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ARTICLE INFO ABSTRACT

Keywords: Highly aggressive, metastatic, neuroendocrine prostate cancer, which typically develops from prostate cancer

Ne“roéndocfiﬂe prostate cancer cells acquiring resistance to androgen deprivation therapy, is associated with limited treatment options and

;Vﬁ;z Integrin hence poor prognosis. We have previously demonstrated that the aVB3 integrin is over-expressed in neuroen-
8

docrine prostate cancer. We now show that LM609, a monoclonal antibody that specifically targets the human
oVP3 integrin, hinders the growth of neuroendocrine prostate cancer patient-derived xenografts in vivo. Our
group has recently identified a novel VB3 integrin binding partner, NgR2, responsible for regulating the
expression of neuroendocrine markers and for inducing neuroendocrine differentiation in prostate cancer cells.
Through in vitro functional assays, we here demonstrate that NgR2 is crucial in promoting cell adhesion to aV(3
ligands. Moreover, we describe for the first time co-fractionation of aVp3 integrin and NgR2 in small extracel-
lular vesicles derived from metastatic prostate cancer patients’ plasma. These prostate cancer patient-derived
small extracellular vesicles have a functional impact on human monocytes, increasing their adhesion to fibro-
nectin. The monocytes incubated with small extracellular vesicles do not show an associated change in con-
ventional polarization marker expression and appear to be in an early stage that may be defined as “adhesion
competent”. Overall, these findings allow us to better understand integrin-directed signaling and cell-cell
communication during cancer progression. Furthermore, our results pave the way for new diagnostic and
therapeutic perspectives for patients affected by neuroendocrine prostate cancer.

Patient plasma
Small extracellular vesicles
Monocytes

Introduction altered expression in numerous types of cancer, including prostate
cancer (PrCa) [1]. In particular, aVpB3, weakly detectable in normal

The aVB3 integrin belongs to a group of transmembrane receptors prostate cells, is expressed at high levels in advanced PrCa. This integrin
composed of two subunits, @ and p, involved in adhesion processes be- is also known to protect disseminated tumor cells from chemotherapy
tween cells and the extracellular matrix (ECM). Integrins often show an and to promote cancer cell invasion and adhesion to ECM proteins [2,3].

Abbreviations: ADPrCa, adenocarcinoma of the prostate; FOV, field of view; IDG, iodixanol density gradient; MFI, mean fluorescent intensity; NED, neuroen-
docrine differentiation; NEPrCa, neuroendocrine prostate cancer; NTA, nanoparticle tracking analysis; PDX, patient-derived xenograft; PrCa, prostate cancer; PSA,
prostate-specific antigen; SCID, severe combined immunodeficient; sEVs, small extracellular vesicles; TAM, tumor-associated macrophages; TMA, tissue microarrays;
TME, tumor microenvironment.
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Moreover, it is highly expressed in metastasis, where the aVf3 integrin
acts as a critical component in the metastatic process [4]. Given these
implications, the aVp3 integrin has been suggested as a potential target
in several cancers [5,6]. However, the aVp3 integrin had not been
analyzed in the most aggressive forms of PrCa before our previous
publications [7,8]. Through a series of investigations based on in vitro
methods and ex vivo analyses of patient-derived xenografts (PDXs),
human neuroendocrine prostate cancer (NEPrCa) specimens, and mouse
models of NEPrCa, we have demonstrated that the VB3 integrin is
highly expressed in human and mouse models of NEPrCa. In contrast, it
is absent in prostate adenocarcinoma (ADPrCa) [7,8].

NEPrCa is an aggressive and metastatic subtype of PrCa, associated
with extremely poor prognosis [9,10]. It generally develops from subsets
of cells that acquire genetic alterations in response to multiple lines of
androgen-deprivation treatment [11,12]. The less frequent de novo
NEPrCa arises when mature differentiated prostate cells acquire
androgen receptor (AR)-independent pro-tumorigenic mutations [13].
As a result, these cells exhibit poor or no expression of AR or
prostate-specific antigen (PSA) and are characterized by expression of
neuron-specific markers, such as synaptophysin (SYP), chromogranin A
(CHGA), and neuron-specific enolase (NSE) [9,11,14]. In contrast, some
forms of NEPrCa that arise in response to therapies, although generally
similar to de novo NEPrCa, preserve AR expression [15]. This classifi-
cation is continuously being revisited as new findings indicate that the
double-negative (AR-null; NE-null) PrCa incidence is growing [16].
Therefore, there is a need for new therapeutic strategies for NEPrCa.

Many studies, including our investigations, have shown that extra-
cellular vesicles (EVs) have an important role in intercellular commu-
nication, both in malignancies and other diseases [7,17-25]. Small EVs
(sEVs) are 50-150 nm vesicles detectable in various biologic fluids, such
as blood, interstitial fluid, urine, and medium of cultured cells [25,26].
Not only are sEVs very abundant in human blood (109—1010/mL), but
also specific subtypes have been shown to be upregulated in cancer [27].
Hence, the interest generated around the sEV research has grown in the
last decade. The presence of tumor-derived sEVs in the plasma of pa-
tients affected by several types of cancer has been related to advanced
disease stages [28]. We and others have also demonstrated that sEVs
released from cancer cells promote reprogramming of recipient cells,
inducing an aggressive phenotype [7,29,30]. Moreover, studies have
described the role of integrins expressed by tumor-derived sEVs in
mediating organ-specific metastasis tropism [17]. Thus, targeting sEV
biogenesis and release has clinical implications for PrCa therapy [31].

