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In solid malignancies, including head and neck squamous cell
carcinoma (HNSCC), the immunosuppressive molecule adeno-
sine, which accumulates in the tumor, suppresses cytotoxic
CD8+ T cell functions including chemotaxis and tumor infiltra-
tion. Adenosine functions through binding to the adenosine
A2A receptor (A2AR) present on T cells. In order to increase
T cell migration into the tumor, the negative effect of adenosine
must be abrogated. Systemic drug treatments targeting A2AR
are available; however, they could lead to negative toxicities
due to the broad expression of this receptor. Herein, we devel-
oped a lipid nanoparticle (NP)-based targeted delivery
approach to knock down A2AR in T cells in order to increase
their chemotaxis in the presence of adenosine. By using flow cy-
tometry, immunofluorescence, qRT-PCR, and 3D-chemotaxis,
we demonstrated that CD45RO-labeled nanoparticles deliv-
ering ADORA2A gene-silencing-RNAs decreased ADORA2A
mRNA expression and rescued the chemotaxis of HNSCC
CD8+ memory T cells. Overall, the data indicate that targeting
the adenosine signaling pathway with lipid NPs is successful at
suppressing the inhibitory effect of adenosine on the chemo-
taxis of HNSCC memory T cells, which could ultimately help
increase T cell infiltration into the tumor.

INTRODUCTION
The immune system plays a critical role in the control of cancer devel-
opment. CD8+ cytotoxic memory T cells in particular are key in elim-
inating cancer cells.1 High CD8+ T cell infiltration into the tumor is, in
fact, associated with a favorable prognosis and response to immuno-
therapy.2,3 However, in many solid malignancies, such as head and
neck squamous cell carcinoma (HNSCC), the immune system fails in
part due to the limited ability of cytotoxic T cells to infiltrate the tumor
microenvironment (TME).4–6 Thus, it is important to develop new
therapeutic approaches that improve cytotoxic T cell tumor infiltration.

Adenosine, an immunosuppressive purine nucleoside, which accumu-
lates in the TME, suppresses T cell function including chemotaxis.7–10

Indeed, the presence of adenosine-generating ecto-nucleosidase CD73
(indicative of adenosine accumulation) in the TME is associatedwith a
poor prognosis.11 Adenosine binds to an array of adenosine receptors
(A1, A2A, A2B, A3) including the adenosine A2A receptor (A2AR),
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which initiates a signaling cascade that culminates with the inhibition
of KCa3.1, a Ca2+-dependent K+ channel that controls human T cell
migration.9,12 In addition to inhibiting chemotaxis, adenosine sup-
presses other anti-tumor functions of T cells such as the production
of interferon-g (IFN-g).10,13–15 Importantly, the inhibitory effect of
adenosine is particularly potent in circulating CD8+ T cells of HNSCC
patients due to an increased sensitivity to adenosine, in part, conferred
by a defect in KCa3.1, which ultimately limits tumor infiltration.6,13

One approach that could improve T cell migration and function in
the TME, and ultimately enhance the response to immune checkpoint
inhibitors and adoptive T cell therapies, is to target the adenosine
signaling pathway.11,16–20 Many studies have shown that targeting
A2AR (through either pharmacological inhibition or genetic
deletion) increases cytotoxic T cell function and decreases tumor
burden.4,11,14,18,21 A2AR blockade has also been shown to enhance the
efficacy of immune checkpoint inhibitors—immunotherapies that are
associated with a high degree of resistance.19,22 The efficacy of a thera-
peutic approach targeting A2AR has been established in a phase I clin-
ical trial where renal cell carcinoma patients were treated with an A2AR
antagonist (ciforadenant) alone and in combination with the immune
checkpoint inhibitor programmed cell death ligand 1 (anti-PD-L1)
antibody.22 In this study, clinical responses (decreased tumor burden
and increased survival) were reported for treatment combinations
with some degree of associated toxicity.22 Durable responses were
also associated with increased CD8+ T cell tumor infiltration.22

Despite these great successes of targeting A2AR in cancer, systemic
pharmacological approaches come with limitations. The adenosine
signaling pathway is important in many cellular processes including
the prevention of overactivation of the immune system in inflamma-
tory settings and thus A2AR is expressed in many different immune
cells.9,23 Additionally, A2AR is expressed in other tissues including
vasculature, platelets, and brain striatum.24,25 Thus, A2AR signaling
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is also necessary for proper blood circulation, angiogenesis, and inhi-
bition of platelet aggregation, as well as central nervous system regu-
lation of motor activity and behavior.23–27 In fact, adenosine and
A2AR agonists have been used in many clinical trials; examples
include protection from post-operative liver ischemia, treatment of
sickle cell anemia, and reduction of reperfusion injury due to coro-
nary stenting.24,25 Therefore, a targeted delivery approach may allow
for increased targeted dosage and resultant efficacy without increased
toxicity compared to systemic pharmacological A2AR blockers.

One type of targeted delivery approach that has shown great clinical
promise in different disease settings is the use of lipid nanoparticles
(NPs).28–30 Lipid NPs are small particles constructed with different
phospholipids that can be functionalized to target specific cell types
and utilized for targeted drug delivery and gene therapy.31 In vivomu-
rine studieswith drugs and small interfering/silencingRNAs (siRNAs)
delivered via lipid NPs have emphasized treatment specificity and
reduction in off-target effects.28,29,32,33 Furthermore, we have devel-
oped lipid NPs that target CD45RO+ memory T cells and successfully
deliver siRNAs against the target gene.34,35

Thus, in this study we investigated whether lipid NPs functionalized
with either anti-CD8 or anti-CD45RO antibodies could effectively
deliver siRNAs against ADORA2A (the gene encoding the A2AR) to
the targeted T cells, block the adenosine signaling pathway, and
rescue the chemotactic ability of these cells. CD45RO-labeled NPs
are a reasonable alternative to CD8-labeled NPs as CD8+ CD45RO+

T cells make up about 90% of T cells in the tumor.5 We determined
that, although CD8-labeled NPs were specific for CD8+ T cells, these
NPs were unsuccessful at knocking down ADORA2AmRNA expres-
sion because they were more quickly internalized into the lysosome.
Instead, CD45RO-labeled NPs escaped lysosome internalization
and successfully knocked down ADORA2A mRNA expression and
restored memory T cell chemotaxis in an adenosine-rich tumor-like
microenvironment.

