WT
(green) or SEMA3A_Alg-b (blue). After acid wash at 4°C, ECs were fixed and immunostained to visualize the early endosome
marker early endosome antigen 1 (EEA1) (red in merge) and endocytosed SNAKA51-asfiintegrin complexes (green).
Representative single confocal z sections of ECs that were incubated for 5 min are shown. Mean fluorescence intensity (MFI) of
SNAKA51 mAb accumulated in EEAL* endosomes in six randomly chosen fields (=18 cells per field) for each experimental point,
from two independent experiments, was acquired at the same acquisition settings and quantified by ImageJ software. Scale bar, 20
pm. (G) Real-time analysis of haptotactic EC migration toward Coll | either in the absence (control, gray) or in the presence of 3.5 nM
SEMA3A_WT (green) or SEMA3A_Alg-b (blue), assessed with an xCELLigence system. Results are the mean + SEM of three
independent experiments, with each experimental point performed in triplicate. (H to K) Haptotactic migration toward Coll | of control
(shCtl or siCtl), PLXNA4(shPLXNA4)-silenced (H and J), or NRP1 (siNRP1)-silenced (I and K) ECs was analyzed over time either in
the absence (control, gray) or in the presence of 3.5 nM SEMA3A_WT (green) (H and I) or SEMA3A_Alg-b (blue) (J and K). For
simplicity, data from the same experiments are plotted in two separate graphs: shCtl (H and J) or siCtl (I and K) (left graphs) and
ShPLXNA4 (H and J) or siNRP1 (I and K) (right graph). Results are the mean + SEM of three (H and J), four (K), or five (I)
independent experiments, with each experimental point having been performed in triplicate. Results were analyzed by a two-tailed
heteroscedastic Student's t test; ns, not significant; *P < 0.05, *P < 0.01, and **P < 0.001.

Consistent with previous reports (8, 26), ligand-receptor in situ binding assay on COS-7 cells demonstrated that alkaline
phosphatase (AP)-conjugated SEMA3A WT, but not AP-SEMA3A_Alg-b, interacts with NRP1 with high affinity (Fig.
1B). Next, we compared the ability of equimolar amounts of affinity-purified Fc-tagged SEMA3A_WT and SEMA3A_Alg-
b to induce the collapse of adherent ECs (31) and quantitatively monitored it in real time through an impedance-based
cell collapse assay (32). As confirmation of the role of NRP1 in the holoreceptor complex, we found that SEMA3A_WT,
but not SEMA3A_Alg-b, elicits a robust retraction of cultured human umbilical artery ECs (Fig. 1C). Consistent with that,
we also observed that NRP1 silencing (33) severely hampers the activity of SEMA3A_WT in causing the collapse of ECs
(Fig. 1D). PLXNA4 is a major SEMA3A signaling receptor in both neurons (34) and ECs (35);
accordingly, PLXNA4 silencing hindered the EC collapse triggered by SEMA3A WT (Fig. 1E). Together, our data
confirmed that NRP1 and PLXNA4 are both essential for SEMA3A_WT to trigger EC collapse.

In ECs, NRP1 localizes at extracellular matrix (ECM) adhesions, where it drives the internalization of active/ECM-bound
sy integrin, as recognized by SNAKA51 monoclonal antibody (mAb) (33). In addition, the binding of NRP1 b1 domain
to the C-terminal basic tail of SEMA3A is sufficient to stimulate macropinocytosis (36), and SEMA3E-elicited EC collapse
depends on integrin internalization (37). Therefore, we investigated whether SEMA3A may promote active/ECM-bound
asP: integrin endocytosis in ECs via NRP1. SNAKA51 mAb was preincubated for 10 min on living ECs, which were then
washed and incubated for different amounts of time in the absence or presence of equimolar amounts of SEMA3A WT
or SEMA3A_AIg-h. Next, surface-bound nonendocytosed SNAKA51 was removed by acid wash, and the colocalization
between endocytosed SNAKASL* asp; integrins and EEAL* vesicles was analyzed by confocal fluorescence microscopy
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and quantified (Fig. 1F). We found that SEMA3A WT, but not SEMA3A Alg-b, effectively stimulated
SNAKAS1* asf integrin internalization in EEAL* early endosomes. Thus, the binding of the Ig-like domain/basic talil
region of SEMA3A to NRP1 is crucial to promote the endocytosis of active integrins from ECM adhesions and to favor
EC collapse, potentially due to retraction of disentangled cellular processes.

In addition to mediating stable adhesion, integrin-ECM interactions are required for the active protrusion of the leading
membrane in cell migration. Thus, through a real-time impedance-based haptotaxis assay, we quantitatively compared
the ability of equimolar amounts of affinity-purified Fc-tagged SEMA3A_WT and SEMA3A_Alg-b to inhibit the migration
of ECs toward ECM proteins, such as Coll | (33). Notably, SEMA3A_Alg-b was as efficient as SEMA3A_WT in inhibiting
EC directional migration toward Coll | (Fig. 1G). Moreover, we observed that the inhibitory activity of both SEMA3A_WT
(Fig. 1, H and 1) and SEMA3A_Alg-b (Fig. 1, J and K) on Coll I-driven EC haptotaxis was abrogated by PLXNA4 (Fig. 1,
H and J) but not by NRP1 (Fig. 1, | and K) silencing. Together, our findings indicate that, unlike EC collapse, the
inhibition of haptotactic EC migration by SEMA3A does not require high-affinity NRP1 binding but relies on PLXNA4
signaling.