We have recently shown that the expression of the aVp3 integrin,
which is highly expressed in human sEVs, increases the levels of NgR2
(Nogo-66 receptor homolog 1) [32,33] in PrCa cells [34]. We also
demonstrated that NgR2 induces neuroendocrine differentiation (NED)
in recipient cells [34]. NgR2 belongs to the Nogo receptor family, which
includes NgR1 and NgR3; these structurally related molecules are gly-
cosylphosphatidylinositol (GPI)-anchored receptors, lacking both the
transmembrane and the intracellular domains [32,33]. NgR1 and NgR2
are receptors for myelin associated glycoprotein (MAG), which binds
NgR2 with greater affinity than NgR1 [33,35,36]. The bond between
members of the NgR family and MAG triggers a signal transduction
complex activating several downstream pathways [32,37-39], mainly
associated with neuronal growth [40]. Multiple datasets, analyzed in
Quaglia et al. [34] show increased levels of RTN4RL2 (the gene
encoding NgR2) RNA in advanced PrCa tumors; however, the role of
NgR2 has been examined predominantly in neuroscience studies,
minimally in cancer, and never in EVs.

The cross-talk between cancer cells and tumor microenvironment
(TME) components, such as immune cells, fibroblasts, and endothelial
cells, is well established [41,42]. In particular, tumor-associated mac-
rophages (TAMs), derived from resident macrophages and newly
recruited monocytes, represent the major constituents of the TME [43,
44]. Two phenotypes of TAMs are commonly recognized: classically
activated M1 and alternatively activated M2. M1 are pro-inflammatory
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and anti-tumoral, and are characterized by the surface expression of
CD80, CD86, and HLA-DR. M2 exert an immunosuppressive and
pro-tumorigenic activity, and their main surface markers are CD206,
CD163, and CD204 [42,44-46]. Although this dichotomy has been
acknowledged as an over-simplification, an imbalance between M1 and
M2 in favor of M2 in the TME, appears to be associated with tumor
growth, angiogenesis, and metastasis [42,47,48]. sEVs have been
recognized not only as important mediators of communication among
the various components of the TME [41], but also, when isolated from
numerous cancer cell lines [49], including prostate [50-52], as modu-
lators of macrophage polarization in vitro. However, the effect of PrCa
patient-derived sEVs on human macrophages has yet to be assessed and
could provide better understanding of the complex cell-cell communi-
cation in the TME.

Our study, via in vivo murine models and in vitro assays based on PrCa
patients and healthy donor samples, as well as cell lines, provides new
understanding of integrin-mediated mechanisms behind NEPrCa pro-
gression and new therapeutic strategies to treat it.

Results

LM609, a monoclonal antibody to the aVp3 integrin, inhibits NEPrCa-PDX
tumor growth in vivo

Based on our previous finding that the aVp3 integrin is selectively
upregulated in NEPrCa [8], we hypothesized that its inhibition in
NEPrCa-PDXs would negatively impact NEPrCa growth. In the experi-
ments shown here, we targeted the aVp3 integrin in PDXs using LM609,
a monoclonal antibody (mAb) specific to the human aVp3 [53-56].

As shown in Supplementary Fig. 1 A, we purified LM609 from ascites
using a chromatography column packed with Protein-A Sepharose
beads. We then characterized it in vitro, showing that our preparations
are free of contaminants (Supplementary Fig. 1 B). The adhesion assay
depicted in Supplementary Fig. 1 C demonstrates that LM609 actively
inhibits the adhesion of PC3 cells to fibrinogen in a concentration-
dependent manner.

Then, we tested the effect of LM609 on two NEPrCa PDXs (LuCaP
145.2 and LuCaP 173.1) that we have shown to express high levels of
aVp3 and have NE characteristics [8] (Fig. 1). LuCaP 145.2 tumor bits
were subcutaneously implanted in 6-8-week-old CB-17 severe combined
immunodeficient (SCID) male mice (n = 15); the same experiment was
repeated with LuCaP 173.1 (n = 15) [57]. Once tumors reached a vol-
ume of ~ 100-150 mm?, mice were treated with either LM609, IgG1 as
non-immune control, or phosphate-buffered saline (PBS). For all mice,
trends of the xenograft volumes over time were registered by measuring
them twice a week, starting from the first day of treatment (Fig. 1A-B).
After three weeks, mice in each group were euthanized. As shown in
Fig. 1, treatment with LM609 significantly reduces tumor growth.

As presented in Tables 1-4, the inhibition of the aVp3 integrin, using
the LM609 mAb, decreases NEPrCa LuCaP 145.2 and LuCaP 173.1 tumor
volumes. Statistically significant differences are observed between
LM609 and the other groups for both LuCaP 145.2 and LuCaP 173.1
(Tables 2 and 4).

NgR2 expression increases cell adhesion to aV3 ligands

We have previously shown that high levels of aVp3 increase the
expression of NgR2, a novel aVB3 binding partner and NE marker
regulator in PrCa cells [34]. To further investigate whether NgR2 affects
cell attachment to aVp3 ligands, we used adhesion assays [34]. First, we
tested the expression of the following epitopes of aVp3: LIBS1, 2 and 6.
The immunoblotting (IB) analysis depicted in Supplementary Fig. 2
provides evidence that LIBS2 or the AP5 epitopes are not detected in
DU145 NgR2 and Mock transfectant cell lines; in addition, although
minimally expressed, there are no differences in the aVB3 expression of
LIBS1 and 6 epitopes (data not shown).



A. Testa et al.

A

LuCaP 145.2

£ 3000, . 1gG
= + LM609
2 2000-
E
S w000 P < 0.0001
o
E 0
A 7 14 21

Days
_ LuCaP 173.1 -+ pas
< + LM609
2 2000
E
]
E
= 7 14 21

Days

Fig. 1. aVp3 integrin inhibition by the LM609 antibody reduces NEPrCa LuCaP
tumor growth. LuCaP 145.2 and LuCaP 173.1 bits were implanted subcutane-
ously into CB-17 SCID mice. Mice carrying tumors of ~100-150 mm3 were
treated intraperitoneally twice weekly for 3 weeks, with LM609 (LuCaP 145.2,
n = 5; LuCaP 173.1, n = 5); IgG1 (LuCaP 145.2, n = 5; LuCaP 173.1, n = 5) or
PBS (LuCaP 145.2, n = 5; LuCaP 173.1, n = 5). (A) LuCaP 145.2 and (B) LuCaP
173.1 xenograft volumes were measured twice weekly during treatment. P-
values are indicated in the figure. Significance was calculated using the Mann-
Whitney test.

