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HIGHLIGHTS

e aCD3/F/AN, anti-CD3e f(ab’)2 fragment-modifi*ed and fenofibrate-encapsulated amphiphilic nanoparticle, reprogrammed mitochon-

drial lipid metabolism of T cells.

e aCD3/F/AN specifically activated T cells in glucose-deficient conditions mimicking tumor microenvironment, and exerted an effector

killing effect against tumor cells.

® In vivo treatment with aCD3/F/AN increased T cell infiltration, cytokine production, and prevented tumor growth.
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functions of T cells through nanoparticle-induced lipid meta-
bolic reprogramming. Fenofibrate was encapsulated in amphi-
philic polygamma glutamic acid-based nanoparticles (F/ANs),

and the surfaces of F/ANs were modified with an anti-CD3e
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with other nanoparticle preparations. Peroxisome proliferator-
activated receptor-a and downstream fatty acid metabolism-
related genes are expressed to a greater extent in aCD3/F/AN-treated T cells. Activation of fatty acid metabolism by aCD3/F/ANs supports
the proliferation of T cells in a glucose-deficient environment mimicking the tumor microenvironment. Real-time video recordings show
that aCD3/F/AN-treated T cells exerted an effector killing effect against B16F10 melanoma cells. In vivo administration of aCD3/F/ANs
can increase infiltration of T cells into tumor tissues. The treatment of tumor-bearing mice with aCD3/F/ANs enhances production of vari-
ous cytokines in tumor tissues and prevented tumor growth. Our findings suggest the potential of nanotechnology-enabled reprogramming

of lipid metabolism in T cells as a new modality of immunometabolic therapy.
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1 Introduction

Anticancer chemicals and biologic necrosis factors have
been delivered to tumors using various nanoparticles [1-4].
To date, the most studied anticancer nanomedicines for
delivery of anticancer agents are those containing tumor-
targeting ligands. Despite progress in nano-enabled targeted
delivery of anticancer therapeutics to tumor tissues, clinical
translation of these nanomedicines remains limited. One
reason for the limited clinical translation of ligand-mod-
ified nanomedicines is the heterogeneity of tumors. The
responsiveness of tumor cells to anticancer drugs can differ
depending on tumor type. Moreover, the delivery of anti-
cancer drugs to nonresponsive tumor cells can exert variable
effects depending on the physiological properties of the cells
[5, 6]. Even in drug-responsive tumor types, differing den-
sities of target receptors on tumor cells can variably affect
the extent of delivery of therapeutics to cancer cells [7].
Folate receptors and transferrin receptors have long been
studied for targeted delivery of anticancer drugs to tumor
cells. However, the density of these receptors on tumor cells
varies such that delivery of nanoparticle anticancer drugs to
tumor cells with a lower density of target receptors may be
insufficient [8].

An emerging approach for circumventing this tumor cell
heterogeneity focuses on leveraging tumor-adjacent immune
cells in the tumor microenvironment [9, 10]. Compared with
tumor cells, adjacent cells in the tumor microenvironments
are reported to be less heterogeneous [11]. Reported targets
in the microenvironment of various tumors include fibro-
blast activation protein, expressed on cancer-associated
fibroblasts [12]; CD11c, expressed on dendritic cells [13];
and CD3, a biomarker of T cells whose expression on T cells
is reported to be preserved in various tumors [14]. Exploit-
ing this reduced heterogeneity of tumor-adjacent cells, we
recently reported activation of cancer-associated fibroblasts
for enhanced delivery of doxorubicin in graphene-based
nanosheets [15]. It has been reported that dendritic cells in
the tumor microenvironment can be activated by immune
adjuvant-loaded polydopamine nanoparticles [16] and other
nanoparticles, such as polymeric nanoparticles [17]. A num-
ber of studies addressing modulation of the tumor micro-
environment have reported enhanced infiltration of T cells.
However, the recruited T cells have been reported to lose
their activity in the hypoglycemic tumor microenvironment

© The authors

[18]. Thus, there exists an unmet need for a therapeutic strat-
egy for activating effector functions of T cells in the tumor
microenvironment.

The importance of manipulating metabolic imbalances
in immune cells in anticancer immunotherapy has become
increasingly apparent [19]. Effector cytotoxic T cells have
been reported to lose their activity because of the meta-
bolically stressful conditions of the tumor microenviron-
ment [20]. Glucose is known to be deficient in the tumor
microenvironment, and the cytotoxic activity of T cells is
impaired by a lack of energy. Thus, metabolic reprogram-
ming of immune cells in the tumor microenvironment to
allow utilization of different energy substrates would be a
viable strategy for improving immunotherapy.