RESULTS
ADORA2A siRNAs knocked down A2AR expression in healthy

donor T cells

The goal of this investigation was to knock down the A2AR in specific
T cell subsets by targeted delivery of ADORA2A siRNAs via function-
alized lipid NPs. The composition and structure of the lipid NPs that
were loaded with ADORA2A siRNAs are shown in Figure 1A. Exper-
iments were thus performed to verify that theADORA2A siRNAswere
incorporated into the NPs could knock down A2AR in treated cells.
Activated healthy donor (HD) T cells were transfected with 10 nM
ADORA2A siRNAs; scramble sequence RNAs (scr-RNAs) served as
controls. ADORA2A mRNA levels were determined via quantitative
reverse-transcriptase polymerase chain reaction (qRT-PCR). 24 h
post-transfection, ADORA2A mRNA levels decreased by 65% in the
ADORA2A siRNA-treated cells as compared to the scr control (Fig-
ure 1B). Additionally, A2AR protein levels were measured via flow cy-
tometry 24–72 h post-transfection (Figures 1C and 1D). The degree of
A2AR knockdown (fold change of normalized A2AR MFI in
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ADORA2A siRNA-treated cells to scr-RNA-treated cells) varied
greatly in time among different donorswith some individuals reaching
the greatest degree of knockdown at 24 h post-transfection while
others had the greatest degree of knockdown at 48 and 72 h (Figure 1C,
left). Overall, when greatest degrees of A2AR knockdown (fold change
less than one) were compiled for each sample within the 24–72 h time
frame, the A2AR protein expression was significantly decreased in the
ADORA2A siRNA-treated cells (Figure 1C, right). The gating strategy
for the flow cytometry experiments and representative histograms are
shown in Figure 1D; the specificity of the A2AR antibody is shown in
Figure 1E. In this set of experiments, we tested both CD8+ T cells and a
mixed population of CD3+ T cells. We observed a comparable inhibi-
tion of ADORA2A mRNA expression by ADORA2A siRNAs in these
two groups (67.8%± 2.0% for CD3+ T cells, n = 3, and 61.6%± 0.1% in
CD8+ T cells, n = 2). The average data shown in Figure 1B comprises
both cell types. For the effect on A2AR protein levels, we observed a
time-dependent effect in both groups. The two experiments with
CD8+ T cells in Figure 1C are reported in yellow and green. Overall,
these data showed that ADORA2A siRNAs were effective at knocking
down A2AR expression.

CD8-targetingNPsare trapped in the lysosomeand fail to deliver

siRNAs to T cells

Once the ADORA2A siRNAs were validated, we proceeded to deter-
mine whether CD8-NPs specifically bound to and entered CD8+

T cells, and then delivered the intact siRNA content capable of ulti-
mately decreasing ADORA2A expression. In order to determine the
specificity of the CD8-NPs for CD8+ T cells, CD3+ T cells isolated
from the blood of HDs via negative selection were incubated with flu-
orescently tagged empty (no siRNAs) CD8-NPs overnight, stained
with an anti-CD4 antibody, and analyzed via flow cytometry (Fig-
ure 2A). Overall, it was determined that 94% of the CD8-NPs were
bound to the CD4– T cells, i.e., CD8+ cytotoxic T cells, as seen in the
comparison of the percentage of fluorescent NPs attached to CD4–

T cells in quadrant 1 versus the percentage of fluorescent NPs attached
to CD4+ T cells in quadrant 2 (Figure 2B). Furthermore, about 86% of
CD4– T cells had CD8-NPs either bound to their membrane or incor-
porated into the cells while only 1.7% of CD4+ T cells were positive for
CD8-NPs (Figure 2C). Therefore, we determined that not only were
the CD8-NPs specific for CD4– T cells but they also were bound to/
incorporated into the majority of the CD4– T cells. In order to ensure
that the CD8-NPs bound to CD8+ T cells due to the CD8+ label rather
than non-specific binding of theNPs to the cells due to their liposomal
structure, fluorescentNPswere labeledwith an isotype-specific immu-
noglobulin G (IgG) antibody (IgG-NPs; thus having no cellular target)
andwere incubatedwithCD3+T cells. It was determined that IgG-NPs
did not bind to any cells in the CD3+ mixed T cell population (Fig-
ure 2D) indicating that CD8-NPs needed the CD8 antibody label in
order to bind to CD8+ T cells. This indicated that the CD8-NPs
were specific for CD8+ T cells and that the majority of CD8+ T cells
had bound CD8-NPs.

We then tested whether the CD8-NPs could effectively deliver intact
ADORA2A siRNAs to CD8+ T cells and knock down ADORA2A
021



Figure 1. ADORA2A siRNAs decrease ADORA2A mRNA and A2AR protein expression

(A) Representation of the structure of the lipid NPs labeled with fluorescent streptavidin and biotinylated targeting antibody and loaded with siRNAs.

