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Purpose: The inhibition of immune checkpoints such as programmed cell death ligand-1
(PD-L1/CD274) with antibodies is providing novel opportunities to expose cancer cells to
the immune system. Antibody based checkpoint blockade can, however, result in serious
autoimmune complications because normal tissues also express immune checkpoints.
As sequence-specific gene-silencing agents, the availability of siRNA has significantly
expanded the specificity and range of “druggable” targets making them promising agents
for precision medicine in cancer. Here, we have demonstrated the ability of a novel
biodegradable dextran based theranostic nanoparticle (NP) to deliver siRNA
downregulating PD-L1 in tumors. Optical imaging highlighted the importance of NP
delivery and accumulation in tumors to achieve effective downregulation with siRNA
NPs, and demonstrated low delivery and accumulation in several PD-L1 expressing
normal tissues.

Methods: The dextran scaffold was functionalized with small molecules containing amine
groups through acetal bonds. The NP was decorated with a Cy5.5 NIR probe allowing
visualization of NP delivery, accumulation, and biodistribution. MDA-MB-231 triple
negative human breast cancer cells were inoculated orthotopically or subcutaneously to
achieve differences in vascular delivery in the tumors. Molecular characterization of PD-L1
mRNA and protein expression in cancer cells and tumors was performed with qRT-PCR
and immunoblot analysis.

Results: The PD-L1 siRNA dextran NPs effectively downregulated PD-L1 in MDA-MB-
231 cells. We identified a significant correlation between NP delivery and accumulation,
and the extent of PD-L1 downregulation, with in vivo imaging. The size of the NP of ~ 20
nm allowed delivery through leaky tumor vasculature but not through the vasculature of
high PD-L1 expressing normal tissue such as the spleen and lungs.
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Conclusions: Here we have demonstrated, for the first time, the feasibility of
downregulating PD-L1 in tumors using siRNA delivered with a biodegradable dextran
polymer that was decorated with an imaging reporter. Our data demonstrate the
importance of tumor NP delivery and accumulation in achieving effective
downregulation, highlighting the importance of imaging in siRNA NP delivery. Effective
delivery of these siRNA carrying NPs in the tumor but not in normal tissues may mitigate
some of the side-effects of immune checkpoint inhibitors by sparing PD-L1 inhibition in
these tissues.
Keywords: siRNA, PD-L1, theranostics, imaging, biodegradable dextran, PD-L1 downregulation
INTRODUCTION

The identification of immune checkpoints such as PD-L1 is
providing exciting new advances in cancer treatments designed
to block these checkpoints, exposing cancer cells to the immune
system. Antibody based checkpoint blockade can, however,
result in serious autoimmune complications such as vitiligo,
colitis, and lupus (1). Furthermore, recent reports have
identified additional roles of PD-L1 in cancer cells within
intracellular compartments that are not accessible by
antibodies (2). As sequence-specific gene-silencing agents,
siRNA have significantly expanded the specificity and range of
“druggable” targets making them promising agents for precision
medicine in cancer (3). siRNAs are being actively investigated as
molecular-based therapeutic strategies in clinical trials (4) in
several diseases including lipid disorders (5), neurological
diseases (6, 7), cancer (8), and cardiovascular diseases (9).
Several NPs have been developed for effective siRNA delivery
(3). By decorating these NPs with an imaging reporter, it is
possible to visualize the delivery and distribution of the NPs in
the tumor for theranostics. Imaging these NPs allows an
evaluation of the role of NP delivery in downregulation of the
target gene. NPs of ~20 nm in diameter extravasate into tumors
through leaky tumor vasculature, but do not easily extravasate
through normal vasculature (10–12). This is important for most
tumors where specific receptors or antigens are not available for
targeting (13). Effective delivery of these siRNA carrying NPs
within the tumor, but not in normal tissues, would mitigate some
of the side-effects of immune checkpoint inhibitors.