High-affinity SEMA3A binding to NRP1 is required to elicit in vivo vascular permeability but not to inhibit tumor growth

C-end rule peptides, which mimic the C-terminal arginine-containing sequences of native vascular endothelial growth
factor A (VEGF-A) (30) and furin-activated mature SEMA3A_WT basic stretches (36), induce EC internalization and
vascular leakage by binding the extracellular b1 domain of NRP1 (30, 36). Therefore, we assessed whether NRP1
binding may be essential to mediate blood vessel permeability elicited by acute administration of different SEMA3A
protein isoforms. To this end, first, we intradermally injected mouse ears with SEMA3A_WT, SEMA3A_Alg-b, or VEGF-
A. Next, we measured vascular leakage in Miles assays (38) by intravenously inoculating the azo dye Evans Blue, which
binds to albumin with high affinity, and measuring the amount of extravasated dye. VEGF-A and, to a lesser extent,
SEMA3A WT, but not SEMA3A_Alg-b, fostered Evans Blue extravasation (Fig. 2, A and B), thus indicating the
dependency of SEMA3A-induced vascular leakage on NRP1 binding.
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Fig. 2SEMA3A_Alg-b does not induce vascular permeability and slightly reduces tumor growth in RIP-Tag2.

(A) Representative images showing Evans Blue extravasation from the mouse ear vasculature upon acute stimulation with 600 ng of
recombinant SEMA3A_WT, SEMA3A _Alg-h, or VEGF-A 165, used as a positive control (n = 3 per group). Saline solution was used
as a negative control (from here on, referred to as “control”). Scale bar, 1 mm. (B) Permeability was evaluated as the percentage of
leaked blue/total area (mm2). SEMA3A_WT, but not SEMA3A_Alg-h, elicited vascular leakage. (C) Total tumor volume of RIP-Tag2
mice treated for 4 weeks with AAV8-SEMA3A_WT or AAV8-SEMA3A_Alg-b. Results are the mean + SD (n = 5 per group). Results
were analyzed by nonparametric two-tailed, unpaired Mann-Whitney U test; *P < 0.05 and **P < 0.01.

Then, we evaluated whether the antitumor effects of SEMA3A may also depend on NRP1 binding. For this purpose, we
used the transgenic RIP-Tag2 pancreatic neuroendocrine tumor (PNET) mouse model, in which we previously observed
that SEMA3A_WT gene delivery by means of adeno-associated virus-8 (AAV8) successfully impaired tumor growth and
metastatic dissemination (12, 13). We transduced tumor-bearing RIP-Tag2 mice with control AAV8, AAVS-
SEMA3A_WT, or AAV8-SEMA3A_Alg-b, and we compared their effects on tumor volume after 4 weeks. AAVS-
SEMA3A WT reduced tumor volume by 64% compared to control, whereas AAV8-SEMA3A_Alg-b only decreased
tumor burden by 29% (Fig. 2C). Similarly, intraperitoneal administration of recombinant SEMA3A_Alg-b protein at 3
mg/kg three times per week for 4 weeks induced a 28% inhibition of tumor growth in RIP-Tag2 mice (fig. S2). Although
SEMA3A_Alg-b was less efficient than SEMA3A_WT in hampering the growth of RIP-Tag2 PNETS, these findings
revealed that the antitumor activity of SEMA3A does not necessarily depend on NRP1 but may be mediated by other
signaling receptors, such as PLXNA4 (34, 35).

In silico analyses unveil a key role of extrusion 1 in controlling SEMA3A binding to PLXNA4

To enhance the anticancer properties of NRP1-independent SEMA3A_Alg-b, we sought to increase its affinity for
PLXNAs by a rationally designed mutagenesis approach. To identify the amino acids responsible for the head-to-head
heterodimeric interactions between SEMA and PLXNA sema domains (28, 39), we first analyzed the high-resolution
crystallographic structure of the SEMABA-PLXNA2 complex (Protein Data Bank code: 3oky) (39), which we considered
as a faithful template to define the SEMA-PLXN interface. To account for conformational rearrangements occurring in
solution and to identify the contacts that stably participate to complex formation, we performed all-atom classical
molecular dynamics simulations in explicit water. Analysis of the simulations revealed an extended densely packed
hydrophobic interface stabilized by few hydrophilic interactions. Because long-range electrostatic forces are crucial in
protein-protein recognition, and surface charge complementarity supports the formation and lifetime of protein
complexes (40), we focused on the electrostatic contacts occurring at the interface between SEMABA and PLXNA2
sema domains (Fig. 3A and table S1). In particular, besides the conserved involvement of the B3D-B4A loop (28, 39), we
examined the hydrophilic interactions encompassing the so-called extrusions (fig. S3), two structural peculiarities of the
sema fold B-propeller topology that conceivably acquired functional roles during evolution (41). We observed the
following: (i) the presence of a stable salt bridge between K110sgmasa and D408pixnaz, located on extrusion 1 of SEMAGA
and extrusion 2 of PLXNAZ2, respectively (Fig. 3A, right inset); (i) the formation of a salt bridge between the guanidinium
group of R267semaca and the carboxylic group of E105pxnaz2located on loop B4C-B4D of SEMABA and extrusion 1 of
PLXNA2, respectively (Fig. 3A, left inset). Thus, we reasoned that SEMA3A-driven activation of PLXNA4 could be
strengthened by designing a SEMA3A mutant with empowered charge complementarity contacts within this electrostatic
interaction interface. We noticed that in extrusions 1 and 2, PLXNA4 has two acidic residues, E102 and D404
(corresponding to E105 and D408 in PLXNAZ; fig. S4), which might potentially establish electrostatic interactions with
SEMASA. In its B4C-B4D loop, in the position equivalent to R267 of SEMAGA, SEMA3A displays a basic amino acid
residue (R277semasa) that might be suitable for interactions with E102 of PLXNA4 extrusion 1 (fig. S4). However, on the
opposite edge of the electrostatic interface, SEMA3A extrusion 1 contains an alanine (A106semasa) that cannot engage in
electrostatic interactions (fig. S4). Thus, we theorized that the substitution of SEMA3A_A106 with a charged residue (for
example, a lysine) might create an additional complete charge complementarity between SEMA3A extrusion 1 and
PLXNA4 extrusion 2, eventually increasing the interactions between these two sema domains. To start testing this
hypothesis, we created an in silico model of A106K-mutated SEMA3A (SEMA3A_A106K)-PLXNA4 complex, which was
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subsequently relaxed by all-atoms molecular dynamics simulations in explicit solvent. The complex was stable all along
the simulation (fig. S5), and the highest fluctuations were located mostly in unstructured regions of both proteins (figs. S6
and S7). We observed that the SEMA3A_A106K-PLXNA4 interface is composed of a combination of hydrophobic and
hydrophilic interactions. An analysis of the electrostatic interface along the simulation supported the charge
complementarity hypothesis (Fig. 3B and table S1); in particular, extrusion 1 of SEMA3A_A106K and extrusion 2 of
PLXNA4 are engaged in an extended network of hydrophilic interactions, whereby D404 xnas €Stablishes both a salt
bridge with R166semaza and a water-mediated interaction with K106semasa_a106k, thus supporting a relevant contribution of
a basic residue in this position (Fig. 3B, right inset). However, the identity of the amino acids mediating the interaction
between SEMA extrusion 1 and PLXN extrusion 2, as well as SEMA B2D-B3A loop and PLXN extrusion 2/bulge, is
completely different in SEMAGA-PLXNA2 and SEMA3A-PLXNA4 interfaces. A stable H-bond between the backbone of
W105semasa_atoesk and that of L393pxnas alSo contributes to interdomain interactions in this region (Fig. 3B, right inset),
and it is absent in the SEMAGA-PLXNA2 complex (Fig. 3A, right inset, and table S1). Notably, overall, the network of
interactions with PLXNA4 extrusion 2 is more effective in SEMA3A_A106K as compared to the SEMABA-PLXNA2
interaction (Fig. 3 and table S1). Moreover, in stark difference to SEMAGA-PLXNAZ interaction (Fig. 3A, main image and
left inset), we did not find any stable electrostatic contact between extrusion 1 of PLXNA4 and SEMA3A_A106K (Fig. 3B,
main image and left inset, and fig. S4B), most likely because of the different length of the B4C-4D loop of SEMA3A,
which is shorter than the corresponding loop in SEMAGA. As a consequence, R277sewaza iS not at the proper distance to
create stable interactions with acidic residues of the extrusion 1 of PLXNA4; it is therefore conceivable that electrostatic
contacts in this region are not reproduced in the SEMA3A_A106K-PLXNA4 complex (Fig. 3B, left inset, and table S1).
By contrast, our simulations support the contribution of extrusion 1 of SEMA3A to the binding with PLXNs, whereby
mutations within this region of SEMA3A may tune its binding affinity. In general, our analysis also suggests that SEMA of
different subclasses, such as SEMAGA and SEMA3A, establish the electrostatic binding interface with PLXNA receptors
in different ways.
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Fig. 3In silico analyses reveal a central role for extrusion 1 in controlling SEMA3A-PLXNA4 molecular interactions.