Then, we performed adhesion assays using two different cell pop-
ulations of DU145 transfectants that express NgR2 (DU145 NgR2) and
two different cell populations of Mock controls not expressing NgR2
(DU145 Mock) (Fig. 2A-D). DU145 NgR2 cells and DU145 Mock cells
were seeded for 1 h on fibrinogen, vitronectin, collagen, laminin, or
bovine serum albumin (BSA) coated wells. The results show that DU145
NgR2 cells bind to fibrinogen and vitronectin, «Vp3 ligands, signifi-
cantly more than Mock controls. To confirm that this adhesion depends
on aVP3, we seeded DU145 NgR2 cells on fibrinogen, laminin or BSA
coated wells; prior to the addition of cells, wells were incubated with
either LM609 [10 pg/mL (data not shown) or 20 pg/mL], IgG1 as non-
immune control [10 pg/mL (data not shown) or 20 pg/mL] or left un-
treated (Fig. 2E). These data show that LM609 significantly inhibits
DU145 NgR2 cells to fibrinogen but not to laminin. These results

51

Matrix Biology 124 (2023) 49-62

Table 1
Estimated geometric mean ratios by group - LuCaP 145.2.

Group GMR (multiplicative growth per day) GMR 95 % CI

1gG 1.140 (1.119,1.160)

LM609 1.038 (1.020,1.057)

PBS 1.136 (1.115,1.156)
Table 2

Pairwise comparisons of groups — tumor growth rates - LuCaP 145.2.

Comparison Bonferroni adjusted p-value
1gG vs. PBS 1.0

LM609 vs. PBS <0.0001

1gG vs. LM609 <0.0001

Table 3
Estimated geometric mean ratios by group — LuCaP 173.1.

Group GMR (multiplicative growth per day) GMR 95 % CI
1gG 1.146 (1.128,1.164)
LM609 1.045 (1.045,1.061)
PBS 1.142 (1.123,1.160)

demonstrate that aVp3 is found in an “adhesion competent” state, but
not LIBS-dependent, on the basis of its interaction with NgR2. The re-
sults also indicate that the effect of NgR2 is specific for aVp3, since cell
adhesion to collagen and laminin is not affected (Fig. 2C-E). Overall,
these results demonstrates that NgR2 is critical for cell adhesion to aV3
ligands.

The aV}3 integrin and NgR2 in prostate cancer patient plasma-derived
small extracellular vesicles

We have previously demonstrated that the aVp3 integrin and its
binding partner NgR2 are highly expressed in NEPrCa [8]. We also
showed that PrCa cell-derived sEVs are enriched in aVB3, which is barely
detectable in healthy donor sEVs [58] and induce NED in recipient cells
[71.

We isolated sEVs from plasma via ultracentrifugation, followed by
iodixanol density gradient (IDG) ultracentrifugation (Fig. 3A). The sEVs
were then characterized by IB (Fig. 3B-C) and shown to express sEV
markers such as CD9 and Syntenin.

We have previously shown that PrCa patient-derived sEVs express
aVp3 [58]. We tested if these circulating sEVs express NgR2 as well, and
to answer this question we performed an IB analysis of pooled sEVs
isolated from metastatic PrCa patients. As shown in Fig. 4A, we
demonstrate for the first time that NgR2 is expressed in sEVs isolated
from the plasma of PrCa patients. To better investigate the association of
aVp3 and NgR2 in PrCa patient-derived sEVs, we performed an IB
analysis of density gradient-isolated fractions. Fig. 4B-C show that the
sEV markers TSG101, Syntenin, and CD9 are detected in the same
fractions that express «aVf3 and NgR2. Patient G (Fig. 4B) shows a partial
co-sedimentation of aVB3 and NgR2, which is fully detected in patient H
(Fig. 4C). Therefore, our data establish for the first time that, although at
different degrees, aVp3/NgR2 co-fractionate in PrCa patient circulating
sEVs.

Fractions six to eight, corresponding to density values ranging from
1.12 to 1.19 g/mlL, were pooled and analyzed using nanoparticle

Table 4
Pairwise comparisons of groups — tumor growth rates — LuCaP 173.1.

Comparison Bonferroni adjusted p-value
1gG vs. PBS 1.0

LM609 vs. PBS <0.0001

IgG vs. LM609 <0.0001
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Fig. 2. NgR2 expression increases cell adhesion to aVp3 ligands. (A-D) DU145 NgR2 cells (+) or DU145 Mock cells not expressing NgR2 (-) were seeded (5 x 10*
cells/well, 3 replicates) for 1 h on ECM proteins (fibrinogen, vitronectin, collagen, or laminin) or BSA (1 %) coated wells. (A) Fibrinogen (50 pg/mL) adhesion. (B)
Vitronectin (5 pg/mL) adhesion. (C) Collagen (50 pg/mL) adhesion. (D) Laminin (10 pg/mL) adhesion. (E) DU145 NgR2 cells were seeded (5 x 10* cells/well, 2
replicates) for 1 h on ECM proteins (fibrinogen 15 pg/mL or laminin 10 pg/mL) or BSA (1 %) coated wells. Wells were pre-incubated with LM609 (20 pg/mL);
treatment with IgG1 (20 pg/mL) or adhesion buffer alone (-) were used as controls . (A-E) Bar graphs represent the degree of cell adhesion quantified as optical
density (O.D.) of crystal violet staining measured at 600 nm. The values are presented as mean + standard error of the mean (SEM); P values were calculated using t-

test (n = 3 for each condition).

tracking analysis (NTA); the results show that these vesicles fall into the
expected sEV size range of 50-150 nm [26] (Fig. 5).

Overall, these results demonstrate that the aVp3 integrin and NgR2
are expressed in circulating sEVs in metastatic PrCa patients.

Adhesion of monocytes to fibronectin increases after incubation with sEVs
derived from PrCa patients in a NgR2-dependent manner

Many studies have demonstrated that TAMs derived from resident
macrophages and newly-recruited monocytes represent the major con-
stituents of the TME [43,44] and that sEVs released by cancer cells play a
role in the communication with immune cells in the TME [52].

