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Therapeutic strategies based on immunomodulation have
improved cancer therapy. Most approaches target co-stimula-
tory pathways or the inhibition of immunosuppressive
mechanisms, to enhance immune response and overcome
the immune tolerance of tumors. Here, we propose a novel
platform to deliver targeted immunomodulatory signaling,
enhancing antitumor response. The platform is based on
virus-like particles derived from lentiviral capsids. These
particles may be engineered to harbor multifunctional
ligands on the surface that drive tropism to the tumor site
and deliver immunomodulatory signaling, boosting the anti-
tumor response. We generated virus-like particles harboring
a PSMA-ligand, TNFSF co-stimulatory ligands 4-1BBL or
OX40L, and a membrane-anchored GM-CSF cytokine. The
virus-like particles are driven to PSMA-expressing tumors
and deliver immunomodulatory signaling from the TNFSF
surface ligands and the anchored GM-CSF, inducing T cell
proliferation, inhibition of regulatory T cells, and potenti-
ating elimination of tumor cells. The PSMA-targeted particles
harboring immunomodulators enhanced antitumor activity
in immunocompetent challenged mice and may be explored
as a potential tool for cancer immunotherapy.
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INTRODUCTION
The therapeutic strategies targeting antitumor immunity have
shown remarkable clinical results. However, there are still
numerous cases of resistant tumors and therefore the need to
explore new antitumor approaches.1–3 Most of the immunomodu-
latory strategies that are currently being pursued in clinics target
checkpoint inhibition,4–6 while other approaches may also aim at
co-stimulating lymphocyte receptors, such as 4-1BB (CD137) and
OX40 (CD134) expressed on the surface of T cells, inducing agonist
phenotypic changes in addition to contributing to the inhibition of
immunosuppressive mechanisms associated with tumor cell toler-
ance.7–9

The co-stimulatory signaling driven to 4-1BB receptor promote sur-
vival, clonal expansion, and strengthening of T cell activation, inducing
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the elimination of tumors in animals.10–12 The agonist anti-4-1BB
monoclonal antibody exhibits co-stimulatory activity and has been
used in clinical trials.13 Agonist antibodies driven to the OX40 receptor
may also co-stimulate T cells, enhancing activation and inducing
lymphocyte proliferation. The co-stimulation of OX40 may increase
the longevity of T cells, and clinical data suggest that lymphocytic in-
filtrates that have high OX40 expression are correlated with a lower
incidence of metastases and a better prognosis for patients.14,15 Litera-
ture data also demonstrate that agonist antibodies for the co-stimula-
tion of OX40 expressed in regulatory T cells may inhibit the expression
of FoxP3 transcription factor, which is associated with themaintenance
of the immunosuppressive regulatory T cell (Treg) phenotype.16,17 The
antitumor T cell activity may be enhanced by combining other additive
stimuli as provided by the granulocyte-macrophage colony-stimulating
factor (GM-CSF) cytokine, which plays an important role in dendritic
cell (DC) maturation, increasing the presentation of tumor antigens to
the immune system.18,19

The generation of monoclonal antibodies requires a relatively com-
plex approach, involving the immunization of animals and the selec-
tion of producer clones and establishment of lineages. In this sense, as
an alternative to monoclonal antibodies, there are efforts being made
to develop other molecules, for example, based on the use of soluble
ligands or agonist aptamers.20–23 We have recently demonstrated that
extracellular vesicles (EVs) produced by antitumor vaccines
harboring tumor necrosis factor superfamily 4-1BBL and OX40L
may exhibit immunomodulatory activity, stimulating antitumor ef-
fects in vitro.24 These vesicles represent a heterogeneous population
composed of microvesicles and exosomes. The microvesicles them-
selves are particles from 50 to 1,000 nm in diameter that are formed
by the shedding of the plasma membrane.25 Exosomes are formed
by the fusion of the multivesicular endosome with the plasma
membrane, generating particles of approximately 40–100 nm in
thors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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diameter.25 Enveloped virus-like particles (VLPs) derived from retro-
viruses are formed in a manner similar to that of exosomes.26,27 VLPs
are structurally well defined, harboring virus capsid and lacking the
genome. Due to the high plasticity of VLPs, it is possible to load a
cargo or even decorate its surface with peptide ligands or other re-
combinant proteins, using these VLPs as delivery tools for enhancing
the immune response.28–30 Some studies propose the use of VLPs for
the development of antitumor strategies. These particles may be tar-
geted to tumor sites by functionalizing their surfaces with ligands.31–
33 The VLPsmay be engineered to stimulate immunity against tumors
and are being explored as cancer vaccines for cervical cancer, breast
cancer, colorectal cancer, pancreatic cancer, and skin cancer, among
others.34–38

In this work, we propose a newVLP-based platform derived from len-
tiviral capsids. Lentiviral platforms have been explored since the 1990s
and are considered to be highly plastic and safe.39,40 The lentiviral-
derived particles may be pseudotyped with heterologous envelope to
drive tropism to specific tissues.39,41,42 Our aim was to engineer
VLPs derived from lentiviral capsids that specifically bind to tumor
cells that have the prostate-specific membrane antigen receptor
(PSMA) and deliver immunomodulatory signaling to stimulate anti-
tumor responses.

The PSMA receptor is upregulated in prostate cancer cells, and
several studies also have shown PSMA expression in the tumor-asso-
ciated vasculature of other tumor types, such as breast cancer, lung
cancer, bladder cancer, brain cancer, and gastric cancer.43–49 The
VLP capsid is decorated with peptide sequences originated from a
phage display library,50 therefore driving VLP to the PSMA-positive
cells at the tumor site. In addition, we have decorated the VLP surface
with co-stimulatory TNFSF ligands 4-1BBL, OX40L, and a mem-
brane-bound GM-CSF. In this way, the multifunctional immuno-
modulatory VLP exhibits tropism for positive PSMA tumor cells
and may drive the GM-CSF factor in combination with TNFSF li-
gands, such as 4-1BBL and OX40L. We have shown the targeted-spe-
cific VLPs have a substantial potential for immunomodulation,
inducing increased proliferation of T cells and inhibition of Tregs
and enhancing the elimination of tumor cells.