PE: phosphoethanolamine; PEG: polyethylene glycol (B) Relative quantity (RQ) of ADORA2AmRNA expression in activated HD CD3+ or CD8+ T cells 24 h post-transfection

with 10 nM scr or ADORA2A siRNAs (n = 5; 3 CD3+ T cell samples, 2 CD8+ T cell samples).GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) was used as the reference

gene. Data are shown as mean ± standard deviation and significance is determined by a paired Student’s t test. (C) (Left) Fold change of normalized A2AR protein expression

in activated HD CD3+ or CD8+ T cells 24 h (n = 5; 3 CD3+ T cell samples, 2 CD8+ T cell samples), 48 h (n = 5; 3 CD3+ T cell samples, 2 CD8+ T cell samples), or 72 h (n = 4; 2

CD3+ T cell samples, 2 CD8+ T cell samples) post-transfection with 10 nM ADORA2A siRNAs as compared to scr-RNAs. (Right) The normalized MFI of A2AR expression

showing the highest degree of A2AR protein knockdown post-transfection with 10 nM ADORA2A siRNAs as compared to corresponding scr-RNAs for each individual sample

regardless of time point at which knockdown occurred. Data are shown as mean ± standard error of the mean (n = 5). Data are compared using a paired Student’s t test. (D)

Flow cytometry gating strategy for determining A2AR expression in transfected cells. The cells were first gated on T lymphocytes and then onGFP fluorescence (indicating that

the cells were successfully transfected with siRNAs) to determine A2AR expression. The unstained sample is indicated in orange in the histogramwhile the A2AR expression of

cells treated with scr-RNAs is indicated in blue and the A2AR expression of cells treated with ADORA2A siRNAs is indicated in red. (E) Representative histogram showing A2AR

antibody specificity where CD3+ T cells were stained with A2AR antibody ± peptide followed by secondary antibody. Unstained cells are indicated in gray, A2AR antibody +

peptide is indicated in red and A2AR antibody alone is indicated in blue. Shown here is a representative experiment from two identical experiments performed in HDs.
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mRNA expression. To this effect, HD CD8+ T cells were incubated
with CD8-NPs loaded with either scr-RNAs or ADORA2A siRNAs:
CD8(scr)-NPs or CD8(A2AR)-NPs, respectively, and activated for
48–72 h. In parallel, we conducted experiments using CD45RO-
NPs loaded withADORA2A siRNAs (CD45RO(A2AR)-NPs) as a pos-
itive control. Our laboratory has previously shown that CD45RO-NPs
are specific to CD45RO+ T cells, are internalized by the cells and
release intact siRNA contents capable of knocking down the target
gene.34,35 CD8(A2AR)-NPs did not reduce ADORA2AmRNA expres-
sion as compared to CD8(scr)-NPs (Figure 3A). Thus, CD8-NPs do
not serve as good delivery system for siRNAs. However,
CD45RO(A2AR)-NPs reducedADORA2A mRNA expression by 57%
as compared to CD45RO(scr)-NPs (Figure 3B). This effect was com-
parable to the 65% knockdown obtained by the transfection of naked
siRNAs (Figure 1B) indicating that the CD45RO(A2AR)-NPs were
successful at knocking down ADORA2A mRNA expression.

We then determined the reason for the inability of the CD8-NPs to
successfully deliver intercellular siRNAs compared to CD45RO-NPs.
Immunofluorescence was used to determine the localization of the
Molecul
CD8-NPs and CD45RO-NPs in the lysosome at 24 h. We deter-
mined that CD8-NPs had a higher percentage of localization in
the lysosome than the CD45RO-NPs (Figures 4A and 4B). This indi-
cated that at 24 h, a larger percentage of CD8-NPs were already
degraded in the lysosome as compared to CD45RO-NPs and there-
fore CD8-NPs likely did not have time to release the ADORA2A
siRNA contents into the cell. Therefore, CD45RO-NPs serve as bet-
ter delivery systems for siRNAs and were utilized for subsequent
experiments.

CD45RO-targeting NPs loaded with ADORA2AsiRNAs rescue

adenosine-mediated inhibition of HNSCC T cell chemotaxis

Because CD45RO(A2AR)-NPs were successful at knocking down
ADORA2A mRNA expression, we proceeded to determine whether
these NPs could rescue the chemotactic ability of CD8+ memory
T cells fromHNSCC patients in the presence of adenosine. Circulating
CD8+ T cells in HNSCC patients are highly sensitive to adenosine that
blocks their chemotaxis by 80%.6 This process reduces the number of
CD8+ T cells that infiltrate the tumor.6 CD8+ CD45RO+ T cells make
up about 90% of the cells that infiltrate solid tumors; therefore,
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 135
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Figure 2. CD8-NPs are specific toward CD8+ T cells

(A) Flow cytometry gating strategy for determining specificity of CD8-NPs for CD8+ T cells. Cells were first gated based on the CD3+ lymphocyte population (left). The

unstained sample was then used to determine the quadrant gate placement for the CD4 stain and NP fluorescence (middle). A representative plot for the distribution of CD8-

NPs in CD4– and CD4+ T cells is shown on the right. Quadrant 1 represents the CD4– T cells that are positive for CD8-NPs. Quadrant 2 represents the CD4+ T cells that are

positive for CD8-NPs. Quadrant 3 represents CD4+ T cells that are negative for CD8-NPs. Quadrant 4 represents CD4– T cells that are negative for CD8-NPs. Representative

plots for n = 4 independent experiments. (B) Distribution of CD8-NPs in HD CD4– and CD4+ T cells within a CD3+ T cell population (the percent of CD8-NPs bound to CD4–

T cells versus the percent of CD8-NPs bound to the CD4+ T cells; n = 4). (C) Percentage of HDCD4– andCD4+ T cells within a CD3+ T cell population that are positive for CD8-