We hypothesized that PrCa plasma derived-sEVs, enriched in aVf3
and NgR2, could affect monocyte activity. To test this, we isolated pe-
ripheral blood mononuclear cells (PBMCs) from healthy volunteers and

52

incubated them with sEVs isolated from either healthy donors or PrCa
patients; PBS-treated cells were used as a control. PBMCs were incu-
bated with sEVs isolated from different healthy individuals. Forty-eight
hours after treatment, monocytes attached to wells were isolated and
adhesion assays performed. As shown in Fig. 6A-D, treatment with PrCa
patient-derived sEVs significantly increases the adhesion of monocytes
to fibronectin (FN). In two out of four experiments (Fig. 6A-B), no sig-
nificant difference in cell adhesion was observed between untreated and
healthy donor sEV-treated cells. In three out of four cases, untreated
monocytes adhered to FN more than to BSA; in three out of four cases,
monocytes incubated with healthy donor-derived sEVs adhered to FN
more than to BSA; in all the experiments, monocytes incubated with
PrCa patient-derived sEVs adhered to FN more than to BSA. However,
pre-incubation of PrCa patient-derived sEVs with LM609 did not impact
the adhesion to FN compared to either non-immune IgG or no sEV pre-
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Fig. 3. Schematic diagram showing the procedure for isolation and characterization of small extracellular vesicles from human plasma. (A) 20-40 ml of blood were
spun at 100 x g for 20 min at room temperature (RT) to isolate plasma. In the first step, plasma was centrifuged at 1500 x g for 10 min at RT to separate supernatant
from cell debris and dead cells. The collected supernatant was spun at 12,000 x g for 30 min at RT to pellet down large EVs (LEVs) and contaminating proteins. The
collected supernatant was spun at 110,000 x g for 120 min at 4 °C. The resulting pellet was washed in PBS and centrifuged at 110,000 x g for 120 min at 4 °C to
remove contaminating proteins. The final EV pellet was resuspended in PBS and further isolated via ultracentrifugation on IDG (40 %, 20 %, 10 %, 5% wt/vol).
Following a 100,000 x g spin at 4 °C for 16 h, ten fractions were collected, washed in PBS and spun at 100,000 x g for 120 min at 4 °C. The final SEV pellet was
resuspended in PBS and was biochemically and functionally characterized. (B) IB characterization of lysates from density gradient-isolated sEVs in fractions one to
ten obtained from plasma of healthy donor A. The expression of SEV markers Syntenin and CD9 (reducing conditions) is shown. PC3 total cell lysate (TCL) was used as
a positive control for Calnexin. (C) IB characterization of lysates from density gradient-isolated sEVs in fractions one to ten obtained from plasma of healthy donor B.
The expression of SEV markers Syntenin and CD9 (reducing conditions) is shown. PC3 total cell lysate (TCL).

treatment (Supplementary Fig. 3). This is consistent with our previous
findings, suggesting that the uptake of sEVs is not mediated by the
presence of aVB3 on the cell surface [7].

Our adhesion assays confirm that sEVs from PrCa patient plasma
have a functional impact on monocyte activity in vitro and may promote
monocyte infiltration known to occur in PrCa as shown in Supplemen-
tary Fig. 4.

To further confirm the role of NgR2 in monocyte functional activity,
PBMCs isolated from healthy volunteers were plated and incubated with
sEVs isolated from PC3 cells transfected with two shRNA constructs that
target RTN4RL2 (shRTN4RL2_1 and shRTN4RL2_2) or with a non-
targeting scrambled control shRNA (ShScramble). Untreated cells were
used as a control. Forty-eight hours after treatment, monocytes attached
to wells were isolated and adhesion assays were performed. As shown in
Fig. 7A-B, treatment with sEVs released from cells expressing NgR2
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significantly increases the adhesion of monocytes to fibronectin
compared to cells in which NgR2 is silenced. Fig. 7C demonstrates that
the sEVs released from these cells fall into the expected sEV size range of
50-150 nm [26]. This demonstrates that the sEV-dependent functional
impact on monocyte activity in vitro relies upon NgR2 expression.

The expression of M1 and M2 markers in monocytes isolated from healthy
volunteers is not affected by sEVs derived from PrCa patients

Given that sEVs play a role in the inter-communication between
cancer cells and immune cells, we investigated whether treatment with
PrCa patient plasma-derived sEVs could lead to a phenotypic change in
healthy volunteer monocytes. PBMCs from healthy volunteers were
incubated with either PBS (control) or PrCa patient sEVs for 48 h. Flow
cytometric analysis for CD14, a monocyte/macrophage marker [59],
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Fig. 4. 1B analysis of prostate cancer patient-derived small extracellular vesicles. (A) Lysates from density gradient-isolated sEVs from plasma of the following PrCa
patients: A, B, C, D, E and F. Fractions six to eight were pooled and preparations from two different patients were combined. IB analysis (reducing conditions) for
expression of NgR2 and CD9. PC3 total cell lysate (TCL) was used as a positive control for Calnexin. (B) Lysates from density gradient-isolated sEVs in fractions one to
ten obtained from plasma of PrCa patient G. IB analysis (reducing conditions) for expression of aVf3 integrin, NgR2, Syntenin and CD9. (C) Lysates from density
gradient-isolated sEVs in fractions one to ten obtained from plasma of PrCa patient H. IB analysis (reducing conditions) for expression of aVp3 integrin, NgR2

and TSG101.

was used to gate monocytes among PBMCs. Subsequently, CD14+ cells
were evaluated for the surface expression of CD163 and CD204, markers
associated with M2 polarization or CD80 and HLA-DR, associated with
M1 polarization. As shown in Fig. 8A-B, PrCa patient-derived sEVs do
not affect M2 or M1 marker expression. As additional control, in another
set of experiments, PBMCs were subjected to incubation with PBS,
healthy donor-derived sEVs or PrCa patient-derived sEVs. As shown in
Fig. 8C-D, neither sEVs isolated from healthy donors nor sEVs isolated
from PrCa patients have an impact on M2 or M1 marker expression.
Overall, these results suggest that the functional effect exerted by
sEVs on monocytes does not correlate with a phenotypical alteration.