RESULTS
Surface-decorated VLPs harboring TNFSF ligands bind to

TNFSF receptors

The lentivirus-derived VLPs may be engineered to harbor TNFSF li-
gands such as 4-1BBL andOX40L. The VLPs are generated in producer
cells by co-transfecting an expression vector that encodes a surface
ligand (Figure S1) with a packaging vector that encodes the structural
proteins of the VLP capsid (Figure S2). The VLP preparation
is harvested and purified from the supernatant. The immunomodula-
tory particles exhibit a typical lentiviral-derived size distribution of
approximately 100–200 nm and spherical shaped morphology51–53

(Figures 1A and 1B). To characterize the presence of both ligands in
the 4-1BBL + OX40L bivalent VLPs, we performed flow cytometry as-
says in which the VLPs were labeled by incubating along previously
bound beads and capture antibodies for the first ligand, followed by
the detection antibody for the second ligand. The flow cytometry assay
revealed anti-4-1BBL or anti-OX40L labeling when the VLPs were
captured by anti-OX40L and anti-4-1BBL beads, respectively (Figures
1C and 1D). Since VLPs harbor p24, which is also used as a marker
to quantify lentiviral particles,54,55 we also performed a flow cytometry
assay with 4-1BBL VLPs, using anti-p24 capture beads and staining for
anti-41BBL (Figure S3).Tobetter characterize theTNFSF ligands on the
surface of the bivalent VLP, we performed a cell culture assay to verify
whether the ligand on the surface of the VLP could specifically interact
with its TNFSF receptor (TNFSFR) expressed on cells. Therefore, we
used the 4-1BBL + OX40L bivalent VLP incubated with parental
NIH-3T3 cells or with genetically modified NIH-3T3 cells to express
the TNFSF 4-1BB receptor. The bivalent VLP harbors the 4-1BBL
ligand that specifically binds to the 4-1BB receptor on cells. As the biva-
lent VLP also harbors OX40L, we could label the bound VLPs with an
anti-OX40L antibody labeled with Phycoerythrin (PE). As expected,
only 4-1BB receptors expressing NIH-3T3 cells incubated with the 4-
1BBL + OX40L bivalent VLPs were labeled with the anti-OX40L PE
antibody, in contrast to the control VLPs (lacking surface ligands) (Fig-
ures 1E and 1F).

VLPs harboring 4-1BB and OX40 ligands boost T cell activation,

induce inhibition of Tregs,s and potentiate the elimination of

tumor cells in vitro

Agonist antibodies or even soluble TNFSF ligands may potentiate
antitumor T cell activity. Therefore, we sought to investigate
whether VLPs harboring TNFSF ligands could stimulate lympho-
cytes. We initially performed a proliferation assay, in which primary
T cells were labeled with the carboxyfluorescein succinimidyl ester
(CFSE) fluorophore and then incubated with APC cells and VLPs
expressing TNFSF ligands. We tested monovalent VLPs harboring
only one surface ligand such as OX40L or 4-1BBL and the bivalent
VLP harboring simultaneously both 4-1BBL and OX40L. We
observed that the monovalent and bivalent VLPs induced increased
T cell proliferation and increased interferon (IFN)-gamma secretion
in cell culture supernatants, an important biomarker associated with
the T helper 1 (Th1) antitumor response and activity of cytotoxic
T cells (Figures 2A and S4).

To assess the potential for antitumor immunomodulation of our
TNFSF ligands harboring VLPs, we performed an in vitro assay in
which B16F10 tumor cells were incubated with splenocytes in the
presence of these VLPs. The B16F10 tumor cells were genetically
modified to express the eGFP reporter gene, enabling a high content
imaging analysis. When the VLP-mediated immunomodulation oc-
curs, tumor cells may be lysed by splenocytes and consequently
reduce the GFP-positive cell count. Therefore, the number of
B16F10-GFP-positive cells were reduced when incubated with sple-
nocytes and treated with VLPs expressing 4-1BB and OX40 ligands
compared to the control VLP (Figure 2B).

The literature has demonstrated that an agonist stimulation of the
OX40 surface receptor on T cells may induce the inhibition of the
Molecular Therapy: Oncolytics Vol. 24 March 2022 651

http://www.moleculartherapy.org


Figure 1. Production and phenotypic characterization of VLPs expressing 4-1BB and OX40 ligands

(A) Size distribution and concentration of the VLPs were analyzed using nanoparticle tracking analysis (NTA). VLPs were purified and concentrated from the supernatant of

HEK293T cells co-transfected with 4-1BB and OX40 ligands and analyzed by NTA. The graph is representative of the 4-1BBL + OX40L bivalent VLPs with a size of 136.5 ±

2 nm and a concentration of 1.81� 1011 ± 4.82 � 1010 particles/mL. Five videos of 30 s per sample, captured at 18�C, were performed for measurement. Particle size and

concentration were defined as an average of the videos analyzed. (B) Transmission electron microscopy with negative staining analysis of VLPs. The purified VLPs were

adsorbed on copper grids with negative staining with uranyl acetate. VLPs are identified as spherical electrodense structures surrounded by a shiny crown. The panel shows

images of transmission electron microscopy acquired for 4 different fields, using 20,000 and 50,000 magnifications. (C and D) TNF ligands anchored in the membrane of the

VLPs can be detected by flow cytometry. To check the 4-1BB and OX40 ligands on the surface of the VLPs, polystyrene beads (5 � 104) were previously loaded with a

capture antibody for one of the ligands on the VLPs followed by flow cytometry detection with the antibody for the other ligand. Then, anti-4-1BBL (C) or anti-OX40L (D)

capture antibodies were absorbed into the beads, which were then incubated with 109 particles of the control VLP (green curve; 8.11� 1011 ± 1.12� 1010 particles/mL) or 4-