We previously synthesized an imaging reporter labeled
biodegradable dextran NP to use as an efficient cationic polymer
carrier for siRNA delivery (14). As a homopolysaccharide of
glucose, dextran has been used as a drug carrier in human
applications due to its biodegradability, wide availability, and ease
of modification (15). For electrostatic binding with siRNA,
necessary amine functional groups are conjugated to the dextran
platform through acetal bonds. Acetals are attractive for the release
of therapeutic cargo through cleavage of the bond under acidic
conditions that occur in cancer and inflammation, as well as within
endocytosis compartments (16, 17). When the NP was delivered
within cancer cells, the acetal bond was cleaved under weak acid
conditions that was clearly visualized through the use of multiple
imaging reporters (14). The rapid cleavage and release of amine
2

groupsminimized the proinflammatory side effects of the positively
charged amine groups making this cationic nanopolymer a useful
carrier for siRNA delivery to downregulate gene expression. The
siRNA is bound electrostatically to the amine groups. Transmission
electronic microscopy (TEM) imaging identified a diameter of
approximately 20 nm.

Here we report, for the first time, on the use of this
theranostic dextran NP to deliver PD-L1 siRNA in triple
negative MDA-MB-231 human breast cancer xenografts.
Tumors were inoculated orthotopically or subcutaneously as
orthotopic tumors are better vascularized than subcutaneous
tumors (18, 19), allowing us to evaluate the role of NP delivery in
downregulation of PD-L1. Optical imaging was used to visualize
the delivery and biodistribution of the NP in vivo. Molecular
characterization established the downregulation of PD-L1
message and protein in the tumors. Image analysis of the NP
delivery showed a close association between NP delivery and
downregulation of PD-L1, highlighting the importance of NP
delivery in target downregulation, and the importance of
noninvasive imaging in determining NP delivery to establish
effectiveness of target gene downregulation.
MATERIALS AND METHODS

Synthesis of PD-L1 siRNA
Dextran Nanoparticles
The PD-L1 siRNA dextran NP was synthesized as previously
described (20) with a few modifications. Briefly, the dextran (70
kDa) scaffold was reacted with an excess of N-(2-(bis(2-aminoethyl)
amino)ethyl)-4-(4-(dimethoxymethyl)-2-methoxyphenoxy)
butanamide to attach the amine groups to the dextran polymer
through the acetal bonds. 1H NMR spectra indicated that the
functionalized degree of glucose residues was around 0.35. Then
Cy5.5 was conjugated to amine groups on the dextran platform
(approximately 1 Cy5.5 molecule per dextran molecule).

This modified dextran scaffold was mixed with siRNA in
reduced serum medium (ThermoFisher, Waltham, MA, USA)
for cell studies, or with PBS for in vivo studies, for 20 min
immediately prior to adding to cell culture or prior to injecting
into mice. All the siRNA dextran NPs contained a ratio of
nitrogen atoms in one dextran molecule to phosphor atoms in
one siRNA molecule (N/P ratio) equal to 15.
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Cell Culture
Human breast cancer MDA-MB-231 cells were obtained from
American Type Culture Collection (ATCC) (Manassas, VA,
USA). Fetal bovine serum, penicillin, and streptomycin were
from Invitrogen (Carlsbad, CA, USA). Cells were maintained in
RPMI 1640 (Invitrogen, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum in a humidified incubator at 37°C/
5% CO2. Cells were seeded at a density of 400,000 cells per dish
in 60 mm dish (for qRT-PCR experiments) or 1,000,000 cells per
dish in 100 mm dish (for immunoblots experiments) 24 h prior
to the transfection experiment.

Cell Studies With PD-L1 siRNA
Dextran Nanoparticles
All siRNAs were purchased from Dharmacon (Lafayette, CO,
USA). Untreated cells and cells treated with non-targeting
scrambled siRNA (Dharmacon, Catalog Item D-001810-10-20)
were used as controls. Isoform‐specific siRNA was custom
designed using Thermo Scientific siRNA Design Center
(Thermo Scientific, Rockford, IL, USA). siRNA specific
sequence was 5’-GAGGAAGACCUGAAGGUUCAGCAUA-3’
for PD-L1. For scrambled siRNA, we used the commercial
ON-TARGETplus Non-targeting Control Pool (catalog
number D-001810-10-20) comprised of the following siRNA
sequences: 5’-UGGUUUACAUGUCGACUAA-3’, 5’-UGGUUU
ACAUGUUGUGUGA-3’, 5’-UGGUUUACAUGUUUUCUGA-
3’ and 5’-UGGUUUACAUGUUUUCCUA-3’.