NPs (n = 4). (B and C) Data are bar graphs representing the mean ± standard deviation. Comparisons are made using paired Student’s t test. (D) Flow cytometry gating

strategy for determining non-specific binding of NPs (labeled with IgG antibody) for CD8+ T cells. Cells were first gated based on the CD3+ lymphocyte population (left). The

unstained sample was then used to determine the quadrant gate placement for the CD4 stain and NP fluorescence (middle). A representative plot for the distribution of IgG-

NPs in CD4– and CD4+ T cells is shown on the right. Quadrant 1 represents the CD4– T cells that are positive for IgG-NPs. Quadrant 2 represents the CD4+ T cells that are

positive for IgG-NPs. Quadrant 3 represents CD4+ T cells that are negative for IgG-NPs. Quadrant 4 represents CD4– T cells that are negative for IgG-NPs. Representative

plots for n = 3 independent experiments.
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targeting memory T cells with CD45RO(A2AR)-NPs could ultimately
facilitate tumor infiltration with this cytotoxic cell population.5

In order to determine the effect of CD45RO(A2AR)-NPs, activated
HNSCC CD8+ memory T cells were incubated with either
CD45RO(A2AR)-NPs or CD45RO(scr)-NPs for 72–96 h and then
were resuspended in a collagen gel that mimics the TME. A chemo-
kine gradient was then formed over the cells with either CXCL10
only or CXCL10 and adenosine. Time lapse microscopy was then
used to record the migration of these cells. Two point trajectories of
the CD8+ memory T cells treated with either CD45RO(scr)-NPs or
CD45RO(A2AR)-NPs are depicted in Figure 5A and Figure 5B,
respectively. Each trajectory represents the distance traveled by a sin-
gle cell along the chemokine gradient in the y-direction and the Y-
center of mass (Y-COM) reports the average distance traveled within
a certain time frame.6 We have previously shown that this parameter
is a good indicator to quantify the effect of adenosine on T cell chemo-
taxis.6 Furthermore, we have shown that HNSCC CD8+ T cells are
136 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
very sensitive to adenosine; more than their healthy counterparts.6

This difference in adenosine sensitivity was also observed in CD8+

memory T cells where the inhibition of chemotaxis by adenosine
was higher in CD8+ memory T cells from HNSCC (70.9% ± 26.6%,
n = 2 patients) than from HD patients (16.2% ± 2.6%, n = 2 patients;
Figures S1A and S1B). We thus tested the effect of CD45RO(A2AR)-
NPs on HNSCC CD8+ memory T cell chemotaxis. In control exper-
iments, adenosine inhibited the chemotaxis of CD8+ memory T cells
treated with CD45RO(scr)-NPs by 117%, as expected (Figure 5C).
This inhibition of chemotaxis was comparable to the inhibition
seen in untreated HNSCC CD8+ memory T cells in the presence of
CXCL10 + adenosine and comparable to the inhibition seen in
HNSCC T cells in the presence of CXCL12 + adenosine, thus indi-
cating that the inhibitory effect of adenosine on chemotaxis of
HNSCC T cells does not differ because of the presence of NPs or
the chemokine used (Figure S2).6,36 In contrast to CD45RO(scr)-
NPs, the inhibitory effect of adenosine was abrogated by
CD45RO(A2AR)-NPs (Figures 5B and 5C). Overall, the percent
021



Figure 3. ADORA2A siRNAs delivered via CD45RO-

NPs knock down ADORA2A mRNA expression in

CD8+ memory T cells

(A) RQ of ADORA2A mRNA expression in activated CD8+

T cells 48–72 h post-incubation with CD8-NPs loaded

with 200 pmol scr or ADORA2A siRNAs (n = 2 for both

time points). (B) RQ of ADORA2A mRNA expression in

activated CD8 memory T cells 72 h post-incubation with

CD45RO-NPs loaded with 200 pmol scramble or

ADORA2A siRNAs (n = 2). (A and B) 18S rRNA was used

as reference gene. Data are represented as mean ±

standard deviation. Significance determined by paired

Student’s t test.
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inhibition of the Y-COM in the presence of adenosine for cells treated
with CD45RO(A2AR)-NPs (�35.0%) was significantly lower than
cells treated with CD45RO(scr)-NPs (117%; Figure 5D). These data
indicated that the CD45RO(A2AR)-NPs effectively reduced the sensi-
tivity of HNSCC CD8+ memory T cells to adenosine ultimately
restoring their ability to chemotax in an adenosine-rich immunosup-
pressive microenvironment.

DISCUSSION
The infiltration of CD8+ T cells into solid tumors is important for a
favorable prognosis and response to immunotherapies.2,3,5 However,
immunosuppressive components in the TME, such as adenosine,
inhibit CD8+ T cell motility and tumor infiltration.6,7 Herein, we pro-
vide evidence that functionalized lipid NPs are able to effectively
knock down A2AR in selective T cells subsets from HNSCC patients
and increase the chemotactic ability of this subpopulation of cells in
the presence of adenosine. These data show the therapeutic potentials
of targeted NP delivery to block the inhibitory effect of the adenosine
signaling pathway in cancer.