1BBL + OX40L bivalent VLP (red curve, 7.64� 1011 ± 3.35� 1010). Subsequently, the beads were stained with anti-4-1BBL PE or anti-OX40L PE detection antibodies and

flow cytometry was performed. (E and F) Bivalent VLPs exhibit specific binding to the cell surface target receptors. NIH-3T3 cells (black curve) and NIH-3T3-4-1BB cells (red

curve), 5 � 104 cells/well, were incubated with 109 particles of the control VLP (8.11 � 1011 ± 1.12 � 1010 particles/mL) (E) or 4-1BBL + OX40L VLP (7.64 � 1011 ± 3.35 �
1010 particles/mL) (F) and followed by staining with the anti-OX40L PE. Flow cytometry was performed and the data analyzed using the FCS Express 5 software. (C–F) The y

axis represents the cell count normalized to a 100% scale and the x axis is the mean fluorescence intensity (MFI) on a logarithmic scale (N = 3).

Molecular Therapy: Oncolytics
FoxP3 transcription factor.17 We have previously observed that EVs
harboring OX40L may inhibit FoxP3.24 In this sense, we investigated
the potential of OX40L VLPs to inhibit FoxP3 expression in inducible
Tregs (iTR). In this assay, primary cells isolated from C57BL/6 mice
were incubated with a Treg induction cocktail containing transform-
ing growth factor (TGF)-beta in the presence of VLPs, and then these
cells were stained to evaluate FoxP3-positive cells. As a result, we
found that VLPs expressing the OX40 ligand significantly reduced
the conversion of FoxP3-positive cells (Figure 2C). Next, we investi-
gated whether the reduction of FoxP3 induced by OX40L VLP would
also be correlated to the inhibition of the immunosuppressive pheno-
type of Treg. For this, we performed a proliferation assay, in which
iTR cells previously incubated with VLPs were co-cultured with
CFSE-labeled conventional T cells (Tconv). We found that VLPs ex-
652 Molecular Therapy: Oncolytics Vol. 24 March 2022
pressing the OX40 ligand induced a substantial inhibition of the
immunosuppressive phenotype of Tregs (Figure 2D).

Immunomodulatory VLPs can be engineered to target PSMA-

expressing tumor cells

The administration of agonist mediators by the systemic route may
not reach the desired target or may even cause undesired toxicity.
Therefore, a target-driven VLP could be used to drive immunomod-
ulatory TNFSF ligands and even anchor soluble molecules such as
GM-CSF to tumor cells. We generated trivalent VLPs harboring the
LD ligand, a previously described tumor-targeting PSMA ligand,50

the immunomodulatory TNFSF ligands 4-1BBL or OX40L, and an
anchored GM-CSF cytokine. The trivalent VLPs exhibited a similar
size distribution, with an average size of 150–160 nm, when compared



Figure 2. VLPs expressing TNFSF ligands show antitumor immunomodulatory activity

(A) VLPs induce the proliferation of CFSE-labeled CD4 T cells. CD4 T cells isolated from mouse splenocytes were stained with CFSE and plated 5� 104 cell/well in a 96-well

plate and incubated with 5� 104 APC and 2� 108 particles from the indicated VLPs. The supernatant from each well was harvested to measure IFN-gamma activity in each

condition by ELISA assay. (B) VLPs expressing TNF ligands mediated tumor cell death. T cell-mediated antitumor cytotoxicity assay tumor cells expressing the cytoplasmic

marker GFP were incubated with splenocytes in the absence and presence of the VLPs (2� 108 particles) indicated on the x axis. After 72 h of incubation, positive GFP cell

counts were performed, using Operetta equipment (PerkinElmer, Waltham, MA, USA). (C) VLPs harboring TNFSF ligands can inhibit the expression of the transcription factor

FoxP3 in regulatory T cells. CD4 T cells (2 � 105 cells) were incubated with an induction cocktail for iTR generation and treated with 5 � 108 particles of the indicated VLPs.

The cells were harvested after 48 h and analyzed by flow cytometry to evaluate the expression of FoxP3. (D) VLPs harboring the OX40L ligand show an inhibitory effect on

regulatory T cells and stimulate the proliferation of CFSE-labeled conventional T cells. FoxP3 inhibition induced by immunomodulatory VLP attenuates the immunosup-

pressive phenotype of regulatory T cells. iTR cells (2 � 105 cells) previously treated with 5 � 108 particles of the indicated VLPs were co-cultured with CFSE-labeled

conventional CD4 T cells (Tconv) in a 1:8 ratio of iTR:Tconv cells and incubated for 72 h at 37�C. The immunosuppression capacity of iTR cells was determined by inhibiting

the proliferation of Tconv cells, indicated by the CFSE intensity decay by flow cytometry. The analysis of all of the data by flow cytometry was performed using the FCS Express

5 software. The samples were performed in triplicate, and each experiment represents 1 of 3 independent experiments. Graphs show themean and the respective SEM. The

p value was calculated using 1-way ANOVA (Dunnett’s multiple comparison test) between the control group and treatment groups (*p < 0.05, **p < 0.01, ***p < 0.005, ****p <

0.0001e). Mock (absence of VLP), CON (negative control VLP, without ligands; 8.11 � 1011 ± 1.12 � 1010 particles/mL) OX40L (VLP coated with OX40L; 8.56 � 1011 ±

2.42 � 1010 particles/mL), 4-1BBL (VLP coated with 4-1BBL ligand; 3.9 � 1011 ± 1.38 � 1010 particles/mL), and 4-1BBL + OX40L (bivalent VLP, coated with 4-1BBL and

OX40L ligands; 1.28 � 1012 ± 5.04 � 1010 particles/mL).
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to bivalent VLPs (Figure S5A). The trivalent VLP was analyzed by
flow cytometry to confirm the presence of surface TNFSF ligands
(4-1BBL or OX40L) and the anchored GM-CSF (Figure S5B). The
GM-CSF also could be detected by an ELISA assay (Figure S6).