Representation of the overall electrostatic contacts at the interface of (A) SEMABA-PLXNA2 and (B) SEMA3Aaiosk-PLXNA4
heterodimers, as determined by molecular dynamics simulations. SEMA and PLXNs are shown as blue and white cartoons,
respectively. Residues involved in stable electrostatic interactions (as defined in table S1) are represented as stick and surface
models and labeled with the one-letter code in the insets. For clarity, insets are rotated with respect to the corresponding overall
representation. All the stick models are shown with carbon, nitrogen, oxygen, sulfur, and hydrogen atoms in cyan, blue, red, yellow,
and white, respectively.

SEMA3A_A106K_Alg-b mutant is a powerful NRP1-independent PLXNA4 superagonist and EC inhibitor

To provide an experimental validation and quantification of the hypothesized effect of SEMA3A mutagenesis on its
binding affinity to PLXNs, we generated a recombinant SEMA3A A106K_Alg-b mutant and assayed the different AP-
conjugated SEMA3A variants in ligand-receptor in situ binding assays, as described above. Our results demonstrated
that, similar to truncated SEMA3A_Alg-b and unlike SEMA3A_ WT, SEMA3A_A106K_Alg-b mutant cannot interact with
NRP1 (Fig. 4A). We then tested the ability of these different AP-tagged constructs to directly bind PLXN family members.
We found that, compared to SEMA3A_WT and SEMA3A_Alg-b variant (Fig. 4A), the introduction of a single amino acid
mutation endowed the SEMA3A_A106K mutant with the ability to bind PLXNA4 with high affinity (Fig. 4B), displaying a
dissociation constant (Ks) = 0.7 nM, as estimated by Scatchard plot analysis (Fig. 4C). In comparison, the Ky of
SEMA3A_WT hinding to NRP1 was 1.1 nM (Fig. 4D), consistent with the literature (42). No other PLXNAs displayed
detectable hinding to SEMA3A_A106K_Alg-b (Fig. 4A), even in the presence of excess NRP1 (fig. S8), thus ruling out
the possibility that, in association with NRP1, other PLXNAs may interact with the mutant SEMA3A_A106K_Alg-b. To
understand whether mutating the homologous A106semasaresidue into a lysine may increase the binding of other
SEMA3s to specific PLXNAs, we mutagenized another antiangiogenic (43) and anticancer (44-48) SEMA3, namely,
SEMA3B. We generated, affinity-purified, and tested the ability of Fc-tagged recombinant SEMA3B_Alg-b and
SEMA3B_A105K_Alg-b mutant constructs to directly bind Plexin family members. We found that, compared to
SEMA3B_Alg-b, SEMA3B_A105K_Alg-b bound with very high affinity to PLXNA2 (fig. S9), which is essential for the
transduction of SEMA3B, but not of SEMA3A, signals in ECs (49). Thus, it appears that mutating the
A106semaza homolog alanine residue into a lysine may increase the binding of SEMA3 proteins other than SEMA3A,
such as SEMA3B, to the specific PLXNA receptor that physiologically mediates their signals.
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Fig. 4The NRP1-independent SEMA3A_A106K_Alg-b mutant protein isoform binds to PLXNA4 with nanomolar affinity.

(A) In situ assays of NRP1, PLXNAL to PLXNA4, or green fluorescent protein (Mock)-transfected COS-7 cells assessed binding of
AP-SEMA3A_WT, AP-SEMA3A_Alg-b, and AP-SEMA3A_A106K_Alg-b. Scale bar, 100 ym. (B to D) Binding curves (B and D) and
Scatchard analysis (C) of PLXNA4 (B and C) or NRP1 (D) at different concentrations of ligands [(B) and (C), SEMA3A_A106K_Alg-
b; (D), SEMA3A_WT], quantified by spectrometry of chromogenic conversion of AP substrate p-nitrophenyl phosphate. AbSaosnm,
absorbance at 405 nm.