In this study, we tested the hypothesis that meta-
bolic reprogramming of T cells using a nanotechnology
approach could activate T cells to fight against tumor cells
(Fig. 1). To this end, we designed T cell-targeting nano-
particles encapsulating the lipid metabolism-activating
drug molecule, fenofibrate, which is known to induce the
expression of peroxisome proliferator-activated receptor
(PPAR)-a and downstream fatty acid metabolism-related
genes. It has been reported that promoting fatty acid
metabolism by orally administered PPAR-a agonist can
relieve metabolic stress from hypoglycemic condition in
tumor microenvironment and preserve effector function
of T cells, thereby enhancing anti PD-1 immunotherapy
[21]. For T cell-targeted delivery, we entrapped fenofibrate
in amphiphilic poly (y-glutamic acid)-based nanoparticles
(F/ANs) and further modified the nanoparticle surface
with an anti-CD3e f(ab’)2 fragment, yielding aCD3/F/
ANs. Here, we report that aCD3/F/ANs activate fatty acid
metabolism and mitochondrial functions and stimulate the
anticancer activity of T cells in tumor microenvironments.

2 Experimental Section
2.1 Synthesis of Amphiphilic Poly (y-Glutamic Acid)

Amphiphilic poly (y-glutamic acid) (AP) was synthesized
by grafting phenylalanine ethyl ester with poly (y-glutamic
acid) (y-PGA) through a carbodiimide crosslinking reaction,
as described previously [22]. Briefly, 5.94 pmol of y-PGA
(50 kDa; BioLeaders, Daejeon, Republic of Korea) was
dissolved in 30 mL of 0.3 M NaHCO; solution followed
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by addition of 2.84 mmol of 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC; Tokyo Chemi-
cal Industry Co., Ltd., Tokyo, Japan) with stirring on ice
for 30 min. Next, 2.30 mmol of L-phenylalanine ethyl ester
hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) was
added and the solution was stirred for an additional 24 h at
37 °C. For imaging and confocal microscopy, fluorescent
dye-labeled AP (fAP) was synthesized by adding 3.2 pmol
of fluoresceinyl glycine amide (5-(aminoacetamido) fluo-
rescein) (Thermo-Fisher Scientific, Waltham, MA, USA) to
a solution containing 2 pmol of y-PGA, 0.96 mmol of EDC
and 0.77 mmol of L-phenylalanine ethyl ester hydrochloride
and allowing the reaction to proceed for 24 h. The resulting
AP and fAP were purified by dialyzing first in triple distilled
water for 48 h and then in methanol for 48 h using a Spectra/
Pore dialysis membrane (MWCO, 3 kDa; Spectrum Labs,
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Rancho Dominguez, CA, USA), after which they were lyo-
philized and stored at 4 °C until use. The synthesis of AP
was confirmed by '"H NMR spectroscopy.

2.2 Preparation of Fenofibrate-Loaded and Anti-CD3
Antibody-Modified Nanoparticles

Fenofibrate was encapsulated in AP-based nanoparticles (ANs)
or in fAP-based nanoparticles (fFANs) using a thin film hydra-
tion method. In brief, 0.55 pmol of fenofibrate (Sigma-Aldrich)
in 1 mL methanol was added into 1 mL of 0.1 mM AP or fAP
in methanol solution. After solvent removal using a rotary
evaporator (CCA-1110; Tokyo Rikakikai, Tokyo, Japan), the
resulting film was hydrated with 1 mL of phosphate-buffered
saline (PBS; pH 7.4) and sonicated for 10 min. The resulting

aCD3/F/AN

\ Reprogrammed
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T cell-induced
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Fig. 1 Metabolic reprogramming of T cells by aCD3/F/ANs. a Schematic illustration of the aCD3/F/AN preparation process. b Mechanism by
which aCD3/F/ANs increase mitochondrial fatty acid metabolism in T cells. ¢ Proposed effect of fatty acid metabolism reprogramming on T