Cells were incubated for 48 h in RPMI 1640 medium
containing siRNA-PD-L1 dextran NPs (concentration of
siRNA: 100 pmol/mL, N/P = 15). Cells were treated with NPs
for 48 h, because this incubation period resulted in the most
effective downregulation of the target genes. All transfections
were carried out based on established protocols (20).

Mouse Model and Tumor Implantation
All in vivo studies were done in compliance with guidelines
established by the Institutional Animal Care and Use Committee
of the Johns Hopkins University. MDA-MB-231 human breast
cancer cells (2 × 106 cells/mouse) were inoculated orthotopically
in the mammary fat pad (n = 15) or subcutaneously (n = 10) in
female severe combined immunodeficient (SCID) mice. Tumors
were palpable within two to three weeks after implantation and
reached a volume of approximately 300–400 mm3 within four to
five weeks, at which time they were used for the studies.

In Vivo RNA Interference Experiments
For biodistribution studies, MDA-MB-231 tumor bearing mice
were injected intravenously with 200 µl of PD-L1 siRNA dextran
NPs (PD-L1siRNA, 5 nmol/mouse/dose; dextran 2.5 mg/mouse/
dose, N/P = 15) through the tail vein. Two different protocols
were tested. In group 1, mice received two doses of NPs 48 h
apart and were sacrificed at 24 h after the second injection (n =
10, four orthotopic, six subcutaneous). In group 2, mice received
two doses 48 h apart, but were sacrificed at 48 h after the second
injection (n = 5, orthotopic). A group of 10 mice were injected
with an equivalent volume of PBS and served as controls.
Frontiers in Oncology | www.frontiersin.org 3
In Vivo and Ex Vivo Optical
Imaging Studies
In vivo and ex vivo optical images were acquired with a Pearl®

Trilogy Small Animal Imaging System (LI-COR, Lincoln, NE).
Delivery of the NPs was confirmed by imaging the mice in vivo at
48 h after the first injection and either at 24 h (group 1) or at 48 h
(group 2) after the second injection. Mice were sacrificed and
organs excised for ex vivo quantification. Excised tumors,
kidneys, liver, spleen, heart, lungs, and muscle were imaged.
Fluorescent intensities in regions of interest (ROIs) were
quantified by using Living Image 4.5 software (Caliper,
Hopkinton, MA). The tumors were sectioned into two to three
slices of ~1 mm thickness. Fluorescent signal was acquired from
both sides of each slice, and the values acquired for each tumor
were averaged. Signal intensities were normalized to the area of
the ROI.

RNA Isolation and Quantitative
Reverse Transcription-PCR
Total RNA was isolated from MDA-MB-231 cells grown in
60 mm dish or from frozen MDA-MB-231 tumor tissue by
using QIAshredder and RNeasy Mini kit (Qiagen, Valencia,
CA, USA) as per the manufacturer’s protocol. cDNA was
prepared using the iScript cDNA synthesis kit (Bio-Rad,
Hercules, CA, USA). cDNA samples were diluted at 1:10
dilution and quantitative real-time PCR was performed using
IQ SYBR Green supermix and gene specific primers in the
iCycler real-time PCR detection system (Bio-Rad). All primers
were designed using either Beacon designer software 7.8
(premier Biosoft , Palo Alto, CA, USA) or publicly
available Primer3plus software. The expression of target
RNA relative to the housekeeping gene hypoxanthine
phosphoribosyltransferase 1 (HPRT1) was calculated based
on the threshold cycle (Ct) as R = 2-D(DCt), where DCt = Ct of
target gene - Ct of HPRT1 and D(DCt)= DCt siRNA treated
cells/tumor - DCt untreated cells/tumors.