Immunotherapies targeting the adenosine signaling pathway have
been thoroughly studied and show great clinical promise.11,14,17,18,22

However, a targeted therapeutic approach could limit the side effects
caused by the broad expression A2AR in a wide variety of cells and tis-
sues.24–27While lipid NP-based drug-delivery formulations have been
clinically approved for use in cancer therapy and viral vaccines, the
use of lipid NPs has been associated with side effects such as comple-
ment activation, which can induce complement associated-pseudoal-
lergy.30,37 However, the formulation of lipid NPs that we used here is
advantageous because the phospholipids are biocompatible, as they
are present in the cell membrane.31 Furthermore, NPs of similar lipid
composition have been used in vivo in animal models with no re-
ported side effects.32 Still, the NPs we have usedmay present with lim-
itations associated with the presence of polyethylene glycol (PEG)
(used to stabilize the NPs and prolong their half-life in vivo) and
streptavidin (SAV; used to facilitate the binding to biotinylated target-
ing antibodies). PEG can be recognized by anti-PEG antibodies that
individuals may have developed by exposure to other pharmaceutical
or cosmetic preparations.38 Additionally, while the SAV-biotin non-
covalent interaction is a widely used method for functionalization of
nanomaterial, SAV has immunogenic properties and has been shown
Molecul
to induce inflammatory cytokine expression in vitro.39,40 Further
in vivo toxicity studies will indicate if there is a need for chemical
modifications of these NPs; however, there are viable avidin analogs,
such as neutravidin and bradavidin II, that have less immunogenicity
as compared to SAV.39,40

Herein, we established the basic initial requisites that functionalized
NPs have to have in order to be considered as potential therapeutic
options: specifically target a cell subset and be able to deliver intact
contents in order to achieve the desired effects. Our results showed
that CD45RO-NPs do indeed fulfil these requirements; CD8-NPs do
not. While CD8-NPs were specific to CD8+ T cells, they failed to
knock down the A2AR. The inability of CD8-NPs to effectively
decrease ADORA2A mRNA expression resulted from their rapid
internalization in the lysosome, which does not allow enough
time for NP disassembly in the endosome and endosomal escape
of the siRNAs.41,42 Furthermore, it has been shown that ligand-
bound CD8 is poorly internalized both in unstimulated and acti-
vated T cells and is restricted to the membrane, which could add
to the inability of CD8-NPs to deliver their siRNA contents.43,44

Therefore, although there have been some accounts of using CD8
as a target for NPs, CD8 may not be the most effective targeting
moiety when the encapsulated material needs to be delivered into
the cells.45,46

While the CD8 receptor was ultimately a poor target, CD45RO-NPs
fulfilled our intent. Targeting the CD45RO+ T cells would be an effec-
tive alternative approach to targeting CD8+ T cells since 90% of CD8+

T cells that infiltrate tumors, especially in HNSCC, are CD8+ memory
T cells.5 Additionally, CD45RO-NPs have already been characterized
and validated.34 We previously utilized these NPs for targeted knock-
down of Kv1.3 channels in memory T cells and demonstrated that
they specifically target memory T cells, are internalized by the cells,
and exert their desired effects.34,35 In the current study, when
CD45RO-NPs were used instead of CD8-NPs, we showed that
CD8+ memory T cells treated with CD45RO(A2AR)-NPs decreased
ADORA2AmRNA expression and, ultimately, blocked the inhibitory
effect of adenosine on chemotaxis. The degree of chemotaxis inhibi-
tion observed in vitro in circulating CD8+ T cells is a good marker of
the ability of these cells to infiltrate the tumor as the two parameters
are inversely correlated; i.e., patients whose circulating CD8+ T cell
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 137
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Figure 4. CD8-NPs co-localize with the lysosome

(A) Representative confocal images of an activated CD3+

T cell incubated with CD8-NPs (top panel) and CD45RO-

NPs (bottom panel) for 24 h. NPs visualized in green.

Lysosomal marker LAMP-1 is visualized in red. Merge of

NPs with LAMP-1 is shown with co-localization indicated

by the presence of yellow. All images shown are shown at

the same scale. (B) Single cell percentage of NP raw in-

tegrated density (NP intensity) in the lysosome as

compared to total NP intensity in the cell. Approximately

20–45 cells were visualized from a total of two donors.

Data represented as boxplots: line indicates the median;

lower box is the 25th percentile; upper box is the 75th

percentile; and whiskers represent the 10th and 90th

percentiles. Each dot represents an individual cell. Sig-

nificance determined by Mann-Whitney rank sum test.
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chemotactic ability were most severely inhibited by adenosine in vitro
are also those who had the lowest infiltration of CD8+ T cells into the
tumor.6 Therefore, since the CD45RO(A2AR)-NPs rescued the
chemotactic ability of CD8+ memory T cells in the presence of aden-
osine, these cells may be better suited and better able to infiltrate the
TME and, possibly, allows them to maintain their function in the
TME. Overall, this study introduces a novel targeted therapy aimed
to oppose the immunosuppressive nucleoside adenosine and restore
T cell infiltration and function in the TME. Ultimately, further in vivo
murine models will determine the efficacy of these NPs against
cancerous tumors.

MATERIALS AND METHODS
Human subjects

HD whole blood was obtained from consenting donors or from dis-
carded blood units obtained fromHoxworth Blood Center at the Uni-
versity of Cincinnati. HNSCC whole blood was obtained from 8 pa-
tients whose demographics and clinical features are summarized in
Table 1. The eligibility for HNSCC patients for this study was deter-
mined by a tissue-biopsy-confirmed diagnosis of HNSCC and the
absence of any treatment prior to the blood draw. Informed consent
was obtained for both the HDs and HNSCC patients included in this
study, and the study was approved by the University of Cincinnati
Institutional Review Board (IRB # 2014-4755). Sample collection pro-
tocols were conducted in accordance with Good Clinical Practice
guidelines and the Declaration of Helsinki. The data for HNSCC pa-
tients was managed using Research Electronic Data Capture tools
(University of Cincinnati). Patient information from discarded blood
units is not available.