cell-mediated killing of cancer cells
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F/ANs or fenofibrate-loaded fANs (F/ANs) were purified from
unencapsulated fenofibrate by centrifugation at 12,000xg
for 3 min. For modification with anti-CD3 antibody, F/ANs
(3.5 mg) or F/fANs (3.5 mg) were first mixed with 6.4 pmole
of EDC, then reacted on ice for 5 min and allowed to stand at
room temperature (RT) for an additional 5 min. A solution of
anti-mouse CD3e f(ab')2 antibody (Bio X Cell, West Leba-
non, NH, USA, catalog #BE0001-1FAB, lot #659618A1) was
added to the EDC-activated F/AN suspension at a 1:50 molar
ratio of antibody to AP and stirred at RT for 6 h. Free antibody
was removed by dialysis (MWCO, 300 kDa; Spectrum Labs),
and after quantifying the amount of antibody on the nanoparti-
cle surface by BCA assay (Thermo-Fisher Scientific), aCD3/F/
AN or anti-mouse CD3e f(ab’)2 antibody-conjugated F/fANs
(aCD3/F/fANs) were concentrated from reactants using an
Amicon filter (Merck, Kenilworth, NJ, USA). In some experi-
ments, anti-mouse CD3e f(ab’)2 antibody was conjugated to
plain ANs (aCD3/ANs) or to fANs (aCD3/fANs). Physical
mixture of equivalent amount of anti-mouse CD3e f(ab')2 anti-
body with F/ANs (aCD3 +F/ANs) or with F/fANs (aCD3 +F/
fANs) were used as control groups.

2.3 Quantification of Encapsulated Fenofibrate

The amount of fenofibrate encapsulated in ANs was ana-
lyzed by high-performance liquid chromatography (HPLC)
using a Hewlett Packard model 1100 system (Hewlett Pack-
ard, Palo Alto, CA, USA) equipped with a reverse-phase
C18 HPLC column (Nucleosil 100-5 C18; Macherey—Nagel,
Diiren, Germany). Lyophilized nanoparticles were dissolved
in 200 pL of MeOH and injected into the C18 column. The
column (temperature, 40 °C) was eluted using a mobile
phase consisting of acetonitrile:water (pH of water adjusted
to 4 with acetic acid) (90:10, v/v) at a flow rate of 1 ml/
min. The peak of fenofibrate was monitored by measuring
absorbance at 287 nm using at UV detector. Fenofibrate con-
centration was determined by reference to a standard curve
prepared using a series of fenofibrate solutions in methanol.

2.4 Characterization and Stability Studies

Nanoparticles were characterized by size, surface charge,
morphology, and elemental composition. The size distri-
bution and zeta potential of nanoparticles were measured
by dynamic light scattering (DLS) using an ELSZ-1000
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instrument (Otsuka Electronics Co., Osaka, Japan). The
morphology of nanoparticles was visualized by transmis-
sion electron microscopy (TEM) using a JEM1010 trans-
mission electron microscope (JEOL, Tokyo, Japan). The
presence of elemental oxygen, chlorine and sulfur in nano-
particles was determined by energy-dispersive X-ray spec-
troscopy (EDS-STEM) using a JEM-2100 F transmission
electron microscope (JEOL). The stability of nanoparticles
was monitored for up to 7 days. F/ANs and aCD3/F/ANs
were stored in PBS at 4 °C. The sizes of particles were
measured daily by DLS using an ELSZ-1000 instrument
(Otsuka Electronics Co.).

2.5 In Vitro Study of pH-Dependent Release

The pH dependence of fenofibrate release from ANs was
tested using a dialysis approach. Fenofibrate released from
ANs was quantified by immersing a dialysis bag (MWCO,
3.5 kDa; Spectrum Labs) containing aCD3/F/ANs in 15 mL
PBS containing 0.1% (w/v) Tween-80 (Sigma-Aldrich) at
different pH values. At each time point, 1 mL of dialysis
buffer was collected and the volume of dialysis was main-
tained by adding fresh buffer. Collected samples were lyo-
philized and dissolved in 200 pL methanol, and the amount
of fenofibrate release was analyzed by HPLC.

2.6 Animals

Five-week-old C57BL/6 mice were purchased from Raon
Bio and maintained under standard pathogen-free condi-
tions at the Animal Center for Pharmaceutical Research,
Seoul National University. All animal experiments were
performed according to the Guidelines for the Care and Use
of Laboratory Animals of the Institute of Laboratory Ani-
mal Resources, Seoul National University (approval number,
SNU-190417-15(E)).

2.7 Evaluation of CD3 Expression

The expression levels of CD3 were determined at various
cells including murine lung fibroblast cell line MLg (Korean
Cell Line Bank, Seoul, Republic of Korea), human lung
fibroblast cell line MRC-5 (Korean Cell Line Bank), human
embryonic kidney cell line 293 T (ATCC, Manassas, VA,
USA), murine bone marrow-derived macrophages (BMDM),
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murine bone marrow-derived dendritic cells (BMDC), and
T cells. BMDM and BMDC were differentiated from mono-
cytes as previously described [16, 23]. T cells were isolated
from spleens of C57BL/6 mice using nylon wool columns
[24]. MLg, MRC-5, 293 T, BMDM, BMDC, and T cells
were stained with FITC-conjugated anti-mouse CD3 anti-
body (BioLegend, San Diego, CA, USA; catalog #100203,
lot #B263028) for 1 h. The expression of CD3 was evaluated
by flow cytometry.