Next, we generated and affinity-purified Fc-tagged constructs of the different SEMA3A proteins above (fig. S1) and
compared the ability of equimolar amounts of Fc-tagged SEMA3A_A106K_Alg-b, SEMA3A Alg-b, or SEMA3A WT to
inhibit the haptotactic migration of ECs toward Coll | (Fig. 5). We found that, over a wide concentration range (0.2 to 3.5
nM), Fc-tagged SEMA3A_A106K Alg-b was always much more effective than SEMA3A Alg-b or SEMA3A WT in
inhibiting EC haptotactic migration (Fig. 5, A and B). In accordance with its receptor hinding profile, gene silencing
experiments also showed that the inhibitory activity of Fc-tagged SEMA3A_A106K Alg-b on EC haptotaxis was
dependent on PLXNA4 (Fig. 5C) but not on NRP1 (Fig. 5D). As expected, because SEMA3A requires NRP1 to induce
EC collapse (Fig. 1, C and D), but not to inhibit EC migration (Fig. 11), SEMA3A_A106K_Alg-b could not elicit an
effective retraction of cultured ECs (fig. S10), similar to affinity-purified Fc-tagged SEMA3A_Alg-b. On the other hand,
SEMA3A_WT was fully functional in this assay (Fig. 1C).
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Fig. 5SEMA3A_A106K_Alg-b is more effective than SEMA3A_WT and SEMA3A_AIg-b in inhibiting directional migration and
eliciting biochemical signaling in ECs.

(A and B) Real-time analysis of haptotactic EC migration toward Coll | either in the absence (control, gray) or in the presence of 0.9
nM (A) or 3.5 nM (B) recombinant SEMA3A WT (green), SEMA3A Alg-b (blue), or SEMA3A A106K_Alg-b protein (red) was
performed with an XCELLigence system. Results are the mean + SEM of three independent experiments, with each experimental



point having been performed in triplicate. *SEMA3A_A106K_Alg-b versus SEMA3A WT;# SEMA3A_A106K_Alg-b versus
SEMA3A_Alg-b. (C and D) Haptotactic migration toward Coll | of control (shCtl or siCtl), PLXNA4 (shPLXNA4)-silenced (C),
or NRP1(siNRP1)-silenced (D) ECs was analyzed over time either in the absence (control, gray) or in the presence (red) of 1.8 nM
SEMA3A_A106K_Alg-b protein. For simplicity, data from the same experiments are plotted in two separate graphs: shCtl (C) or siCtl
(D) (left graph) and shPLXNA4 (C) or siNRP1 (D) (right graph). Results are the mean £ SEM of three (C) or four (D) independent
experiments, with each experimental point having been performed in triplicate. (E) Pull-down assay of active RAP1 GTP in ECs that
were treated or not for 1 min with 0.02 nM SEMA3A_WT, SEMA3A_Alg-b, or SEMA3A_A106K_Alg-b protein. For each experimental
point, total RAP1, detected in the input fraction, was used to calculate the normalized amount of active RAP1 (RAP1 GTP/total
RAP1). Results are the mean + SEM of three independent biological replicates, one of which is shown. (F) Western blot analysis of
activated phospho-ERK1/2 in ECs that were treated or not for 15 min with 0.2 nM SEMA3A WT, SEMA3A_Alg-b, or
SEMA3A_A106K_Alg-b protein. Western blot analysis of total ERK1/2 was used to calculate the normalized amount of active
ERK1/2 (pERK1/2/total ERK1/2). Results are the mean = SEM of four independent biological replicates, one of which is shown.
Statistical analysis results were analyzed by a two-tailed heteroscedastic Student’s t test; *P < 0.05, **##P < 0.01, and ***###p <
0.001.

All SEMAs signal through PLXN receptors, characterized by a cytosolic GAP activity (7) that inhibits small GTPases
known for their ability to promote integrin-mediated cell adhesion to ECM proteins, including RAP1 (50, 51). In addition,
similar to SEMA3E (52), but unlike SEMA3F (53, 54), SEMA3A was consistently reported to elicit the activation and
phosphorylation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) (55-59), which, in turn, induce the rapid
synthesis of proteins that promote actin disassembly (60). We observed that Fc-tagged SEMA3A_A106K_Alg-b was
significantly more powerful than SEMA3A_Alg-b (P < 0.001) and SEMA3A_WT (P < 0.01) in inhibiting the guanosine
triphosphate (GTP) loading of RAP1 small GTPase (Fig. 5E), as evaluated in pull-down assays on purified glutathione S-
transferase-Ral guanine nucleotide dissociation stimulator RAP1-binding domain, as well as in triggering the
phosphorylation of ERK1/2 kinase in ECs (Fig. 5F). In addition, SEMA3A_A106K_Alg-b could elicit both signaling
pathways independently of NRP1 expression in ECs (fig. S11). Therefore, we conclude that SEMA3A_A106K_Alg-b is
an NRP1-independent, furin-resistant, stably dimeric, high-affinity PLXNA4 ligand capable of activating PLXN signaling
and inhibiting EC haptotaxis much more powerfully than SEMA3A_WT.