Discussion

We demonstrate in this paper that a mAb targeting specifically the
aVpB3 integrin is highly effective in reducing NE prostate tumor growth in
vivo. We also provide evidence that NgR2, an aVp3 binding partner,
which is upregulated in NEPrCa, is crucial for aVp3 adhesion to its li-
gands. Finally, we show that both aVB3 and NgR2 are detectable in
patient plasma-derived sEVs and that these sEVs functionally impact
monocyte activity in vitro.

Our results demonstrate a significant reduction of NE tumor growth
upon treatment with LM609 and propose this therapeutic approach for
NEPrCa patients. The molecular basis of the interaction between LM609
and aVpB3, has yet to be fully clarified. Two mechanisms of action have
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been hypothesized: an Arg-Gly-Asp (RGD)-dependent manner [60,61]
and one that does not involve the RGD-binding pocket occlusion based
on a sterical hindering of the RGD ligand binding [55]. A possible lim-
itation of RGD-based anti-aVf3 drugs could be the difficulty of over-
coming the high interstitial tumor pressure, crossing the vascular wall
and penetrating the tumor parenchima [62,63]. This does not seem to
affect the results in our murine model.

Various aVB3 activation states corresponding to different confor-
mations have been reported, acknowledging that, when bent, the ligand
affinity is low and oVp3 is inactive, whilst the extended form results in
“adhesion competent” high-affinity ligand binding [64-66]. Among
others, LIBS epitopes have been shown in the aVf3 active form [67].
However they were not affected by NgR2 expression in our analysis,
although our functional assays show no interaction between aV3 and
its ligands in the absence of NgR2. This effect may result in increased
migration and infiltration in the tumor, or like for Tcells [68], may just
facilitate these cells’ trapping in the prostate TME for local control of the
immune response. We therefore suggest that NgR2 is involved in an
aVp3 conformational change leading to its activation state and that this
NgR2/active aVP3 complex may have a role in PrCa reprogramming
towards a NE phenotype.

Although multiple datasets show increased levels of RTN4RL2 (the
gene encoding NgR2) RNA in advanced PrCa patients [34], the role of
NgR2 in NE cancer progression was not explored before our paper was
published [34] and had never been analyzed in sEVs. Because NEPrCa is
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Fig. 5. NTA characterization of prostate cancer patient- and healthy donor-derived small extracellular vesicles. (A) NTA of patient I and L plasma-derived, density
gradient-isolated sEVs. Fractions’ number six to eight were pooled (F6-F8). (B) NTA of healthy donor C and D plasma-derived, density gradient-isolated sEVs.

Fractions’ number six to eight were pooled (F6-F8).

characterized by late diagnosis, based on metastatic biopsy in patients
with spread aggressive disease with low or absent PSA levels [69], NgR2
may represent a promising, specific marker for a non-invasive diagnosis.

The role of TME in tumor growth, invasion, and progression is well
established [42,45,46], making its components an interesting target of
studies for diagnostic and therapeutic purposes. However, more in-
vestigations are needed to deeply understand how cancer cells affect
monocytes/macrophages to promote cancer progression. Several studies
have described an effect of cancer cell line-derived EVs and sEVs on
macrophages in vitro [49-51,70]. Here, we demonstrate that PrCa pa-
tient plasma-derived sEVs increase monocyte adhesion. These
sEV-incubated, more adherent monocytes do not show altered expres-
sion of the polarization markers tested, seemingly in a state that may be
defined as “highly adhesive without alterations of conventional polari-
zation markers”. We can hypothesize a model where PrCa cells release
sEVs enriched in aVp3 and NgR2, thereby increasing TAM accumula-
tion. This aligns with previous findings, assessing that aVp3 in epithelial
cancers positively correlates with tumor growth-associated macro-
phages [54].

In a recent study, an increase of M2 markers after treatment with
healthy volunteer plasma-derived sEVs was achieved after co-
stimulating the monocytes with macrophage colony-stimulating factor
[71]. Both treatment with MCSF and exposure to the toll-like receptor
agonists were required to obtain a larger release of TNF-a, a
M1-associated cytokine [71]. Thus, significant modifications in the
expression of M1 and M2 markers after treatment with patient or
healthy donor sEVs may occur in more complex steps dependent upon
stimulating co-factors.

We conclude that sEVs enriched in the aV33/NgR2 complex, may
have a causal role in promoting a metastatic phenotype, maintaining
aVB3 in an adhesion competent state, and affecting immune and other
cells in the TME. The results presented here enable us to reach a
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comprehensive mechanistic understanding of integrin-directed
signaling and cell-cell communication during NEPrCa progression and
will open new possibilities in future studies for the design of NgR2-based
therapeutic and diagnostic strategies of PrCa patients.

Materials and methods
Antibodies

The following primary antibodies (Abs) were used for IB analysis:
goat polyclonal Ab against NgR2 (R&D System, AF2776), mouse
monoclonal Ab against CD9 (Santa Cruz, sc13118), LIBS1 [72], LIBS2
(Millipore, MABT27), Ab33/LIBS6 (ascites) [72] and AP5 (Kerafast,
[731); rabbit monoclonal Abs against p3 (Cell Signaling, 13166S) and
Syntenin (Abcam, ab133267), rabbit polyclonal Abs against TSG101
(ab30871, Abcam), Calnexin (24,335, Cell Signaling) and 3 (serum)
[23]. The following secondary Abs were used for IB analyses: HRP linked
anti-goat IgG (R&D Systems), HRP-linked anti-mouse IgG (Cell
Signaling, 7076 S) and HRP-linked anti-rabbit IgG (Cell Signaling, 7074
S).

The following Abs were used for the adhesion assays: mouse mono-
clonal against human oVp3 integrin LM609 (MAB1976, Millipore) and
non-immune mouse monoclonal IgG1 (BE0083, Bio X Cell).