To investigate whether the LD-VLP was target specific, we performed
an in vitro assay with PSMA-expressing cells. The B16F10 cells and
PSMA-expressing B16F10 cells were incubated with the trivalent
VLP LD-GM-CSF-4-1BBL that expresses the PSMA-specific ligand
LD, the immunomodulatory 4-1BBL ligand and the GM-CSF
anchored cytokine. The cells incubated with VLPs were labeled
with anti-4-1BBL and analyzed by confocal microscopy showing
that the PSMA-targeted LD-VLPs were bound to the cell surface of
PSMA-expressing target cells (Figures 3A and 3B). In addition, we
could observe a selective binding of LD-VLPs to PSMA-bound beads,
by flow cytometry (Figure S7). The PSMA receptor is a widely
explored target in therapeutic approaches because it allows the inter-
nalization of small molecules such as antibodies and aptamers.56,57 To
better assess whether particles could be internalized by the PSMA re-
ceptor, we generated lentiviral preparations encoding the GFP re-
porter and decorated with the LD ligand envelope. These GFP-lenti-
vector preparations, containing 105 particles, were incubated with
Molecular Therapy: Oncolytics Vol. 24 March 2022 653
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Figure 3. LD-VLP binds to PSMA target cell

Confocal microscopy images of B16F10 and B16F10-PSMA cells (3 � 105 cells)

incubated with LD + GM-CSF + 4-1BBL VLPs (3 � 108 particles; 1.12 � 1013 ±

1.58 � 1012 particles/mL) and labeled with anti-4-1BBL antibody. (A) Orthogonal

view of plans (y-z) shows the VLPs staining on the surface of PSMA-positive target

cells but parental B16F10 cells. The beta-actin cytoskeleton staining is shown in

green, nuclei are shown in blue, and VLPs are visualized in red (scale bar: 10 mm). (B)

Stimulated emission depletion (STED)microscopy imaging of PSMA-positive cluster

of cells stained for beta-actin cytoskeleton (green) and VLPs (red). The region of

interest (ROI) exhibits STED imaging. The orthogonal view of the plans (x-z and y-z)

show the VLPs staining (red) on the surface of target cells (scale bar, 5mm).
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parental B16 cells or B16-PSMA for 48 h followed by flow cytometry
analysis of the cells. We used as a positive control the same GFP re-
porter lentivirus (105 particles), decorated with a VSV-G58 heterolo-
gous envelope, which is typically used in lentiviral vectors. The result
of the experiment can be seen in Figure S8, where we did not observe
significant levels of cells transduced with LD-lentivector compared to
VSV-G-lentivector.

The trivalent VLP harboring LD + GM-CSF + TNFSF ligands also
induced inhibition in FoxP3 CD4 T cell conversion, as previously
observed for bivalent VLP LD + TNFSF ligands (Figure 4A). To eval-
uate the activity of the anchored GM-CSF, the trivalent GM-CSFVLPs
were incubated withmouse bonemarrow cells under interleukin-4 (IL-
4) stimulation to generate (DCs). The inducedDCs were harvested and
stained for typical markers such as CD11c, major histocompatibility
654 Molecular Therapy: Oncolytics Vol. 24 March 2022
complex (MHC) class II and CD86.59,60 It was observed that both
LD+GM-CSF+4-1BBL and LD+GM-CSF+OX40L induced the upre-
gulation of MHC class II and CD86 (Figure 4B). It was interesting to
note that the membrane GM-CSF content per 5 � 109 particles was
estimated in 2.5 ng/mL (Figure S6). Even with this lower membrane
GM-CSF content compared to the recombinant GM-CSF concentra-
tion, we could observe a comparable effect on DC generation.

Immunomodulatory VLPs boost antitumor response in

challenged mice

To explore the in vivo impact of immunomodulatory VLPs, we per-
formed experiments with C57/BL6 immunocompetent animals, which
were subcutaneously challenged with syngeneic B16F10-expressing
PSMA tumor cells. The VLPs were given by intraperitoneal injection.
The tumor growth was monitored to evaluate the antitumor activities
of the VLPs. We initially compared the efficiency of two VLPs config-
uration, the LD +GM-CSF + 4-1BBL and the LD +GM-CSF +OX40L.
The combination LD + GM-CSF + OX40L was slightly more efficient
to inhibit tumors when compared to the LD + GM-CSF + 4-1BBL VLP
(Figures 5A, 5B, and S13). Interestingly, a reduction in FoxP3-positive
cells isolated from the spleens of VLP-treated mice was observed at the
experimental endpoint (Figure 5C).

Next, we chose the LD + GM-CSF + OX40L VLPs to perform a second
independent experiment to compare tumor inhibition in animals chal-
lenged with parental B16F10 tumor cells to animals challenged with
PSMA-B16F10 cells. The animals were split into four experimental
groups:the first two groups were challenged with B16F10 parental cells,
and the other two groups were challenged with PSMA-B16F10 cells.
These two main groups were then divided into two subgroups that
were given LDCON VLPs (control VLP) and the targeted immuno-
modulatory LD + GM-CSF + OX40L VLP. It was observed that the
mice challenged with PSMA-expressing tumors exhibited a substantial
inhibition in tumor growthwhen treated with LD+GM-CSF +OX40L
VLP and compared with mice challenged with parental B16F10 cells
that lack the PSMA targeting ligand (Figure 6). The histological anal-
ysis of B16-PSMA tumors revealed an increased CD8 T cell infiltrate in
the LD + GM-CSF + OX40L VLP-treated group, which corroborates
the observed therapeutic effect (Figure S9).