SEMA3A_A106K_Alg-b protein is a parenterally deliverable inhibitor of cancer growth and metastatic dissemination

To assess whether the enhanced receptor binding, signaling, and biological activities in vitro, achieved by mutating A106
into K in the sema domain of SEMA3A, may also result in a greater therapeutic efficacy in vivo, independent of NRP1
involvement, we initially compared the antitumor properties of SEMA3A_Alg-b and SEMA3A_A106K_Alg-b in the RIP-
Tag2 PNET mouse model. Consistently with in vitro data, we observed that AAV8-SEMA3A_A106K_Alg-b was 2.2-fold
more effective than AAV8-SEMA3A Alg-b in decreasing tumor burden in RIP-Tag2 mice (fig. S12A). These findings
indicate that, likely due to its high-affinity binding to PLXNA4 and signaling strength, SEMA3A_A106K_Alg-b displays
much greater anticancer efficacy than SEMA3A_Alg-b. On the basis of these data, we started to test the antitumoral
properties of a purified SEMA3A_A106K_Alg-b recombinant protein in RIP-Tag2 mice. Notably, systemic administration
of the minimal efficacious dose of SEMA3A A106K_Alg-b protein in RIP-Tag mice (3 mg/kg, intraperitoneally, three
times per week) hampered tumor growth by 67%, compared to controls (Fig. 6A). In addition, SEMA3A_A106K_Alg-b
protein considerably reduced the volume of peripancreatic lymph node metastasis (Fig. 6, B and C).
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Fig. 6SEMA3A_A106K_Alg-b inhibits tumor growth and metastatic dissemination in RIP-Tag2 and mPDAC models.



(A) Tumor volume of RIP-Tag2 mice treated with SEMA3A_A106K_Alg-b protein or control. (B) Confocal analysis of peripancreatic
lymph node (LN) metastases, assessed by SV40 T-antigen (T-Ag) immunofluorescence (red); nuclei were counterstained with 4',6-
diamidino-2-phenylindole (DAPI) (blue). Scale bar, 50 um. (C) Effect of treatment with SEMA3A_A106K_Alg-b protein or control on
LN metastasis volume (n = 10 per group). (D) Graphs show tumor volume of mMPDAC mice treated for 3 weeks (n =5 per group) with
AAV8-SEMA3A_A106K_Alg-b or AAV8-SEMA3A_WT or control. $Treated sample versus control. (E) Total area of liver metastasis
measured and plotted as metastatic liver fraction; Streated sample versus control. (F and G) Tumor volume (F) and liver metastasis
area (G) of mPDAC treated for 3 weeks (n =5 per group) with AAV8-SEMA3A_A106K_Alg-b or with SEMA3A_A106K_Alg-b. (H)
Survival of tumor-bearing mPDAC mice continuously treated with SEMA3A_A106K_Alg-b protein or with saline buffer and sacrificed
for ethical reasons at a prespecified clinical end point (n = 14 mice per group). Results are the mean + SD, and results were
analyzed by nonparametric two-tailed, unpaired Mann-Whitney U test; *8P < 0.05, **8P < 0.01, and ***P < 0.001; Kaplan-Meier
survival curves were analyzed by Mantel-Cox test, **P < 0.01.

To further explore the therapeutic potential of SEMA3A_A106K_Alg-b, we investigated its effects in an orthotopic mouse
model of the particularly aggressive histotype of PDAC (mPDAC), obtained by transplanting KrastSL-612D p53R172H/
and Ink4a/Arfiod+ PDAC cells into the pancreas of syngeneic FVB/N mice. The mPDAC model recapitulates many
features of human PDAC tumor cells and microenvironment, as we previously described (61). We initially treated
mPDAC with AAV8-SEMA3A_WT or with AAV8-SEMA3A_A106K_Alg-b and assessed their effects on tumor volume
and liver metastases. We observed that AAV8-SEMA3A A106K_Alg-b displayed even greater antitumor effects than
AAVB-SEMA3A WT (51% versus 22% reduction of tumor volume compared to control, respectively; Fig. 6D). More
pronounced was the effect of treatment on liver metastasis. Metastasis area was effectively reduced in AAV8-
SEMA3A_A106K_Alg-b-transduced mice compared to both control- and AAV8-SEMA3A_WT-treated mPDAC animals
(by 62 and 46%, respectively) (Fig. 6E). Then, in the same experimental setting, we validated the therapeutic efficacy of
the recombinant purified SEMA3A_A106K_Alg-b protein and observed that total tumor burden and metastasis area were
decreased both in mice treated with AAV8-SEMA3A_A106K_Alg-b and in those treated with SEMA3A A106K_Alg-b
recombinant protein (by 43 and 55% for tumor volume and by 44 and 68% for liver metastases, respectively) (Fig. 6, F
and G). In addition, in a side-by-side comparison, SEMA3A_A106K_Alg-b protein displayed a greater antitumor activity
than SEMA3A_Alg-b (fig. S12, B and C). Thus, SEMA3A_A106K_Alg-b, either delivered by gene transfer or parenterally
administered as a recombinant protein, efficiently hampers mPDAC growth and metastatic dissemination. In this
experimental setting, the impact of SEMA3A_A106K_Alg-b protein on pancreatic tumor volume can only be assessed at
the end of the experiment when the mice are sacrificed. To monitor the kinetics of the therapeutic effect, we treated
different cohorts of mPDAC mice for 1, 2, or 3 weeks only. We started the therapy 1 week after the injection of PDAC
cells into the pancreas and measured the tumor burden in randomly selected mice sacrificed after 1, 2, or 3 weeks of
continued treatment. We observed that parenterally delivered recombinant SEMA3A_A106K_Alg-b (3 mg/kg, three times
per week) inhibited tumor growth, resulting in a significant (P < 0.01) cumulative effect after 3 weeks of treatment, when
the experiment was terminated for ethical reasons, due to the excessive growth of untreated tumors in control mice (fig.
S13).

Then, we assessed whether the observed antitumor effects of SEMA3A_A106K_Alg-b protein would also enhance the
survival of mPDAC mice, which, as we previously described (61), typically die between the third and fourth week after
cancer cell injection into the pancreas, due to both primary tumor burden and liver metastases. We set up a survival trial
in which we predefined a clinical end point at which the mice were sacrificed due to signs of serious sickness, indicating
forthcoming death, and periodically assessed the survival of mice for up to 5 weeks after tumor injection. As expected,
all control-treated mPDAC animals died or had to be sacrificed between the third and fourth week. By contrast, 8 of 14
SEMA3A_A106K_Alg-h-treated mice survived for at least 5 weeks, until the end of the experiment, when they were
sacrificed. Together, these findings provide evidence that parenteral delivery of SEMA3A_A106K_Alg-b protein hampers
tumor growth, impairs metastatic dissemination, and prolongs survival by 57% (*P < 0.05) (Fig. 6H).