The following Abs were used for IHC analysis: rabbit monoclonal Ab
against F4/80 (70076S, Cell Signaling) and non-immune rabbit IgG
(15006, Sigma).

The following Abs were used for the PDX treatment: mouse mono-
clonal IgGl LM609 [61] and non-immune mouse monoclonal IgG1l
(BE0083, Bio X Cell).

Flow cytometry experiments were conducted using the following
mouse Abs to human: Alexa Fluor 488 conjugated CD14 (BD Bio-
sciences, 562,689); for M2 polarization phenotyping: APC-conjugated
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Fig. 6. sEVs from prostate cancer patient plasma promote monocyte adhesion to fibronectin. (A-D) PBMCs were plated, and after 24 h they were incubated with
either PBS (control), healthy donor plasma-derived sEVs, or PrCa patient plasma-derived sEVs. After 48 h, monocytes attached to wells were isolated and seeded (2.5
x 10° cells/well, 3 replicates per condition) on wells pre-coated with fibronectin (FN) (10 pg/mL) or 1 % BSA (control). A, B, C and D show four representative
experiments using PBMCs from four different volunteers. Three different fields of view (FOV) were captured for each well (FOV = 0.044 mm diameter) and the
number of cells for each field was counted manually on a 164 x123 mm image. The values are presented as mean + SEM; P values were calculated using t-test (n = 4).

CD163 (Miltenyi, 130-112-129 or Biolegend, 333,610), PE conjugated
CD204 (BD Biosciences, 566,251); for M1 polarization phenotyping:
APC conjugated CD80 (Biolegend, 305,220), PE-conjugated HLA-DR
(BD Biosciences, 555,812); for isotype control: Alexa Fluor 488 conju-
gated IgG2b,k isotype control (BD Biosciences, 558,716), APC conju-
gated REA control antibody IgG1, REAfinity™ (Miltenyi, 130-113-446)
or APC conjugated IgG1,k isotype control antibody (Biolegend, 400,120)
and PE conjugated IgG1,k isotype control (BD Biosciences, 551,436).

Cell lines

PrCa cell lines (DU145 and PC3) were cultured as previously
described [24,58]. DU145 cells were transfected with pCMV6-Entry
vector carrying RTN4RL2 (DU145 NgR2 cells) (Origene, SC310413) or
an empty vector (DU145 Mock cells) (Origene, PS100001) as previously
described [34]. Transfected cells were maintained using 0.5 mg/mL
G418. When transfectants were generated, PC3 cells were transfected
with two different shRNA constructs that target RTN4RL2
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(SMARTvector, Dharmacon/Horizon, S0-2,914,049 G, sequences:
V3SVHS00_ 4,716,901 for shRTN4RL2_1 and V3SVHS00_7,164,907 for
shRTN4RL2_ 2). As a control, PC3 cells were transfected with a
non-targeting scrambled control shRNA (SMARTvector, Dharma-
con/Horizon, VSC11707), as previously described [34].

LM609 purification

LM609 purification was performed as previously described [61].
Briefly, LM609 ascites was cleaned with Cleanascite (Fisher,
NC05426800C), diluted in a sodium chloride and glycine binding buffer,
and recirculated over a Protein A column. The column was washed and
the Ab was eluted with elution buffer (0.1 M Citric Acid, pH 6). Fractions
of 500 pL were collected and the O.D. at 280 nm was measured using a
NanoDrop 2000c spectrophotometer. Purified peak fractions with
OD280 greater than 0.1 containing the Ab were pooled together. Af-
terwards, they were dialyzed in PBS and concentrated. Finally, the Ab
was run through SDS-PAGE to confirm purity (Supplementary Fig. 1).
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Fig. 7. sEVs from prostate cancer cells expressing NgR2 promote monocyte adhesion to fibronectin. (A-B) PBMCs were plated and after 24 h were incubated with
sEVs derived from PC3 cells transfected with NgR2 shRNA (shRTN4RL2_1 and shRTN4RL2_2), or with a non-targeting scrambled control shRNA (shScramble);
untreated cells were used as a control. After 48 h, monocytes attached to wells were isolated and seeded (2.5-3 x 10° cells/well, 3 replicates per condition) on wells
pre-coated with fibronectin (FN, 10 pg/mL) or 1 % BSA (control). A and B show two representative experiments using PBMCs from two different volunteers. Three
different FOV were captured for each well (FOV = 0.044 mm diameter), and the number of cells for each field was counted manually on a 164x123 mm image. The
values are presented as mean + SEM; P values were calculated using t-test (n = 3). (C) NTA of shScramble (left panel), shsRTN4RL2_1 (NgR2, middle panel) and
shRTN4RL2_2 (NgR2, right panel) PC3 cell-derived sEVs. Fractions’ number two to six were pooled (F2-F6).

PDX expansion, re-implantation and mouse treatment

LuCaP 145.2 and LuCaP 173.1 PDXs were provided by the University
of Washington, where they were acquired, established and characterized
as previously described [57]. To expand the PDXs, thawed ~5-10 mm?>
tissue bits were subcutaneously implanted in a first group of SCID CB-17
mice (Charles River) according to the National Cancer Institute 2017
SOP guidelines. One drop of Matrigel (356,237, Corning) was added to
each bit before injection by trocar. Mice carrying tumors of ~500 mm?>
were euthanized; these tumors were harvested and stepped-rate cry-
opreserved as previously described [57]. Volumes were calculated
following the formula reported below.