DISCUSSION
In this work, we developed a new strategy for antitumor immunomo-
dulation based on the use of VLPs derived from lentiviral capsids.
These particles can express ligands to drive tropism to the tumor
site and to confer immunomodulatory activity, besides driving solu-
ble factors, as an anchored GM-CSF. Immunogenicity assays revealed
a low humoral response to VLP antigens, which can be an advantage
for systemic administration or even for multiple administration (Fig-
ure S10). This observation corroborates data from the literature
demonstrating the great difficulty in developing robust humoral re-
sponses to HIV candidate vaccines.61,62

We recently demonstrated that EVs from antitumor vaccines
harboring TNFSF 4-1BBL and OX40L have immunomodulatory



Figure 4. Functional characterization of trivalent LD-VLPs

(A) The trivalent VLPs harboring TNFSF ligands can inhibit the expression of FoxP3 transcription factor in regulatory T cells. The CD4 T cells that were isolated from the

splenocytes of mice were induced in vitro for the regulatory T phenotype and then incubated with immunomodulatory VLPs (5 � 108 particles). The cells were stained with

anti-FoxP3 APC to evaluate the expression of the FoxP3 transcription factor. Flow cytometry was performed and the data analyzed with the FCS Express 5 software. The

graph shows the average percentage of FoxP3-positive cells and the respective error (SEM) of a representative experiment (N = 3). ANOVA and Dunnett tests were used in the

statistical analysis considering significant values of *p < 0.05 when compared with the LD-CON control. (B) VLPs harboring anchored GM-CSF induce typical markers of DC

differentiation. Bone marrow cells were harvested from C57B/6 mice, and DC precursors (106 cells) were cultured with recombinant IL-4 (20 ng/mL), recombinant GM-CSF

(20 ng/mL), or multivalent VLPs (5 � 109particles) that harbors GM-CSF. The cells were harvested after 7 days of incubation and labeled with anti-CD11c-FITC, anti-classII-

MHC-PE, and anti-CD86-APC, performing flow cytometry. The graph represents 1 of 3 independent experiments. VLPs concentrations: LD-CON 1.76� 1013 ± 1.06� 1012

particles/mL; LD + GM-CSF + 4-1BBL 1.12 � 1013 ± 1.58 � 1012 particles/mL; LD + GM-CSF + OX40L 1.96 � 1013 ± 3.97 � 1011 particles/mL.
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activity, stimulating antitumor effects in vitro.24 In contrast to EVs, in
which a protocol for particle enrichment is required for labeling
TNFSF ligands,24 we observed that VLPs have greater versatility for
expressing ligands on the particle surface and simplicity in preparation
and labeling, which suggests higher efficiency in the process of gener-
ating the immunomodulatory particle derived from VLPs in
Molecular Therapy: Oncolytics Vol. 24 March 2022 655
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Figure 5. Immunomodulatory VLPs inhibit tumor growth in immunocompetent challenged mice

The immunocompetent C57/BL6 mice were challenged with syngeneic PSMA-expressing B16F10 cells and treated with the indicated VLPs. (A) Experimental design to

compare the effect of LD + GM-CSF + 4-1BBL versus LD +GM-CSF + OX40L in animals challenged with B16F10-PSMA cells and (B) tumor growth curve. LDCON n = 8, LD +

GM-CSF+4-1BBLn= 10, LD+GM+OX40Ln = 7. Animalswere injected subcutaneouslywith 105 B16F10-PSMA cells, as indicated in the experimental design. TheVLPswere

administrated as 2 � 1010 particles/100 mL, by intraperitoneal injection. The ANOVA and Dunnett tests were performed. (C) Animals were euthanized at the experimental

endpoint and splenocytes were isolated and stained for FoxP3 following flow cytometry. LD-CON VLP (negative control, harbors only the PSMA LD ligand), LD + GM-CSF +

4-1BBL VLP (harbors LD ligand, anchored GM-CSF and 4-1BB ligand), LD + GM-CSF + OX40L VLP (harbors LD ligand, anchored GM-CSF, OX40L ligand). The tumor size for

each animal is represented as mean and SEM, for each experimental group. The Student’s t and Mann-Whitney U tests were performed (*p < 0.05). VLPs concentrations: LD-

CON1.76� 1013± 1.06� 1012 particles/mL; LD+GM-CSF+4-1BBL 1.12� 1013± 1.58� 1012 particles/mL; LD+GM-CSF+OX40L1.96� 1013± 3.97� 1011 particles/mL.
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comparison to EVs. The production protocol used in our experiments
was based on centrifugation, which was enough for our proof of
concept, but provided a low yield. The improvement in upstream pro-
cesses, large-scale transfection protocols,63,64 and downstream purifi-
cation protocols, based on chromatography separation and tangential
filtration,65,66 will be essential to scaling up VLP for further applica-
tions. The lentiviral capsid-derived VLP platform demonstrated
high plasticity, enabling the generation of VLPs with up to three
different ligands. We have demonstrated that VLPs expressing the
4-1BB and OX40 ligands have in vitro functionality, increasing the
production of IFN-gamma associated with Th1 cells and inducing
the proliferation of these cells. Also, we found that VLPs that express
the OX40 ligand reduce the conversion of FoxP3-positive cells and
thereby inhibit the immunosuppression phenotype of Tregs. This phe-
nomenonwas consistentwith the literature on theOX40pathway.17 In
addition, we investigated the possibility of driving the tropism of the
immunomodulatory particle to the tumor site using a targeting pep-
tide anchored to the particle surface that specifically binds to the
PSMA receptor.50 The PSMA is a well-studied tumor antigen for im-
aging diagnostics and targeted radionuclide therapy of prostate can-
cer.67 In addition to PSMA upregulation in prostate tumors, it has
been reported to be expressed in tumor-associated vasculature of
non-prostatic tumors such as breast cancer, bladder cancer, lung can-
656 Molecular Therapy: Oncolytics Vol. 24 March 2022
cer, gastric cancer, colorectal cancer, brain cancer, and hepatocellular
cancer, making it an attractive theranostic target.43–49