Reagents

Phosphate-buffered saline (PBS), RPMI-1640, penicillin, strepto-
mycin, L-glutamine, fetal bovine serum, and HEPES were all obtained
from Thermo Fisher. Human serum and adenosine were obtained
from Millipore Sigma and the adenosine solution was prepared in
sterile H2O. CXCL10 and CXCL12 were obtained from R&D systems
and the stock solutions were prepared in PBS with 0.1% bovine serum
albumin.
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Cell isolation

Whole blood from HNSCC patients and HDs was obtained and pe-
ripheral blood mononuclear cells were isolated using Ficoll-paque
PLUS density gradient (GE Healthcare Biosciences) as described pre-
viously.6 CD3+, CD8+, and CD8+ memory T cells were each isolated
by negative selection using commercially available kits (EasySep
Enrichment kits, StemCell Technologies). The purities of these en-
riched T cell populations were determined using flow cytometry as
indicated in Figure S3. T cells were maintained in T cell medium
(RPMI-1640 medium containing L-glutamine supplemented with
200 U/mL penicillin, 200 mg/mL streptomycin, 1 mM L-glutamine,
10 mM HEPES, and 10% human serum) and then either remained
unstimulated for 12–24 h (±NPs) or were activated in cell culture
plates coated with 10 mg/mL anti-human CD3/CD28 antibodies (Bio-
Legend) or 25 mL/mL ImmunoCult Human CD3/CD28 T Cell Acti-
vator (StemCell Technologies) for 72–96 h (±NPs) in the 37�C/5%
CO2 incubator as indicated in the following protocols.

Transfection

Activated HDCD3+ or CD8+ T cells (either by plate bound antibodies
or soluble activators; 1–6 � 106 cells per condition) were transfected
using the Amaxa P3 Primary Cell 4D-Nucleofector X Kit L (Lonza
Cologne GmbH) as indicated by the manufacturer’s instructions.
Briefly, 10 nM ADORA2A siRNAs (Ambion ADORA2A Silencer
Select siRNA; ID: S1088; Thermo Fisher) or scr-RNAs (Ambion
Silencer Select Negative Control #2 siRNA; Thermo Fisher) and
pMaxGFP vector (2 mg; from Lonza Nucleofector kit) were added
to the T cells and the samples were transfected in the 4-Nucleofector
X Unit (Lonza) using the program “T cell, human, stimulated” (E0–
E115). The transfected T cells were then incubated in T cell medium
in the 37�C/5% CO2 incubator for the indicated time points (24–
72 h). Transfected cells were then used to determine A2AR mRNA
and protein expression.

Lipid NP production and functionalization

Lipid NPs (100 nm) were developed as previously described.34

In brief, L-a-phosphatidylcholine, 1,2-distearoyl-snglycero-3-
phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] and
021



Figure 5. CD45RO(A2AR)-NPs rescue the chemotactic ability of HNSCC CD8+ memory T cells in the presence of adenosine

(A and B) Representative two point trajectories of T cells migrating along the CXCL10 gradient (green) or CXCL10 + adenosine (ADO) gradient (blue) in HNSCCCD8+memory

T cells treated with (A) CD45RO(scr)-NPs or (B) CD45RO(A2AR)-NPs. Trajectories artificially set to start at the origin with the red triangle representing the Y-COM. (C) Y-COM

of HNSCC CD8+ memory T cells treated with (left) CD45RO(scr)-NPs (n = 6) or (right) CD45RO(A2AR)-NPs (n = 6) in the presence of CXCL10 or CXCL10 + adenosine.

Significance was determined using (left) a Wilcoxon signed rank test or (right) paired Student’s t test. (D) Percent inhibition of Y-COM of HNSCC CD8+ memory T cells in the

presence of CXCL10 + adenosine compared to CXCL10 alone when treated with CD45RO(scr)-NPs (n = 6) compared to CD45RO(A2AR)-NPs (n = 6). Data are represented

single dot plots (colored dots; wherein each dot represents a single donor) and as mean ± standard deviation (shown in black). Significance was determined using Student’s

t test.
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cholesterol (Avanti Lipids) were mixed together, dried with nitrogen
gas, and rehydrated with PBS. The mixture was the shaken for 2 h at
37�C to form multilamellar vesicles (Barnstead Model: Max Q 4000,
Thermo Fisher). The multilamellar vesicles were then sonicated
(Fisherbrand Sonic Dismembrator Ultra Sonic liquid Processor
Model: FB120) and extruded through a 100 nm filter (LIPEX
Thermobarrel Extruder, Northern Lipids) to form unilamellar vesi-
cles (ULVs). ULV size was then determined using the Nanoseries Ze-
tasizer (Malvern Instruments) and labeled with appropriate anti-
bodies for both fluorescence and cell targeting. ULVs were labeled
with 10 mg/mL SAV conjugated with Alexa Fluor-488 or Alexa
Fluor-647 (BioLegend) and 10 mg/mL biotin anti-human CD8 anti-
body (clone: MEM31, Genetex), 10 mg/mL biotin anti-human
CD45RO antibody (clone: UCHL1; BioLegend), or 10 mg/mL biotin
anti-human IgG Fc antibody (clone: HP6017; BioLegend). Once the
ULVs were labeled, the unbound antibodies were removed using
Sephrose CL-4B columns (GE Healthcare Life Sciences). The ULVs
were then frozen at �80�C, lyophilized overnight (FreeZone2.5
lyophilizer, LabConco) and then stored at �80�C. ULVs are referred
to as CD8-NPs, CD45RO-NPs, or IgG-NPs based upon antibody
labeling.
Molecul
Insertion of siRNAs into NPs and NP treatment of cells

For CD8-NP specificity and internalization experiments, at the time
of experimentation, lyophilized CD8-NPs or IgG-NPs were reconsti-
tuted in 100 mL sterile H2O. HDCD8+ T cells (0.3–1� 106 cells at 2�
106 cells/mL per condition) were resuspended in T cell medium and
incubated with 50 mL of empty NPs (no siRNAs) and left unstimu-
lated for 12–24 h in the 37�C/5% CO2 incubator.