After thawing, ~5-10 mm® tumor bits were subcutaneously
implanted in the axillary area of a second group of 30 SCID CB-17 mice
(LuCaP 145.2,n = 15; LuCaP 173.1, n = 15), as described in the National
Cancer Institute 2017 SOP guidelines. Mice were monitored twice a
week for tumor growth. Once the tumors reached a volume of
~100-150 mm?, the treatment was started. The treatment groups were:
LM609 10 mg/kg (LuCaP 145.2, n = 5; LuCaP 173.1, n = 5); mouse
monoclonal IgG1 10 mg/kg (LuCaP 145.2, n = 5; LuCaP 173.1, n = 5)
and PBS (LuCaP 145.2, n = 5; LuCaP 173.1, n = 5). Treatment was
administered intraperitoneally twice weekly for three weeks and during
this period, volumes were measured twice a week. After 21 days, mice
were euthanized and tumor volume measured according to the formula
reported below:
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(tumor lenghi)x (tumor width)®
2

Tumor volume(mm3) =

Animal care

SCID CB-17 mice

SCID CB-17 male mice (Charles River) were cared for and monitored
according to the Office of Laboratory Animal Welfare, NIH, and
Department of Health and Human Services standards. Thirty SCID mice
were used; no female mice were analyzed in this study. Institutional
Animal Care and Use Committee recommendations were followed, and
the protocol was approved by the Institutional Animal Care and Use
Committee at Thomas Jefferson University (protocol number: 04-499).

Transgenic adenocarcinoma of the mouse prostate mice

Transgenic Adenocarcinoma of the Mouse Prostate (TRAMP) male
mice were generated as previously described [74]. Nine TRAMP mice
and five WT mice were used; no female mice were analyzed in this study.
Care of animals was in compliance with standards established by the
Office of Laboratory Animal Welfare, NIH, and Department of Health
and Human Services standards. Institutional Animal Care and Use
Committee recommendations were followed, and the protocol was
approved by the Institutional Animal Care and Use Committee at
Thomas Jefferson University (protocol number: 1204).
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Fig. 8. M1 and M2 marker expression is not affected by incubation with sEVs derived from healthy donors or PrCa patients. Flow cytometric analysis of monocytes
isolated from healthy volunteers. (A) Histogram representation of the mean fluorescent intensity (MFI) of M2 polarization markers (CD163 and CD204, top panels)
and M1 polarization markers (CD80 and HLA-DR, bottom panels) expressed by monocytes after incubation with PBS (-, green) or PrCa patient plasma-derived sEVs
(orange) (n = 13). The isotype control is depicted in red. (B) Statistical analysis of M2 marker (CD163 and CD204, top panels) and M1 marker (CD80 and HLA-DR,
bottom panels) expression in monocytes after incubation with PBS (-) or PrCa patient plasma-derived sEVs (n = 13). (C) Histogram representation of the MFI of M2
(top panels) and M1 (bottom panels) markers expressed by monocytes after incubation with PBS (-, green), healthy donor (Healthy d.) plasma-derived sEVs (blue), or
PrCa patient plasma-derived sEVs (orange) (n = 3). The isotype control is depicted in red. (D) Statistical analysis of M2 (top panels) and M1 (bottom panels) marker
levels in monocytes after incubation with PBS (-), healthy donor plasma-derived sEVs or PrCa patient plasma-derived sEVs (n = 3). (B, D) The results are shown in
scatter graphs. Paired t-test was used for paired two group comparison; ANOVA for repeated measures with Tukey’s multiple comparisons test was used for multiple
groups comparisons with matched samples. SAS 9.4 and Prism 7 were used for data analysis. A.U.: Arbitrary Units.
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Human subject inclusion criteria

Twenty-two PrCa patients’ blood or plasma was obtained at Thomas
Jefferson University (Philadelphia, PA) to isolate sEVs. Sixteen healthy
volunteers’ blood or plasma was obtained at Thomas Jefferson Univer-
sity (Philadelphia, PA) to isolate sEVs and/or isolate PBMCs. Specimens
were de-identified and discarded in accordance with guidelines estab-
lished by the Institutional Review Board (IRB), an administrative body
established to protect the rights and welfare of human subjects recruited
to participate in research activities conducted at Thomas Jefferson
University (protocol number: 19D.011).

EV isolation via ultracentrifugation

EV isolation by differential ultracentrifugation was performed as
previously described [75].

SEV isolation via iodixanol density gradient ultracentrifugation

sEV isolation by IDG ultracentrifugation was performed as previ-
ously described [75].

Immunoblotting

IB analysis was performed as previously described [24,34,72].
Immunohistochemical analysis

IHC was performed as previously described [34].
Nanoparticle tracking analysis

NTA was performed as previously described [7]. Briefly, pooled
iodixanol fractions were diluted 1:200 in PBS and analyzed using
NanoSight NS300. Samples were infused using a syringe pump, with an
infusion rate of 60 for consistent flow. Three 30 s videos were captured,
with a standard measurement setting. Data were collected at 25 °C, with
camera level ranging from 13 to 16 and screen gain ranging from 1 to 3.
Detection threshold was set at 4 for plasma-derived sEVs and at 5 for
cell-derived sEVs. Data analysis was performed using NTA software
version 3.1.54.

PBMC isolation, culture, and EV treatment

Human blood was withdrawn via venipuncture, and coagulation was
prevented by treatment with Acid Citrate Dextrose (ACD). Anti-
coagulated blood was centrifuged at 100 x g for 20 min at room tem-
perature with acceleration 1 and break O to separate plasma. The
remaining blood was diluted with PBS in a 1:1 ratio. The mixture was
layered over Ficoll-Paque (Cytvia,17,144,002) in a ratio of volume 2:1
and centrifuged at 2000 x g for 20 min at 4 °C with the break off to
isolate the buffy coat. PBMCs were collected, washed with PBS, and
pelleted via centrifugation at 1500 x g for 10 min at 4 °C. PBMCs were
cultured in RPMI media supplemented with 10 % fetal bovine serum
(FBS), 1 % penicillin/streptomycin, and 1 % of -Glutamine on 6-well
plates (1 x 10° cells/well). Within 24 h, PBMCs were treated with 1
x 10° sEVs derived from PrCa patient or healthy donor plasma for 48 h.
For a second set of experiments, PBMCs were incubated with 1 x 10°
sEVs, derived from PrCa patient plasma, that were previously incubated
for 1 h prior to the treatment with LM609 10 pg/mL, non-immune IgG1
10 pg/mL, or PBS. For a third set of experiments, PBMCs were treated
with 1 x 10° sEVs derived from PC3 cells transfected with one of the
shRNA constructs that target RTN4RL2 (shRTN4RL21, or
shRTN4RL2_2); as control, PC3 cells were transfected with a non-
targeting scrambled control shRNA. After 48 h, PBMCs were collected
and analyzed via flow cytometry or used for functional assays, as
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described below.