We generated multivalent VLPs harboring immunomodulatory mole-
cules and a PSMA-driving ligand. In fact, we confirmed the PSMA-spe-
cific targeting by confocal microscopy. We observed that targeting the
VLP with the PSMA ligand induced the elimination of tumors in ani-
mals challenged with syngeneic tumor cells expressing PSMA. Our de-
livery system also allows us to drive soluble proteins such as GM-CSF,
which was anchored to the surface of the particle. In this way, GM-CSF
could be directly driven to the tumor site, where the immunomodulator
may potentiate the differentiation of dendritic cells.68 Targeting the de-
livery of GM-CSF may enhance its concentration at the tumor site and
may also contribute to reducing the possibility of the unwanted effects
associated with an eventual GM-CSF systemic distribution.69 It is inter-
esting to note that the same strategy used to anchor GM-CSF on the
surface of the VLP could also be used for other soluble molecules. In
our experiments, we have observed that targeting VLPs showed thera-
peutic benefits in challenged animals. In this way, we have demon-
strated the possibility of engineering multifunctional VLPs for
the targeted delivery of immunomodulators. These particles inhibited
tumor growth in challenged animals, opening new perspectives for
the development of alternative antitumor approaches.



Figure 6. PSMA-targeted immunomodulatory VLPs inhibit tumor growth in PSMA-B16F10 challenged animals

(A) Experimental design to compare the effect of LD + GM-CSF + OX40L versus LD CON in animals challenged with parental B16F10 cells and (B) tumor growth curve. N = 5

animals per group. (C) Experimental design to compare the effect of LD + GM-CSF + OX40L versus LD-CON in animals challenged with B16F10-PSMA cells and (D) tumor

growth curve. n= 5 animals per group. Animals were injected subcutaneously with 5 � 104 of parental B16F10 cells or 105 B16F10-PSMA cells as indicated in the

experimental design. Each animal was given 2 � 1010 of indicated VLPs in 100 mL by intraperitoneal injection. The tumor size of each animal was represented as mean and

SEM for each experimental group. The Student’s t andMann-WhitneyU tests were performed (**p < 0.05). VLP concentrations; LD-CON 2.52� 1011 ± 9.63� 109 particles/

mL; LD + GM-CSF + OX40L 5.77 � 1011 +/� 2.22 � 1010 particles/mL).
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MATERIALS AND METHODS
Generation of plasmids, viral vectors, and cell lines

The cDNA of 4-1BBL, OX40L, and GM-CSF were PCR amplified from
mice splenocytes and cloned into linearized pCDNA3.1-hygro + vector
(Invitrogen, USA). A cassette encoding the cDNA for the PSMA LD
ligandwas synthetized basedonapreviouslydescribedDNAsequence50

and cloned into a CMVdriven expression vector (pDP), in frame to a 50

IgK signal peptide and a 30 platelet-derived growth factor (PDGF) trans-
membrane portion. The 3T3-4-1BB cell pool was established by trans-
ducing NIH3T3 cells with the pCL-4-1BB retrovirus, which encodes
CD137 and G418 resistance19 (Figure S11A). The B16F10-PSMA cell
pool was established via the retroviral transduction of B16F10 with
SFG-PSMA, which encodes the PSMA gene and resistance to puromy-
cin (Figure S11B). Viral vectors were generated with amphotropic plas-
mids and titrated by the Viral Vector Facility at LNBio.Oligo sequences
are listed in Figure S12.

Production of immunomodulatory VLPs

The VLPs were produced by the transient transfection of HEK293T
cells with a psPAX2 plasmid that encodes the VLP capsid and addi-
tional pCDNA3.1-derived plasmids the encode the VLP surface li-
gands. Transfected cellswere cultivated inDulbecco’sModified Eagle’s
Medium (DMEM) supplemented with 1% penicillin/streptomycin,
1% glutamine, and 10% fetal bovine serum (FBS). Control VLPs
were produced by co-transfecting the pCDNA3.1-Hygro + vector
and psPAX2 (pSPAXplasmid: 15mg + pCDNA plasmid: 6 mg for
each ligand vector). To assess transfection efficiency, VLP-producing
cells were stained with anti-4-1BBL PE (eBioscience clone TKS, eBio-
science, Hatfield, UK), anti-OX40L PE (eBioscience clone OX89), and
anti-GM-CSF PE (eBioscience clone MP1 -22 � 109) following flow
cytometry (Figure S1). VLP preparations were concentrated by ultra-
centrifugation at 100,000� g for 1.5 h and resuspended in 1� PBS and
stored at �80�C.

Quantification of VLPs by nanoparticle tracking analysis

The concentration of VLPs was estimated by nanoparticle tracking
analysis (NTA). The preparations of VLPs were diluted in 1� PBS
to reach a concentration between 108 and 109 particles/mL and
read into the NanoSight NS300 instrument. It acquired 3 videos of
30 s per sample, at 18�C. Both particle size and concentration were
Molecular Therapy: Oncolytics Vol. 24 March 2022 657
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defined as an average of measures of analyzed videos using the NTA
3.1 software (Malvern Instruments, Worcestershire, UK).

Phenotypic characterization of VLPs by flow cytometry

To verify the presence of the OX40L, 4-1BBL, and anchored GM-CSF
and LD ligands on the surface of the VLPs, we performed flow cytom-
etry of VLPs bound tomicrometric polystyrene particles (Polybeadmi-
crospheres, Polysciences, Warrington, PA, USA). For the detection of
OX40L and 4-1BBL, 5 � 104 beads were previously loaded with 1 mg
capture anti-4-1BBL antibodies (eBioscience clone TKS-1) or anti-
OX40L (eBioscience clone OX89) and incubated to 109 4-1BBL +
OX40L bivalent VLPs or CON VLPs. These beads with antibodies
and VLPs were stained with anti-4-1BBL PE or anti-OX40L PE and
flow cytometry was performed. To verify the LD ligand, beadswere pre-
viously loadedwith the PSMAprotein. Briefly, 5� 104 beads were incu-
bated with anti-PSMA antibody (clone LNI-17, BioLegend, San Diego,
CA, USA) and then incubated with a lysate of PSMA-expressing NIH-
3T3 cells (Figure S10C). TheVLPs LD+GM-CSF + 4-1BBL, LD+GM-
CSF + OX40L and LD-CON VLPs were added to the PSMA beads
labeledwith anti-4-1BBLPE, anti-OX40LPE, and anti-GM-CSFPE an-
tibodies following flow cytometry.