Protein Isolation and Immunoblots
Total protein was extracted from MDA-MB-231 cells grown in a
100 mm dish or from frozen MDA-MB-231 tumor tissue by
using 1x cracking buffer [100 mmol/L Tris (pH 6.7), 2% glycerol]
containing a protease inhibitor (Sigma) at 1:200 dilution. Protein
concentration was estimated using the Bradford Bio-Rad protein
assay Kit (Bio-Rad). Approximately 100 µg of total protein was
used in each experiment. Expression levels of PD-L1 were
determined by immunoblotting using a rabbit polyclonal
against human PD-L1 at 1:1,000 dilution (GeneTex, Irvine,
CA). Monoclonal anti-GAPDH antibody (1:50,000 dilution,
Sigma-Aldrich) was used as loading control. Proteins were
visualized with HRP (horseradish peroxidase)-conjugated
secondary antibodies using the SuperSignal West Pico
Chemiluminescent substrate kit (Thermo Scientific).

Statistical Analysis
Statistical analyses were performed using GraphPad Prism
4 software (GraphPad Software, Inc., San Diego, CA, USA). To
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determine the statistical significance of the quantified data, an
unpaired two-tailed Student’s T-test was performed. P values
≤0.05 were considered significant unless otherwise stated.
RESULTS

Effective PD-L1 Downregulation in Cells
Following Treatment With PD-L1 siRNA
Dextran Nanoparticles
MDA-MB-231 triple negative human breast cancer cells were
treated with the dextran NP as a carrier for PD-L1 siRNA.
Quantitative reverse transcription polymerase chain reaction
(qRT-PCR) was performed to measure PD-L1 expression in
untreated MDA-MB-231 cells, and in MDA-MB-231 cells
treated with scrambled siRNA dextran NPs used as controls
or treated with PD-L1 siRNA dextran NPs. Values were
normalized to mRNA levels measured in untreated cells.
Figure 1A shows changes in mRNA levels in PD-L1 siRNA
dextran NP treated cells, compared to scrambled siRNA NP
treated cells. Treatment with scrambled siRNA NPs did not
alter PD-L1 mRNA levels. A significant decrease of ~50% PD-
L1 mRNA was detected in cells following treatment with PD-L1
siRNA dextran NPs compared to treatment with scrambled
siRNA dextran NPs. To determine whether changes in mRNA
translated to changes in PD-L1 protein levels, we analyzed
proteins obtained from untreated cells, and cells treated with
scrambled siRNA dextran NPs or with PD-L1 siRNA dextran
NPs, by immunoblotting. As shown in Figure 1B, PD-L1
siRNA dextran NP treatment resulted in an effective decrease
of the PD-L1 protein. There were no changes in PD-L1 protein
in cells treated with scrambled siRNA dextran NPs compared to
untreated cells.
Frontiers in Oncology | www.frontiersin.org 4
In Vivo and Ex Vivo Imaging of
PD-L1 siRNA Dextran Nanoparticles
in MDA-MB-231 Tumors and Organs
To validate the efficacy of siRNA delivery of the PD-L1 siRNA
dextran NPs and the role of NP delivery in PD-L1
downregulation, we established orthotopic mammary fat pad
and subcutaneous MDA-MB-231 xenografts. Cy5.5 labeled PD-
L1 siRNA dextran NPs were injected through the tail vein and in
vivo and ex vivo distribution of the NPs was confirmed using the
fluorescent signal from the NIR optical reporter Cy5.5 attached
to the dextran (20). Mice received two doses of the NP given 48 h
apart and were sacrificed at 24 h (group 1) or 48 h (group 2) after
the second dose. NP accumulation in orthotopic MDA-MB-231
tumors was observed in vivo at 48 h after injection of the first
dose as shown in the representative image in Figure 2A.
Representative in vivo images obtained at 24 h or at 48 h
following i.v. administration of the second dose are presented
in Figure 2B and Figure 2D, respectively. As observed in these
representative images, NPs were also detected in the liver in vivo.
Corresponding representative ex vivo images obtained at 24 h
after the second dose and at 48 h after the second dose are
presented in Figure 2C and Figure 2E, respectively. The ex vivo
images confirmed the increased NP uptake in the tumors with a
tumor to muscle ratio (T/M) of approximately four. The optical
images demonstrated the heterogeneity of the NP distribution
within the tumor both in vivo and in tumor sections ex vivo, due
to the heterogeneity of tumor vasculature. Biodistribution data of
the NPs in orthotopic tumors and different organs obtained at 24
and 48 h after the second dose are summarized for nine mice in
Figure 3. NP accumulation in these tumors was comparable at
24 and 48 h. Representative ex vivo images obtained from
subcutaneous tumors that are less vascularized than orthotopic
tumors are presented in Figure 4A. Biodistribution data of the
A B