Finally, a 3-week treatment with SEMA3A_A106K_Alg-b protein at different dosing regimens did not elicit any detectable
signs of toxicity in mice in terms of body weight changes, abnormalities in kidney or liver function, or blood counts (fig.
S14 and tables S2 and S3). Moreover, rotarod performance tests showed that SEMA3A_A106K_Alg-b protein did not
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alter motor function in mice (fig. S15). Together, these findings provide evidence that NRP1-independent
SEMA3A _A106K_Alg-b is an effective, nontoxic, parenterally deliverable anticancer agent.

SEMA3A _A106K_Alg-b normalizes the tumor vasculature and enhances the anticancer potential of chemotherapeutic
drugs

We previously demonstrated that AAV8-delivered SEMA3A_WT normalizes the cancer vasculature and strongly reduces
the hypoxia-driven transcription of prometastatic genes (11, 13). Thus, we assessed the vascular normalizing activity of
recombinant SEMA3A_A106K_Alg-b protein in both RIP-Tag2 and mPDAC models. One month of treatment of RIP-
Tag2 mice with SEMA3A_A106K_Alg-b protein reduced tumor blood vessel area by 51% (Fig. 7A), increased pericyte
coverage by 40% (Fig. 7B), and enhanced vascular perfusion by 77% (Fig. 7C). In line with the increased pericyte
coverage and perfusion of tumor blood vessels (Fig. 7, B and C), we also observed a significant (79%; P < 0.001)
reduction of tumor hypoxia in SEMA3A_A106K_Alg-b protein—treated mice compared to controls (Fig. 7D). A 3-week
administration of SEMA3A_A106K_Alg-b protein also effectively induced vascular normalization and increased blood
vessel pericyte coverage by 78% in mPDAC tumors (Fig. 7E). In addition, we found that blood vessel perfusion was

increased by 85% (Fig. 7F), and tumor hypoxia was reduced by 81% (Fig. 7G) in SEMA3A A106K_Alg-b protein—
treated mPDAC animals compared to controls.
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Fig. 7TSEMA3A_A106K_Alg-b normalizes the vasculature of RIP-Tag2 and mPDAC mice and sensitizes PDAC tumors to
GEM.

(A) Confocal analysis of Meca32 immunostaining evaluating vessel density in SEMA3A_A106K_Alg-b protein-treated RIP-Tag2
tumors and controls. (B) In RIP-Tag2 mice, blood vessel pericyte coverage after treatment with control or SEMA3A_A106K_Alg-b
protein was evaluated by colocalization of Meca32 (green) and NG-2 (red). (C) Blood vessel perfusion was evaluated by lectin
(green) colocalization with Meca32 (red) in RIP-Tag2 tumors. (D) Tumor hypoxia was assessed by pimonidazole adduct
immunostaining in SEMA3A_A106K_Alg-b protein—treated RIP-Tag2 tumors and controls. (E) Confocal analysis revealed pericyte
coverage in blood vessels of SEMA3A_A106K_Alg-b protein—treated PDAC mice and controls, as assessed by colocalization of
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Meca32 (green) and NG-2 (red). (F) Lectin (green) colocalized with Meca32 (red) showed vessel perfusion in mPDAC treated with
SEMA3A_A106K_Alg-b protein and controls. (G) Tumor hypoxia was assessed in mPDAC after treatment with
SEMA3A_A106K_Alg-b or control by immunostaining with carbonic anhydrase (CA9) antibody. Results are from five fields per
mouse (n = 5 per treatment group). (H and I) mPDAC mice were treated for 3 weeks with the following: (i) SEMA3A_A106K_Alg-b
protein (3 mg/kg, intraperitoneally, three times per week), (i) GEM (50 mg/kg, intravenously, twice per week), (iii)
SEMA3A_A106K_Alg-b protein + GEM, and (iv) control (saline solution) (n= 11 per group). (H) Analysis of tumor volume; the
combination of the two drugs (SEMA3A_A106K_Alg-b + GEM) more efficiently reduced tumor burden (by 66%) compared with the
vehicle-treatment group. STreated sample versus control. (I) Analysis of the total area of liver metastasis; SEMA3A_A106K_Alg-b +
GEM more effectively impaired the liver metastasis fraction compared to single drugs (by 90, 87, and 67% compared with controls,
GEM, or SEMA3A_A106K_Alg-b alone, respectively). $Treated sample versus control. Results are the mean + SD and were
analyzed by nonparametric two-tailed, unpaired Mann-Whitney U test; *$P < 0.05, **/88P < 0.01, and ***588P < 0.001. Scale bars, 50
pm.

To evaluate whether SEMA3A_A106K_Alg-b—elicited tumor blood vessel normalization may improve the delivery and
the anticancer activity of chemotherapeutic drugs, we next treated cohorts of PDAC mice with SEMA3A_A106K_Alg-b
protein alone, gemcitabine (GEM) alone, or the combination of both molecules (SEMA3A_A106K_Alg-b + GEM). The
coadministration of SEMA3A A106K_Alg-b protein with GEM was more efficient at inhibiting tumor growth (Fig. 7H) and
metastatic spread to the liver (Fig. 7I) than the corresponding drugs used as single agents. In addition,
SEMA3A _A106K_Alg-b protein, as a single agent, displayed a stronger antimetastatic activity than GEM alone (Fig. 71).
These data provide evidence that SEMA3A_A106K_Alg-b protein is a vessel-normalizing drug that efficiently enhances
the delivery and the anticancer properties of GEM in PDACs.

SEMA3A_A106K_Alg-b decreases laser-induced choroidal neovascularization of the retina

In addition to cancer, another relevant example of pathological angiogenesis in humans is choroidal neovascularization
(CNV) of the retina that is typical of the exudative form of age-related macular degeneration (AMD), a leading cause of
vision loss worldwide (62). We compared the effect of intraocular delivery of different amounts (1, 10, or 100 ng/ml) of
recombinant SEMA3A WT or SEMA3A A106K_Alg-b protein in the laser-induced CNV mouse model, which faithfully
recapitulates human exudative AMD (63). We observed that although intraocular delivery of recombinant SEMA3A_WT
(1 or 10 ng/ml) did not affect laser-induced CNV, the same amounts of SEMA3A_A106K_Alg-b protein inhibited CNV by
22% (1 ng/ml) or 30% (10 ng/ml) (fig. S16). Injection of larger quantities (100 ng/ml) of either SEMA3A_WT or
SEMA3A_A106K_Alg-b recombinant proteins had similar effects on CNV (fig. S16).