2.8 In Vitro Study of Nanoparticle Uptake

In vitro cellular uptake of nanoparticles was evaluated using
flow cytometry and fluorescence microscopy. For flow
cytometry, MLg, MRC-5, 293 T, BMDM, BMDC and T
cells were seeded onto 24-well plates (SPL Life Sciences)
at 1x 10° cells/well and treated with 2 mg mL™" of fluores-
cein isothiocyanate (FITC)-labeled various nanoparticles
for 4 h. Cells were harvested, washed with PBS, and ana-
lyzed by flow cytometry. For fluorescence microscopy, T
cells were seeded onto 24-well plates (1 x 10° cells/well)
and treated with 2 mg mL~! FITC-labeled nanoparticles for
4 h. After washing and resuspending cells in 100 pL. PBS,
cell suspensions were plated onto poly-L-lysine coverslips
(Corning, New York, NY, USA) and allowed to completely
attach (30 min). Cells were then fixed with 4% formalde-
hyde in PBS for 10 min, washed with PBS, and stained with
DAPI (4',6-diamidino-2-phenylindole, Sigma-Aldrich). The
fluorescence of cells was observed using a confocal laser-
scanning microscope (LSM 5 Exciter; Carl Zeiss, Inc., Jena,
Germany).

2.9 In Vitro Cell Viability Study

In vitro viability of cells was measured after treatment of
nanoparticles. After treatment with various nanoparticles,
T cells were suspended in RPMI medium containing 10%
WST-1 reagent. After incubating for 2 h at 37 °C, absorb-
ance of the medium at 430 nm was measured using a Multi-
Reader (Molecular Devices, San Jose, CA, USA). The other
adherent cells including MLg, MRC-5, 293 T, BMDM and
BMDC were incubated with culture medium containing 10%
MTT reagent. After incubating for 2 h at 37 °C, absorbance
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of medium at 570 nm was detected using a Multi-Reader
(Molecular Devices).

2.10 In Vitro Study of PPARx, CD36 and Fatty Acid
Oxidation-Associated Gene Expression

Expression levels of PPARa, CD36 and fatty acid oxidation-
associated genes in T cells following treatment with nano-
particles were measured by reverse transcription-polymerase
chain reaction (RT-PCR), flow cytometry and western blot.
The fatty acid oxidation-associated genes and gene prod-
ucts measured included carnitine palmitoyltransferase 1B
(CPT1B), acyl-CoA dehydrogenase medium chain (MCAD)
and acyl-CoA dehydrogenase long chain (LCAD) [21, 25].
Isolated mouse T cells were seeded onto 24-well plates
(1% 10° cells/well) and treated with various nanoparticle
preparations containing 20 pM fenofibrate for 24 h. For RT-
PCR, total RNA was isolated from T cells using the TRI-
zol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was
synthesized from mRNA using an AccuPower RT PreMix
(Bioneer, Daejeon, Republic of Korea). Quantitative real-
time RT-PCR was performed using a LightCycler FastStart
DNA Master SYBR Green I system (Roche, Basel, Swit-
zerland). Primer sequences used in RT-PCR are listed in
Table S1. For western blot, T cells were lysed with a com-
mercial radioimmunoprecipitation assay lysis buffer (Rock-
land, Limerick, PA, USA) containing a cocktail of protease
inhibitors (cOmplete™, Mini, EDTA-free Protease Inhibitor
Cocktail, Sigma-Aldrich (Roche). The amounts of protein
were quantified by BCA assay and boiled at 95 °C 10 min.
As primary antibodies, anti-mouse CPT1B (Proteintech,
Rosemont, IL, USA; catalog #22170—1-AP, lot #00048665),
anti-mouse LCAD (Proteintech, catalog #17526-1-AP, lot
#00051417), anti-mouse MCAD (Proteintech, catalog
#55210-1-AP, lot #09000327) and anti-mouse p-actin (Cell
signaling, Denver, MA, USA; catalog #8457, lot #6) were
used. Horseradish peroxidase-linked anti-rabbit IgG (Cell
signaling, catalog #7074, lot #28) was used as secondary
antibody. Amersham ECL Prime Western Blotting detec-
tion reagent (GE Healthcare, Chicago, IL, USA) was used
for signal detection.