FIGURE 1 | Downregulation of PD-L1 in MDA-MB-231 cells. (A) Relative fold change of PD-L1 messenger RNA (mRNA) expression in MDA-MB-231 cells. Fold
changes were normalized to untreated cells. Values are represented in box and whisker format with minimum to maximum values from 4–7 independent
experiments. (B) Representative immunoblot assays of PD-L1 (top) and GAPDH (bottom) following PD-L1 siRNA dextran NP incubation. MDA-MB-231 cells were
untreated (control) or transfected with either 100 nM scrambled siRNA/dextran, or 100 nM PD-L1 siRNA/dextran (N/P = 15). ***p ≤ 0.001 compared to untreated
cells. ###p ≤ 0.001 compared to cells transfected with scrambled siRNA.
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NPs in subcutaneous tumors and different organs obtained at
24 h after the second dose are summarized for six tumors in
Figure 4B. A significantly lower tumor retention and a lower
tumor to muscle ratio, of approximately 2.3, was observed in
subcutaneous tumors compared to orthotopic tumors.

Compared to orthotopic tumors, NP accumulation in spleen,
heart, lungs, and muscle was significantly lower (Figure 3).
As anticipated, since NPs of this size are cleared by the
reticuloendothelial system, we found significantly higher
accumulation in the liver.

Downregulation of PD-L1 in Tumors
The importance of siRNA NP delivery and accumulation in the
effectiveness of PD-L1 downregulation is highlighted in Figure
5 for mRNA and Figure 6 for protein expression. A significant
correlation (R = -0.650, p = 0.009) between the fold-decrease of
PD-L1 mRNA normalized to control values, and the tumor/
muscle fluorescence was observed as shown in Figure 5A
demonstrating that tumors with higher NP delivery showed a
greater reduction of PD-L1. This dependence was further
confirmed when we separated the tumors into the highest
50% and lowest 50% tumor/muscle fluorescence groups.
Frontiers in Oncology | www.frontiersin.org 5
The highest 50% group consisted of seven orthotopic tumors,
three from group 1 and four from group 2. The lowest 50%
group consisted of six subcutaneous and two orthotopic tumor,
all from group 1. We found a significant reduction in fold
change of PD-L1 mRNA in the tumors with high tumor/muscle
fluorescence compared to control tumors as shown in Figure
5B. In tumors with low tumor/muscle fluorescence, there was
no significant difference in PD-L1 mRNA compared to
control tumors.

We next analyzed the relationship between PD-L1 protein
expression and the NP delivery and accumulation in the tumor.
PD-L1 proteins levels were represented by the PD-L1/GAPDH
ratio measured in immunoblots. The accumulation of PD-L1
siRNA dextran NPs in the tumor was represented by the tumor/
muscle fluorescence ratio. As shown in Figure 6A, we observed
that the decrease in PD-L1 protein levels in tumors directly
correlated with the tumor/muscle fluorescence ratio (R = -0.718,
p = 0.003). Additionally, we observed a significant correlation
(R = 0.773, p < 0.001) between the PD-L1 protein levels and the
mRNA levels as shown in Figure 6B, confirming that the
effective decrease of mRNA translated to an effective decrease
of protein in these tumors.
A B C

D E

FIGURE 2 | In vivo PD-L1 siRNA dextran NP biodistribution. Representative in vivo images acquired from an orthotopic MDA-MB-231 tumor bearing mouse (A)
48 h after the first injection of PD-L1 siRNA dextran NPs, (B) 24 h after a second injection of PD-L1-siRNA-dextran NPs, and (C) the corresponding ex vivo images.
Representative in vivo images acquired from an orthotopic MDA-MB-231 tumor bearing mouse (D) 48 h after a second injection of PD-L1-siRNA-dextran NPs and
(E) the corresponding ex vivo images.
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FIGURE 3 | Ex vivo PD-L1 siRNA dextran NP biodistribution in orthotopic tumors. Quantification of fluorescent signal intensity in tumors, kidneys, liver, spleen,
lungs, heart, intestine, and muscle measured ex vivo after PD-L1-siRNA dextran NP treatment 24 h after the second injection (group 1, black bars, n = 4) and 48 h
after the second injection (group 2, grey bars, n = 5). #p < 0.05, ##p < 0.01 (compared to the signal measured in the tumor 24 h post second injection). **p < 0.01,
***p < 0.005 (compared to the signal measured in the tumor 48 h post second injection).
A