DISCUSSION

Growing clinical evidence indicates how improving cancer perfusion and oxygenation by means of vascular
normalization may allow patients to survive longer due to reduced invasion of distant organs and enhanced therapeutic
outcome (1). We previously described AAV-conveyed SEMA3A_WT as an effective vascular normalizing and anticancer
agent in mouse preclinical models (11-13). However, SEMA3A WT was also reported to trigger adverse (21, 22) and
protumoral (20) side effects via NRP1, which, along with PLXNAs, is usually considered to be an essential SEMA3A_WT
holoreceptor component (7). Here, we describe the generation and characterization of a parenterally deliverable, NRP1-
independent, and therapeutically safe SEMA3A_A106K_Alg-b mutant protein isoform that, owing to its ability to bind
PLXNA4 with high affinity, efficiently normalizes the cancer vasculature and impairs metastatic progression.

In contrast to the current widely accepted model of SEMA3A signaling (7, 8), we provide evidence that NRP1 is essential
for some, but not all, SEMA3A functions both in vitro and in vivo. We show how SEMA3A chemorepels EC migration,
promotes vascular normalization, and inhibits cancer growth and metastatic dissemination independently from its high-
affinity binding to NRP1. The latter is mediated by the basic C-terminal stretch of SEMA3A_WT protein that is needed to
prompt active asfs integrin endocytosis, EC collapse, and blood vessel permeability. It is thus possible that
SEMA3A WT elicits NRP1-dependent EC contraction and vascular leakage by promoting the endocytosis of adhesion
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receptors, such as integrins. Our results are consistent with previous observations that NRP1 drives active asp; integrin
endocytosis (33) and that C-end rule peptide binding to NRP1 b1l domain fosters macropinocytosis (30, 36, 64) and
vascular leakage (30). Furthermore, SEMA3A WT also repels neuron growth cones by stimulating massive
macropynocitosis and NRP1 endocytosis (65-67).

Notably, the NRP1-independent SEMA3A Alg-b mutant protein allowed us to clarify why NRP1 is fully dispensable for
SEMAZ3A inhibition of RAP1 GTP loading and haptotactic migration of ECs. Because it does not bind PLXNA4 with high
affinity, SEMA3A_Alg-b likely connects on the EC surface to co-receptors other than NRPL1. In this respect, plausible
candidates may be chondroitin sulfate proteoglycans that, in addition to controlling angiogenesis (68), bind and promote
SEMA3A inhibitory activity on the outgrowth of neurites from dorsal root ganglia (69). Moreover, our findings are in
accordance with previous in vivo analyses of PIxnA4 knockout mice, hinting that in vivo SEMA3A might control some
axon projections through PLXNA4 signaling but independently from NRP1 (34). Our findings show that SEMA3A can
trigger two distinct and parallel pathways, via PLXNA4 and via the NRP1 receptor. It is conceivable that the emergence
of neuropilins in vertebrates (70) may have bolstered the coevolution of SEMA3 proteins that, compared to other family
members, appear to have more complex and combinatorial forward-signaling properties.

On the therapeutic side, we observed that, contrary to what was previously assumed (7), the interaction with NRP1 is
functionally dispensable for SEMA3A to inhibit cancer progression. In this regard, preventing binding to a major co-
receptor, such as NRP1, could substantially decrease the antitumor activity of SEMA3A, even if it helps overcome
adverse effects (20, 21). However, our rationally designed mutagenesis approach demonstrated that electrostatic
charges within the extrusion 1 region of the sema domain are crucial regulators of SEMA3A binding to PLXNA4 and
activation of downstream signals. Thus, the introduction of a single positively charged amino acid (A106K) in extrusion 1
was sufficient to markedly increase the affinity of SEMA3A for PLXNA4 along with the strength of its biochemical and
biological activities, both on vascular ECs and in preclinical models of pancreatic cancer.

A major clinical benefit of tumor blood vessel normalization is the possibility of enhancing delivery of anticancer drugs
and, thus, their efficacy (1). In the case of PDAC patients, the combination of targeted agents and chemotherapy did not
extend survival, and available antiangiogenic agents failed to improve the reduced supply of drugs that is typical of
PDAC (71). Herein, we showed that SEMA3A_A106K_Alg-b protein considerably prolongs the survival of mPDAC mice.
Moreover, by enhancing the anticancer properties of the standard-of-care GEM, SEMA3A A106K_Alg-b protein
efficiently inhibited tumor growth and hindered metastatic dissemination of PDAC to the liver. SEMA3A_A106K_Alg-b
protein was therapeutically more effective than recombinant SEMA3A_WT, further demonstrating that AL06K mutation
endows this protein with enhanced anticancer properties. Similarly, low amounts of SEMA3A_A106K_Alg-b, but not of
SEMA3A_WT, inhibited retinal CNV in mice, a well-accepted model of the human form of exudative AMD. The molecular
dynamics-aided insertion of charged amino acid(s) in strategic positions of the extrusion 1 of other SEMA3 proteins,
such as SEMA3B, may similarly increase their binding to cognate PLXN receptors and allow the generation of effective
and therapeutically exploitable SEMA3 mutants.

Here, we evaluated the antitumor properties of the NRP1-independent superagonist SEMA3A_A106K_Alg-b mutant in
two different pancreatic cancer histotypes, namely, exocrine ductal adenocarcinoma and neuroendocrine insulinoma. It
should be noted that the therapeutic efficacy of SEMA3A_A106K_Alg-b could vary among diverse cancer types, for
instance, due to differences in the tumor microenvironment (TME). Thus, further assessment of the activity of
SEMA3A_A106K_Alg-b in additional cancer types will be needed, ideally focusing on those in which TME and vascular
abnormalities, tissue hypoxia, and aberrantly activated stromal cells play a prominent role in tumor growth and
metastatic progression.