Alternatively, for experiments determining ADORA2A mRNA
expression and T cell chemotaxis, the lypophilized CD8-NPs or
CD45RO-NPs were reconstituted in 100 mL sterile H2O containing
protamine-sulfate (20 mM; Sigma) and 200 pmol of ADORA2A
siRNAs or scr-RNAs. HD CD8+ or HD/HNSCC CD8+ memory
T cells (�0.3 � 106 cells at 2 � 106 cells/mL per condition) were
resuspended in T cell medium and incubated with 50 mL of scr-
RNA or ADORA2A siRNA-loaded CD8-NPs or CD45RO-NPs.
CD8+ T cells were treated with siRNA-loaded CD8-NPs and
CD8+ memory T cells were treated with siRNA-loaded CD45RO-
NPs. Samples were then activated in cell culture plates coated
with 10 mg/mL anti-CD3/CD28 antibodies in the 37�C/5% CO2

incubator for up to 96 h.
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Table 1. Demographics and clinical table for HNSCC patients

Age (years) Value (%)

Range 48 to 75

Mean 60.6

Gender

Male 6 (75)

Female 1 (12.5)

Unknown 1 (12.5)

Tumor Site

Oral cavity 3 (37.5)

Oropharynx 4 (50)

Unknown 1 (12.5)

Clinical stage

T1 3 (37.5)

T2 3 (37.5)

T3 1 (12.5)

Unknown 1 (12.5)

Nodal status

N0 1 (12.5)

N1 4 (50)

N2 2 (25)

Unknown 1 (12.5)

HPV status/P16 status

Negative 3 (37.5)

Positive 3 (37.5)

Unknown 2 (25)

Smoking

Yes (R10 pack years) 4 (50)

No (<10 pack years) 3 (37.5)

Unknown 1 (12.5)

Alcohol use

Yes (R5 drinks/week) 2 (25)

No (<5 drinks/week) 4 (50)

Unknown 2 (25)

HNSCC patients (n = 8) were enrolled in the study. Clinical stage from T1 to T3 refers to
the size/extent of the tumors. Nodal status depicts the involvement of lymph nodes de-
pending on their number and location.
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Flow cytometry

Flow cytometry was used to determine both A2AR protein expression
post-transfection and CD8-NP specificity. A2AR expression post-trans-
fection is as follows: activated HD CD3+ or CD8+ T cells transfected
with scr or A2AR siRNAs were fixed with 1%–4% paraformaldehyde
(Affymetrix, Thermo Fisher Scientific), permeablized with BD Perm/
Wash buffer (Fixation/Permeabilization Solution kit; BDCytofix/Cyto-
perm Plus, BD Biosciences) and then stained with anti-human anti-
adenosine A2AR rabbit polyclonal antibody (Alomone labs) in BD
Perm/Wash buffer followed by staining with a secondary anti-rabbit
140 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
antibody—either Alexa Fluor-647 conjugated donkey anti-rabbit anti-
body (Thermo Fisher) or Brilliant Violet 421 conjugated donkey anti-
rabbit antibody (BioLegend). Specificity of the anti-adenosine A2AR
rabbit polyclonal antibody was determined by peptide adsorption.
Anti-human anti-adenosine A2AR rabbit polyclonal antibody
(0.75 mg) was incubated with 1.5 mg A2AR blocking peptide (Alomone)
at a 1:2 ratio (1.5 mg peptide was added to 0.75 mg antibody). CD3+

T cells were fixed with 4% paraformaldehyde, permeabilized with
0.1%TritonX-100 (Millipore Sigma) and incubatedwith either the anti-
body alone or the antibody + peptide solution followed by incubation
with Alexa Fluor 488 conjugated donkey anti-rabbit antibody.

CD8-NP specificity is as follows: resting HD CD3+ T cells were incu-
bated with Alexa Fluor 488-labeled empty CD8-NPs (or Alexa Fluor
647-labeled empty IgG-NPs as control) for 12–24 h as indicated above.
The samples were then fixed with 1% paraformaldehyde and stained
with an anti-human CD4 antibody (Alexa Fluor 700 conjugated
anti-human CD4 antibody [clone: RPA-T4, BioLegend], PerCPCy5.5
anti-human CD4 antibody [clone: OKT4, BioLegend], or PE anti-hu-
man CD4 antibody (clone: A161A1; BioLegend; used with IgG-NPs]).
All flow cytometry samples were run on a LSRII flow cytometer (BD
Biosciences) and analyzed using FlowJo software (FlowJo).