B

FIGURE 4 | Ex vivo PD-L1 siRNA dextran NP biodistribution in subcutaneous tumors. (A) Representative ex vivo images acquired from subcutaneous MDA-MB-231
tumors, kidneys, liver, spleen, lungs, heart, intestine, and muscle 24 h after the second injection of PD-L1-siRNA-dextran NPs. (B) Quantification of fluorescent signal
in subcutaneous MDA-MB-231 tumors, kidneys, liver, spleen, lungs, heart, intestine, and muscle measured ex vivo 24 h after the second PD-L1-siRNA dextran NP
injection (group 1, n = 6). *p < 0.05, ***p < 0.005 compared to the fluorescent signal measured in the tumor.
Frontiers in Oncology | www.frontiersin.org February 2021 | Volume 10 | Article 6143656
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DISCUSSION

Our purpose in these studies was to demonstrate the ability of the
dextran siRNA NPs to downregulate PD-L1 in tumors, and to
highlight the importance of siRNA NP delivery and accumulation
in achieving effective downregulation. We established that PD-L1
siRNA dextran NPs could downregulate PD-L1 in tumors,
provided that effective NP delivery and accumulation were
achieved. Based on the biodistribution studies we found that NP
accumulation was significantly lower in spleen, heart, lungs, and
muscle compared to the tumors. Because NPs of this size are
cleared by the reticuloendothelial system (RES), we found
significantly higher accumulation in the liver. Renal
accumulation of the NPs was likely due to renal clearance of
molecules (21).
Frontiers in Oncology | www.frontiersin.org 7
Antibody-based immunotherapies target normal tissues
where the immune checkpoint is expressed along with the
tumor. This leads to significant side-effects (22, 23). As a
result, novel approaches to targeting immune checkpoints
using small molecules, peptides and macrocycles, are being
actively explored (24, 25). According to the Human Protein
Atlas (26), in addition to cancer cells, PD-L1 is also expressed in
healthy lungs, heart, colon, and spleen. Inhibiting PD-L1 in these
organs can lead to immune-related pneumonitis, myocarditis,
and colitis (27, 28). The use of siRNA NPs that primarily
accumulate in tumors but not in normal tissues would reduce
side-effects associated with immune checkpoint inhibition in
normal tissues. In addition, the use of siRNA NPs provides the
potential to combine multiple siRNAs directed toward different
molecular pathways, including multiple immune checkpoints,
A B

FIGURE 5 | In vivo downregulation of PD-L1 in MDA-MB-231 tumors treated with PD-L1 siRNA dextran. (A) Correlation between the levels of PD-L1 mRNA,
represented by PD-L1 fold change relative to control tumors, and the tumor/muscle fluorescence ratio in tumors treated with PD-L1 siRNA dextran NPs. (B) Relative
fold change of PD-L1 mRNA expression in MDA-MB-231 tumors treated with the PD-L1 siRNA dextran NPs. Mice were injected with PBS, or PD-L1 siRNA dextran
NPs through the tail vein. Animals were divided, according to the tumor to muscle fluorescence ratio measured in vivo, into the highest (triangles) and lowest
(squares) 50% values. Fold changes were normalized to tumors treated with PBS. Lines represent Mean ± Standard Error of the Mean. **p < 0.01 compared to
control tumors or low tumor to muscle fluorescence ratio tumors.
A B