Transmission electron microscopy (TEM)

Negative-staining electron microscopy of VLPs was adapted from
Semionatto et al.24 The 4-1BBL + OX40L VLPs were fixed in 2% ura-
nyl acetates and transferred to 400-mesh copper grids coated by an
ultra-thin carbon film superimposed on a Lacey carbon film (Ted
Pella, Redding, CA, USA). Images were acquired through a transmis-
sion electron microscope (PELCO easiGlow, Ted Pella) equipped
with tungsten filament and operated at 120 kV and analyzed using
Gatan Digital Micrograph (GMS3) software and ImageJ Fiji software
(ImageJ, National Institutes of Health, Rockville, MD, USA).

Confocal microscopy

B16F10 or B16F10-PSMA-positive cells were seeded into glass-bottom
microwell dishes (3 � 105 cells/well) and incubated with LD + GM-
CSF + 4-1BBL VLPs, to a final concentration of 3 � 1010 particles/
mL. The cells were stained with a biotin anti-41BBL (BioLegend clone
TKS-1) and incubated for 1 h with streptavidin Alexa Fluor 647 (Bio-
Legend) at concentrations of 1:100 and 2:500, respectively. Images were
acquired on a Leica TCS SP8 confocal microscope with 63�/100�
objective lenses and processed with ImageJ software.

Purification of primary CD4 T cells and antigen-presenting cells

(APCs)

Isolation of primary CD4 T cells was performed with murine spleen
cells by using a murine CD4 T cell isolation kit (EasySep mouse CD4+

T cell isolation kit) according to the manufacturer’s instructions. The
purity of the resulting T cell populations was confirmed to be higher
than 95% by flow cytometry (data not shown). The APCs were puri-
fied from murine splenocytes and treated with mitomycin C. All of
the cells were cultured in complete medium (10% FBS RPMI, 1%
penicillin/streptomycin, 1� glutamine, 1% HEPES, 1% sodium pyru-
vate, 1% non-essential amino acids, and 50mM b-mercaptoethanol)
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supplemented with IL-2 (50 U/mL). The cells were incubated at
37�C in 5% CO2.

In vitro T cell proliferation and ELISA assay

In this assay, 5 � 104 CD4 T cells isolated from the splenocytes of
C57BL/6 mice were stained with CFSE and cultivated in the presence
of 0.5 mg/mL anti-CD3 antibody (eBioscience clone 17A2) and 5 �
104 APC cells in 96-well plates, with supplemented RPMI medium
as previously described. The experimental groups were prepared in
4 replicates, adding 2 � 108 VLP particles for each well. For the
mock control, VLPs were not added, but CD4 T cells, APCs, and
anti-CD3 antibody were added. The cells were cultivated for 72 h at
37�C and 5% CO2. After that period, the cells were harvested and re-
suspended in 1� PBS to perform flow cytometry. The proliferation of
CD4 T cells was evaluated as a function of the CFSE fluorescence in-
tensity decay (fluorescein isothiocyanate [FITC]) and the data were
analyzed using the FCS Express 5 flow cytometry software (De
Novo Software, Pasadena, CA, USA).

The IFN-gamma concentration was determined by ELISA, using the
pooled supernatant of replicates for each experimental group. The
ELISA assay was performed in triplicate using the mouse IFN-gamma
Quantikine ELISA kit (R&D Systems, Minneapolis, MN, USA) per
the manufacturer’s instructions.

Generation of inducible regulatory T cells

To generate iTRs, 2 � 105 CD4 T cells previously isolated from
C57BL/6 mice spleens were pre-activated in a 24-well plate with
1 mg/mL anti-CD3 (eBioscience clone 17A2) and anti-CD28 anti-
bodies (eBioscience clone 37.51), with RPMI medium supplemented
with 50 U/mL IL-2. The activated CD4 T cells were cultivated for
24 h at 37�C in 5% CO2 and were given an iTR induction cocktail
containing IL-2 (100 U/mL, PeproTech, Cranbury, NJ, USA),
TGF-b (1 ng/mL PeproTech), and retinoic acid (100 nM). VLPs
were added to the indicated wells. The cells were cultivated for
48 h at 37�C in 5% CO2, harvested and permeabilized using the
Foxp3 transcription factor staining buffer set (eBioscience)
following the manufacturer’s instructions, and then stained with
the anti-FoxP3 antibody APC (eBioscience clone FJK-16s) or the
control isotype (eBioscience rat/IgG2a immunoglobulin G2a],
APC kappa). Flow cytometry was performed to measure FoxP3
expression, and the data were analyzed using the FCS Express 5
flow cytometry software.

In vitro Treg suppression assays

In this protocol, Tconv were stained with CFSE and cultivated
with iTR, using a ratio of 1:8 (Treg:Tconv), in the presence of
0.5 mg/mL anti-CD3 stimuli (eBioscience clone 17A2). The cells
were cultivated 72 h following flow cytometry. The immunosup-
pression capacity of iTR cells was determined based on the inhibi-
tion of conventional T cell proliferation and was evaluated as a
function of the CFSE fluorescence intensity decay (FITC). The
data were analyzed using the FCS Express 5 flow cytometry
software.
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In vitro assay to evaluate the induction of antitumor response

mediated by immune cells

In this assay, B16-F10 tumor cells expressing the GFP reporter were
incubated with splenocytes and VLPs preparations. The rationale of
this experiment was that the VLPs preparation could co-stimulate
T cells, potentiating the elimination of B16-F10 GFP-positive cells.
Briefly, 1,000 B16-F10 GFP cells per well were seeded in 96-well
plates, adding the same numbers of C57BL/6 splenocytes and 2 �
108 VLPs. After 72 h of incubation, the splenocytes were removed
and the adherent tumor cells were fixed with 4% paraformaldehyde
(PFA) and stained with DAPI (Sigma). The quantification was per-
formed by the Operetta HTS Imaging System (PerkinElmer). Each
well was evaluated in 75 different fields using 20� magnification.
All of the images were analyzed using Columbus software, version
2.4.0 (PerkinElmer), and representative images were processed with
the bio-formats plugin in FIJI.