In summary, we show that SEMA3A may act independently from NRP1 and identify a key point mutation (A106K) that
allows high-affinity binding to PLXNA4, the major SEMA3A signaling receptor in neurons (34) and ECs (35). The
mutated SEMA3A_A106K_Alg-b non-natural protein isoform should provide a powerful, safe, and clinically exploitable
vascular normalizing agent in cancer and other diseases characterized by pathological angiogenesis, such as retinal
AMD.
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MATERIALS AND METHODS
Study design

This study was aimed to rationally design a mutant version of SEMA3A capable of exerting its biological activity in an
NRP1-independent manner. We first generated SEMA3A Alg-b, a SEMA3A deletion mutant that can no longer bind
NRP1, and then characterized its biological activities in vitro and in vivo. Next, because the lack of NRP1 binding caused
a substantial change in the functional properties of SEMA3A_Alg-b compared to the wild-type molecule, we sought to
increase its affinity for PLXNA receptors through a point mutation. To this end, we designed and produced a mutated
SEMA3A _A106K_Alg-b and then characterized its ability to interact with different PLXNAs (alone or in combination with
NRP1), establishing that the SEMA3A_A106K_Alg-b selectively binds PLXNA4 with high affinity. Subsequently, we
characterized the biological activities of SEMA3A_A106K_Alg-b in vitro. All in vitro results are representative of two to
six independent experiments. To evaluate the efficacy of SEMA3A_A106K_Alg-b in inhibiting tumor growth and
metastatic dissemination, we performed preclinical trials treating spontaneous PNET of RIP-Tag2 mice and an orthotopic
mouse model of mPDAC. We treated cohorts of either model with SEMA3A WT, SEMA3A Alg-b,
SEMA3A_A106K_Alg-b, or saline solution and compared tumor growth and metastasis. In addition, we treated a cohort
of mPDAC mice with SEMA3A_A106K_Alg-b or saline solution and assessed the effect on mouse survival. Data were
analyzed by a Kaplan-Meier curve and the Mantel-Cox test. In animal studies, mice were randomized 1 week after
injection of tumor cells, when tumors were established, to ensure similar tumor sizes in all treatment groups. The primary
end points were survival along with the size of the primary tumor and metastases. For each experiment, mouse numbers
and statistical tests are described in the figure legends and in Supplementary Materials and Methods. To evaluate the
mechanisms behind the therapeutic effects of SEMA3A_A106K_Alg-b, we analyzed the vasculature of tumors derived
from RIP-Tag2 and mPDAC mice in the different treatment groups by checking several markers of vessel normalization.
To further investigate the normalizing effect of SEMA3A_A106K_Alg-b and its ability to improve the delivery and efficacy
of chemotherapeutic drugs in pancreatic cancer, we treated mPDAC mice with SEMA3A_A106K_Alg-b in combination
with GEM and compared their effect on tumor growth and metastasis. All procedures were performed in accordance with
institutional protocols approved by the Ethics Committee of the University of Torino and by the Italian Ministry of Health
in compliance with international laws and policies.

Statistics

Results of the experiments are expressed as mean = SD or SEM. Parametric two-tailed heteroscedastic Student's t test
was used to assess the statistical significance when two groups of unpaired normally distributed values were compared;
when more than two groups were compared, parametric two-tailed analysis of variance (ANOVA) with Bonferroni's post
hoc analysis was applied. Nonparametric two-tailed Mann-Whitney U test was used to calculate the statistical
significance when two groups of unpaired and not normally distributed values were compared. Nonparametric Mantel-
Cox test was performed to evaluate the statistical significance of the distribution over time of a nominal variable, such as
survival, between two samples. P < 0.05 was considered significant. Original data are provided in table S4.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/442/eaah4807/DC1

Materials and Methods

Fig. S1. Purification of Fc-tagged SEMA3A_Alg-b and SEMA3A_A106K_Alg-b recombinant proteins.

Fig. S2. SEMA3A_Alg-b protein effect on tumor growth in RIP-Tag2 mice.

Fig. S3. SEMABA-PLXNA2 and SEMA3Aa10sk-PLXNA4 interaction details.

Fig. S4. Structural comparison of key residues involved in the charge complementarity of the extrusion region.

Fig. S5. Root mean square deviation of the backbone atoms from the starting SEMAGA-PLXNA2 and SEMA3Aaioex-
PLXNA4 structures as a function of time.
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Fig. S6. Root mean square fluctuation of a-carbon atoms of SEMAGA-PLXNA2 and SEMA3Aa10sk-PLXNA4 structures.
Fig. S7. B-factor analysis.

Fig. S8. SEMA3A_A106K_Alg-b mutant protein isoform binding to PLXNA4 in the presence or the absence of NRP1.
Fig S9. SEMA3B_A105K_Alg-b mutant protein isoform binding to PLXNA2.

Fig. S10. Testing SEMA3A_A106K_Alg-b mutant isoform in EC collapse assays.

Fig. S11. NRP1-independent SEMA3A_A106K_Alg-b biochemical signaling in ECs.

Fig. S12 Comparing SEMA3A_Alg-b and SEMA3A_A106K_Alg-b effects on tumor growth in RIP-Tag2 and mPDAC.
Fig. S13. Monitoring the effect of SEMA3A A106K_Alg-b protein on mPDAC tumor growth over time.

Fig. S14. Toxicology analysis of SEMA3A_A106K_Alg-b protein—treated mice.

Fig. S15. Rotarod motor performance analysis of SEMA3A_A106K_Alg-b protein-treated mice.

Fig. S16. Effect of SEMA3A_A106K_Alg-b protein on laser-induced CNV of the mouse retina.

Table S1. Analysis of the electrostatic heterodimer interfaces.

Table S2. Biochemical analysis of renal and hepatic function parameters.

Table S3. Hematological profiling of all the treatment groups compared with the controls.

Table S4. Raw data (provided as an Excel file).
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