qRT-PCR

qRT-PCR was used to determine ADORA2A mRNA expression in
activated HD CD3+/CD8+ T cells after transfection and in activated
HD CD8+ and CD8+ memory T cells after incubation with either
siRNA-loaded CD8-NPs or CD45RO-NPs, respectively. The GFP-
positive cell population (which indicated transfected cells) was not
separated from non-transfected cells when measuring mRNA expres-
sion. Therefore, gene expression is a result from both transfected and
non-transfected cells combined. The E.Z.N.A. total RNA isolation kit
(Omega Biotek) was used to isolate total RNA from activated HD
CD3+, CD8+, and CD8+ memory T cells after transfection or after in-
cubation with either siRNA-loaded CD8-NPs or CD45RO-NPs as
described above. Complementary DNA (cDNA) was synthesized
from at least 200 ng of total RNAper condition using theMaxima First
Strand cDNA Synthesis Kit for qRT-PCR (Thermo Fisher) as per the
manufacturer’s instructions. qRT-PCR was then performed (as
described in the manufacturer’s instructions) in order to detect the
gene expression of ADORA2A, GAPDH, and 18S rRNA. In brief, the
qRT-PCR was assembled in a 96-well plate with each well having
10 mL of 2� TaqMan Gene Expression Master Mix (Applied Bio-
systems), 1 mL of predesigned TaqManGene Expression Assay primer
(A2AR: ADORA2A [assay ID: Hs00169123_m1], GAPDH [assay ID:
HS03929097_g1], or 18S rRNA [assay ID:Hs99999901_s1]; all primers
fromApplied Biosystems), and 9mL of diluted cDNA samples (diluted
from 20 mL to 170 mL in sterile H2O). Each sample was prepared in
technical replicates of four and the plate was run in Applied Bio-
systems StepOne Real-Time PCR System (Thermo Fisher) to obtain
the CT values (StepOne software version 2.1). The DCT value for
each ADORA2A technical replicate was calculated by subtracting the
average CT value of GAPDH or 18S rRNA from the CT value of each
corresponding ADORA2A technical replicate. The difference between
021
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theDCT value of the scr-RNA-treated sample and theDCT value of the
corresponding ADORA2A siRNA-treated sample was then used to
calculate the DDCT values. Finally, the relative quantity (RQ) or fold
change of ADORA2AmRNA expression in ADORA2A siRNA versus
scr-RNA-treated samples was calculated as the 2-DDCT value as
described previously.6

Immunofluorescence

Immunofluorescence was used to determine CD8-NP and CD45RO-
NP localization in the lysosome. HD CD3+ T cells were incubated
with either Alexa Fluor 488 labeled empty CD8-NPs or CD45RO-
NPs and activated for 24 h with soluble anti-CD3/CD28 antibodies.
Cells were then plated on poly-L-lysine (Millipore Sigma) coated cov-
erslips for at least 30 min in the 37�C/5% CO2 incubator. Cells were
fixed with 4% paraformaldehyde at room temperature for 30 min,
permeabilized for 20 min at room temperature with PBS + 0.2%
Triton-100X, and blocked with a solution of PBS containing 10%
FBS for 1 h at room temperature, and lysosomes were stained with
a monoclonal rabbit anti-human LAMP-1 antibody (clone D2D11,
Cell Signaling Technology) diluted in the blocking solution for 2 h
at room temperature. Cells were then washed with PBS and stained
with Alexa Fluor 568 conjugated donkey anti-rabbit secondary anti-
body diluted in the blocking solution for 1 h at room temperature.
All coverslips were washed and labeled with Alexa Fluor 647-conju-
gated rabbit anti-human CD8 alpha antibody (clone EP1150, Abcam)
diluted in blocking solution for 2 h at room temperature. The cover-
slips were then washed and mounted on slides with Fluoromount G
(Thermo Fisher). Images were then obtained with an inverted Zeiss
LSM 710 microscope (Carl Zeiss Microscopy GmbH). Images were
taken at 100� oil immersion lens at room temperature and the
pinhole was set at 1 airy unit. Approximately 20–45 cells were ob-
tained per condition. Percent of NP localization in the lysosome
was determined using ImageJ (National Institutes of Health). A re-
gion of interest (ROI) was drawn around the entirety of the cell.
The raw integrated density of NP signal within the total cell ROI
was measured. A ROI was then drawn around the lysosome and
the raw integrated density of NP signal within the lysosome ROI
was measured. The percent of NP localization in the lysosome was
determined by dividing raw integrated density of NP signal found in-
side the lysosome by the total cell raw integrated density of NP signal
multiplied by 100.

Chemotaxis

The effect of CD45RO(A2AR)-NPs on CD8+ memory T cell chemo-
taxis was determined using u-Slide Chemotaxis assays (ibidi
GmbH) as previously described.6 This technique allows for 3D
chemotaxis of T cells in a collagen matrix. In brief, 0.2–0.6� 106 acti-
vated HNSCCCD8+memory T cells were incubated with either scr or
ADORA2A siRNA-loaded Alexa Fluor 488 labeled CD45RO-NPs
overnight as indicated above. Each cell suspension was then centri-
fuged and washed to remove any unbound NPs and the samples
were reactivated for a total activation time of 72–96 h. The cell sam-
ples were then resuspended in a gel containing rat tail collagen type I
(Corning) and inserted into the center chamber portion of the u-Slide
Molecul
as per the manufacturer’s instructions. Migration medium was then
inserted into the reservoir to the right of each center chamber. Migra-
tion medium plus 8 mg/mL CXCL10 was added to the left reservoir of
one chamber forming a concentration gradient over the cells. In a
separate chamber, in order to determine the effects of adenosine on
migration, 1 mM adenosine (diluted in migration medium) plus
8 mg/mL CXCL10 was added to the left reservoir as previously indi-
cated.6 The inverted Zeiss LSM 710microscope with a 37�C incubator
was then used to perform time lapse microscopy with the u-Slide
capturing images every 3 s up to a total of 1,000 images in both bright-
field and 488 channels as described previously.6 Two point manual
cell tracking was performed using ImageJ software and was analyzed
using the Chemotaxis and Migration Tool (ibidi GmbH). 10–20 cells
were tracked per condition regardless of the presence of NP (Alexa
Fluor 488) signal. The Y-COM, which is the average movement of
the cells toward the chemokine in the y-direction, was measured as
the chemotactic effect.6We also performed control chemotaxis exper-
iments in non-nanoparticle treated HD and HNSCC CD8+ memory
T cells (Figure S1).

Statistical analysis

Statistical analysis was performed using SigmaPlot 13.0 (Systat Soft-
ware). Student’s t tests, paired Student’s t tests, or Mann-Whitney
rank sum tests or Wilcoxon signed rank tests (when samples failed
normality or had unequal variance) were used to compare samples
as indicated in the figure legends. Statistical significance was defined
by a p value of 0.05 or less.
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