Generation of bone marrow-derived DCs (BMDCs)

BMDCs were obtained by washing the tibiae and femurs of mice with
cold PBS and separating cells using a 70-mm cell strainer. The cells
were seeded in a 24-well plate (106 cells/well) with conditioned me-
dium (RPMI with 1% penicillin/streptomycin, 10% FBS, glutamine,
1% HEPES, 1% sodium pyruvate, 1% non-essential amino acids,
and 50mM b-mercaptoethanol) supplemented with GM-CSF
(20 ng/mL, R&D Systems), or GM-CSF VLPs (LD + GM-CSF + 4-
1BBL or LD + GM-CSF + OX40L, 5 � 109 particle/mL), and IL-4
(20 ng/mL, R&D Systems). The cells were characterized by flow cy-
tometry labeling surface markers CD11c (FITC anti-mouse CD11c,
BioLegend), MHC class II (PE anti-mouse MHC II, BioLegend)
and CD86 (APC anti-mouse CD86, BioLegend). The data were
analyzed using the ACEA NovoCyte 2000 flow cytometer.

In vivo experiments

C57BL/6micewere given subcutaneous injections of 5� 104 B16F10 or
B16F10-PSMA tumor cells in the left flank on day 0 of the experiment
and split into experimental groups. On days 1, 4, and 7, each group was
intraperitoneally administratedwith the indicatedVLPsor 1�PBS.The
animals were monitored daily, quantifying the tumor volume with a
caliper. The tumor volumewas calculated based on three perpendicular
measurements. The animalswere sacrificed between days 20 and 28, de-
pendingon thedevelopment of the tumors from the control groups. The
mice exhibiting any sign of behavior alteration that could indicate stress
or suffering were sacrificed before the endpoint and removed from the
experiment. The protocol was approved by the ethics animal committee
from the National Center for Research in Energy and Materials
(CNPEM) (protocol CEUA-35/2018).

VLP immunogenicity assay

C57BL/6mice were randomly divided into 4 groups (N = 4: PBS, VLP,
Freund’s adjuvant, VLP + Freund’s adjuvant and severe acute respi-
ratory syndrome-coronavirus-2 (SARS-CoV-2) + Freund’s adjuvant.
The animals were immunized on days 0, 14, and 28 with a dose of
100 mL via intraperitoneal injection. The dose of VLP was 4 � 1010

particles per injection, the SARS-CoV-2 virus was 105 particles per in-
jection, and Freund’s adjuvant (Sigma-Aldrich) was mixed in a v/v ra-
tio. After 35 days, the animals were sacrificed and blood was collected
via the retro-orbital plexus to determine the immunity-related
indices. IgG titers in the sera were measured by sandwich ELISA.
Briefly, precoated plates with goat anti-mouse IgG (1 mg/mL, Thermo
Fisher) were incubated with the samples of the sera of the experi-
mental groups at a dilution of 1:500. After washing, the total IgG titer
was detected with rabbit anti-mouse IgG antibody, Fc, horseradish
peroxidase (HRP) conjugate (Thermo Fisher) in a 1:10,000 dilution,
using 3,30,5,50-tetramethylbenzidine TMB (Thermo Fisher) as a chro-
mogen substrate.

Immunohistochemistry of tumors

Immunohistochemistry was performed using 5-mm-thick sections of
tumor tissue fixed in 4% PFA and embedded in paraffin. Sections
were deparaffinized and hydrated using xylol and ethanol followed
by antigen unmasking using 1� citrate unmasking solution (cat.
no. 14746, Cell Signaling Technology, Danvers, MA, USA) for
10 min at 95�C. Subsequently, tissues were treated with 3% hydrogen
peroxide for 10 min and then were washed with 1� Tris-buffered sa-
line with Tween 20 (TBST) (Cell Signaling Technology, cat. no. 9997)
followed by blocking with 100 mL TBST/5% normal goat serum (Cell
Signaling Technology, cat. no. 5425) for 1 h at room temperature. The
blocking solution was removed and 100 mL of primary antibody
CD8a (D4W2Z) XP Rabbit monoclonal antibody (mAb) (Cell
Signaling Technology, cat. no. 98941) diluted 1:200 in SignalStain
antibody diluent (Cell Signaling Technology, cat. no. 8112) was added
to each section and incubated overnight at 4�C. They were washed
with the wash buffer 3 times for 5 min each and covered with drops
of SignalStain Boost detection reagent (HRP, rabbit) (Cell Signaling
Technology, cat. no. #8114) and incubated in a humidified chamber
for 30 min at room temperature. Sections were washed three times
with wash buffer and 100mL SignalStain DAB (Cell Signaling, cat
#8059) were added to each section. The slides were dipped in
dH2O and counterstained with hematoxylin and then mounted using
SignalStain Mounting Medium (Cell Signaling Technology, cat. no.
14177). Images were captured using a Leica confocal microscope
and images were analyzed using LAS AF software (Leica, Wetzlar,
Germany).

Statistical analysis

The statistical analysis of the data was performed using GraphPad
Prism version 5.00 (GraphPad, San Diego, CA, USA). One-way
ANOVA followed by the Dunnett’s test was used in experiments
with more than three experimental groups. The Student’s t test and
the Mann-Whitney U test was applied to analyze data from in vivo
experiments, comparing the effect of the therapeutic and control
VLPs. The data were represented as the mean and the standard error
of the mean (SEM), and p % 0.05 was considered statistically
significant.
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