FIGURE 6 | In vivo PD-L1 protein levels decrease is related to dextran accumulation in the tumor and to mRNA changes. (A) Correlation between the PD-L1 protein
levels, represented by immunoblotting intensity ratio of PD-L1 to GAPDH, and the tumor/muscle fluorescence ratio in tumors treated with the siRNA/dextran
complex. (B) Correlation between the protein levels of PD-L1, represented by immunoblotting intensity ratio of PD-L1 to GAPDH, and the levels of PD-L1 mRNA,
represented by PD-L1 fold change relative to control, in tumors treated with the siRNA/dextran complex.
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within a single NP (3). This is especially significant as studies
have shown the impact of tumor metabolism on PD-L1 levels
(29–31) and the immune response (32–34). As a result,
metabolic inhibitors of different pathways are being evaluated
in clinical trials in combination with immune-checkpoint
inhibitors, with promising outcomes (35). This creates the
possibility of including siRNA that downregulate enzymes in
metabolic pathways in combination with immune checkpoint
siRNA. In addition, PD-L1 has pro-oncogenic roles beyond its
traditional functions in immunomodulation making its
downregulation important (36–41).

Several nanopolymers have been evaluated as molecular agents
to deliver PD-L1 siRNA in tumor. A polymeric carrier consisting of
disulfide-cross-linked polyethylenimine and dermatan sulfate was
used to deliver PD-L1 siRNA in vivo in a mouse melanoma model
(42). In another study, PLGA NPs simultaneously delivered PD-1
and PD-L1 siRNA, silencing these genes in cytotoxic T lymphocytes
and tumor cells in a colon murine model (43). A polymer
containing a poly-L-lysine-lipoic acid reduction-sensitive core and
a tumor extracellular pH-stimulated shedding polyethylene glycol
layer was used to co-deliver PD-L1 siRNA and doxorubicin in a
melanoma model with promising results (44). Silencing the
expression of PD-L1 in dendritic cells (DCs) and of PD-1 in T
cells by siRNA-loaded chitosan-dextran sulfate nanoparticles was
recently described (45). Ex vivo evaluation of the DC phenotypic
and functional characteristics, and of the T-cell functions following
tumor antigen recognition on DCs, showed that PD-L1-silenced
DCs presented a potent immunotherapeutic approach in
combination with PD-1 siRNA loaded NPs.

Here, we reported, for the first time, the use of a biodegradable
dextran nanopolymer as an siRNA carrier to selectively
downregulate PD-L1 in a xenograft model of triple negative
human breast cancer. With imaging, we demonstrated that the
siRNA NPs successfully accumulated in tumors to downregulate
PD-L1 expression. Cancer cells induce neovascularization by co-
opting and remodeling existing vasculature (46), by stimulating
angiogenesis and inducing sprouting of new blood capillaries from
existing ones (47, 48). This vasculature is chaotic and heterogeneous
(49), contributing significantly to heterogeneities in NP delivery and
accumulation. Our imaging data highlight the importance of being
able to detect NP delivery within tumors, and the importance of NP
delivery and accumulation in NP function. Integrating imaging into
siRNA NP delivery will allow optimization of NP structure and
tumor manipulation to improve delivery. One of the limitations of
this study is the use of fluorescence imaging to detect NP
accumulation in the tumor, as this is not translatable to human
applications. This limitation can be overcome in future studies by
decorating the NP with a radiolabel, or with an MR contrast agent,
so that the biodistribution and delivery can be detected in deep-
seated tumors and tissues with nuclear imaging or MRI.
CONCLUSION

Our data demonstrate that, while it is possible to significantly
downregulate tumor PD-L1 with siRNA NPs, effective delivery is
Frontiers in Oncology | www.frontiersin.org 8
critically important in achieving effective downregulation. Imaging
can play an important role in tracking effective delivery of siRNA
NPs in vivo. Strategies to improve siRNA NP delivery should
continue to be an area of major emphasis. The siRNA NP
strategy targeting PD-L1 presented here has several advantages
over traditional antibodies or pharmacological based therapies. It
can be made tumor specific to reduce side effects and can be
multiplexed with multiple siRNA targeting other pro-oncogenic
pathways. Downregulation with siRNA can also reduce the pro-
oncogenic roles of immune checkpoints, by limiting de novo
synthesis. The dextran-based PD-L1 siRNA NP showed
significant downregulation of PD-L1 expression in tumors where
effective delivery was achieved. Because of its biocompatibility and
synthesis reproducibility, this siRNA carrier has a clear path for
translational applications to achieve effective PD-L1 or other siRNA
delivery in patients.
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