LM609 characterization in adhesion assays

Cell adhesion assays were performed as previously described [76].
Briefly, non-treated 96 well plates (25-103, Olympus) were coated with
200 pL of fibrinogen 15 pg/mL or 1 % heat denatured filtered BSA as
control overnight at 4 °C. On the day of the assay, the coated wells were
blocked with 1 % BSA in PBS for 30 min at room temperature followed
by one wash with PBS and two washes with adhesion buffer (serum-free
media [SFM], 0.5 % BSA, 0.2 mM MnCl,). Wells were pre-loaded with
100 pL of either increasing Ab concentrations (0.1,0.2,0.4,0.8,1.6
pg/mL) diluted in adhesion buffer, adhesion buffer alone (untreated) or
IgG (1.6 pg/mlL) as controls. PC3 cells were harvested, pelleted, and
resuspended in adhesion buffer; 5 x 10* cells were plated on each
pre-loaded well and allowed to settle at 37 °C. After 1 h, the medium was
gently removed and wells were washed 3-5 times with adhesion buffer
to remove non-adhered cells. Adhered PC3 cells were then stained with
0.1 % crystal violet solution for 1 h at room temperature. The excess
crystal violet was gently washed with tap water, and the wells were
air-dried. After dye elution with 100 pL of methanol, the O.D. of stained
PC3 cells was measured at 600 nm in a spectrophotometer (Thermo-
Scientific Multiskan Spectrum) using Scanlt software 2.4.4.

Adhesion assays

DU145 adhesion assays

Cell adhesion assays were performed as previously described [76].
Wells were pre-coated with collagen (354,236, Corning) 50 pg/ml,
laminin (L6274, Sigma) 10 pg/ml, human plasma-derived vitronectin 5
pg/ml, human plasma-derived fibrinogen 50, 15 or 5 pg/ml, or 1 % heat
denatured BSA as control. For another set of experiments, prior to the
addition of cells, wells were pre-loaded with 100 pL of LM609 (10 or 20
pg/mL) diluted in adhesion buffer (SFM, 0.5 % BSA); IgG1 (10 or 20
pg/mL in adhesion buffer) or adhesion buffer alone (untreated) were
used as controls. The O.D. of stained DU145 cells was measured at 600
nm in a spectrophotometer (ThermoScientific Multiskan Spectrum)
using Scanlt software 2.4.4.

Monocyte adhesion assays

PBMCs were incubated with either PBS, healthy donor-derived sEVs,
or PrCa patient-derived sEVs for 48 h prior to the assay. In another set of
experiments, PBMCs were incubated with sEVs derived from PC3 cells
transfected with two shRNA constructs that target RTN4RL2 or with a
non-targeting scrambled control shRNA. Non-treated 96 well plates
were coated with 150 pL of fibronectin 10 pg/mL or 1 % heat denatured
filtered BSA as control overnight at 4 °C. On the day of the assay, the
coated wells were blocked with 150 pL of 1 % BSA in PBS for 30 min at
room temperature followed by two washes with SFM. Non-adherent
PBMCs were discarded and monocytes attached to wells were washed
with PBS and gently scraped from the 6-well plates. Cells were pelleted
and resuspended in SFM; afterwards, they were plated (2.5-3 x 10°/150
uL per well, 2-3 replicates per condition) and allowed to settle at 37 °C
for 4 h. After 4 h, medium was gently removed and the wells were
washed 3 times with SFM to remove the non-adhered cells. Adhered cells
were fixed with paraformaldehyde (3 % in PBS) for 30 min at room
temperature, followed by two washes with PBS; 0.1 % crystal violet
solution was used for staining. The excess crystal violet was gently
washed with tap water, and the wells were air-dried. The attached cells
were imaged (3 different FOV/well, FOV = 0.044 mm diameter) using
an inverted microscope (Nikon Eclipse TS100) that generated a
164x123 mm image. The number of cells for each field was counted
manually, and the mean number + SEM for each condition was
reported.
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Flow cytometry analysis

Flow cytometric phenotyping of human PBMCs from healthy donors
was performed as follows: PBMCs (1 x 10° cells/tube) were aliquoted
into flow tubes (Falcon, 352,008) and stained with combinations of
mouse conjugated Abs to human for 25 min at 4 °C. Samples were
washed with PBS and analyzed immediately by flow cytometry. Flow
data were acquired using a Celesta cytometer with Diva 8.0 (BD Bio-
sciences), and post-collection analysis was performed with FlowJo
software (FlowJo, LLC).

Statistical analysis

For the PDX experiments, tumor volumes were compared for all
groups using the Wilcoxon rank-sum test. For tumor growth, a linear
mixed effects model was used to model log 10 transformed tumor vol-
umes. Fixed effects were day, group, and day by group interaction to
allow for estimation of the average slope by group. A random intercept
and slope term were included to account for animal-specific deviations
from the group averages. Slope estimates were back-transformed
(10"estimate) to obtain the geometric mean ratio (GMR) representing
the multiplicative change in tumor volume per day. If the test of any
group differences for GMR was significant, pairwise comparisons were
performed with p-values adjusted using the Bonferroni method. Analysis
of tumor volumes was performed using SAS version 9.4, SAS Institute,
Cary, NC.

For the flow cytometry analysis, paired two group comparisons were
analyzed using paired t-test; multiple group comparisons with matched
samples were analyzed using ANOVA for repeated measures with
Tukey’s multiple comparisons test. SAS 9.4 and Prism 7 were used for
data analysis.

For adhesion assays, ANOVA and paired t-tests were performed using
GraphPad Prism 9 version 9.4.1(458) for macOS, GraphPad Software,
San Diego, California USA, www.graphpad.com.
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