Expression levels of PPAR« protein were assessed by flow
cytometry. Briefly, T cells were seeded onto 24-well plates
(Ix 10° cells/well) and treated with various nanoparticle
preparations containing 20 uM fenofibrate for 48 h. Cells
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were harvested, washed with PBS, and stained with FITC-
conjugated anti-mouse CD3 antibody (BioLegend) for 1 h.
Cells were fixed and permeabilized using a transcription
factor buffer set (BioLegend; catalog #424401) and incu-
bated with Alexa Fluor 647-conjugated anti-mouse PPAR«
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA;
catalog #sc-398394, lot #H1017) for 1 h.

Protein expression levels of the fatty acid translocase,
CD36, were analyzed by flow cytometry. Briefly, T cells
seeded onto a 24-well plate (1 X 109 cells/well) were treated
with various nanoparticle preparations containing 20 pM
fenofibrate for 48 h and then stained with FITC-conjugated
anti-mouse CD3 antibody and allophycocyanin (APC)-
conjugated anti-mouse CD36 antibody (BioLegend; catalog
#102611, lot #B270594) for 1 h.

2.11 Assessment of Mitochondrial Activation

Mitochondrial activation was evaluated based on morphol-
ogy, membrane potential and oxygen consumption rate
(OCR). T cells were seeded onto a 24-well plate (1 x 100
cells/well) and stimulated with anti-CD3/CD28 antibody-
tethered Dynabeads (Thermo-Fisher Scientific) at a 1:1
ratio of T cells to beads in the presence of interleukin (IL)-2
(10 ng mL™") for 48 h. After the removal of beads, T cells
were treated with various nanoparticle preparations contain-
ing 20 pM fenofibrate in the presence of IL-2 (10 ng mL™!)
for 48 h. Cells were then starved by incubating for 24 h in
low-glucose medium (XF DMEM Base Medium) contain-
ing 0.5 mM XF glucose, 1 mM XF glutamine, 0.5 mM car-
nitine (Sigma-Aldrich), 1% fetal bovine serum (FBS) and
40 pM palmitate-bovine serum albumin (BSA; Seahorse
Biosciences, Billerica, MA, USA). For TEM observation
of mitochondrial morphology, T cells were fixed with Kar-
novsky’s solution and pelleted, after which cell pellets were
fixed with 1% osmium tetroxide for 1 h and stained with
0.5% uranyl acetate overnight. Cell pellets were dehydrated
with ethanol and sequentially immersed in ethanol/Spurr’s
resin (1:1) solution and ethanol/Spurr’s (1:2) solution for 1 h
each [26]. Cells were then incubated with Spurr’s resin again
at 4 °C overnight, followed by incubation at 70 °C overnight.
Thin sections (60 nm) were prepared and observed by TEM
(Talos L120C; Thermo Fisher Scientific, Inc.).
Mitochondrial membrane potential was measured by flow
cytometry and confocal microscopy. For flow cytometry,
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cells were incubated with 0.125 pM MitoTracker Orange
CMTMRos (Life Technologies) for 30 min and analyzed
by flow cytometry. For confocal microscopy, cells were
seeded onto poly-L-lysine coverslips after staining with
MitoTracker. Nuclei were counterstained with DAPI and
fixed with 4% formaldehyde. The fluorescence of T cells
was observed by confocal laser-scanning microscopy (TCSS;
Leica Microsystems GmbH, Wetzlar, Germany).

OCR and extracellular acidification rate (ECAR) were
measured with an XFp Extracellular Flux analyzer (Sea-
horse Biosciences) using an XFp Cell Mito Stress Test
Kit (Seahorse Biosciences) and XFp Glycolysis Stress Kit
(Seahorse Biosciences), according to the manufacturer’s
instructions. For OCR measurements, T cells were seeded
onto a Cell-Tak (Seahorse Biosciences) pre-coated XFp
culture microplate (4 x 103 cells/well). Immediately prior
to OCR measurements, 100 pM of palmitate-BSA was
added to the plate. During measurements, 2 pM oligomy-
cin, 1.5 pM carbonyl cyanide-4 (trifluoromethoxy)phenyl
hydrazone and 1 pM rotenone and antimycin A mixture
were added to each well. For ECAR measurements, T cells
were seeded onto a Cell-Tak pre-coated XFp microplate
(4% 10° cells/well). During the measurement, 10 mM glu-
cose, 1 pM oligomycin and 100 mM 2-deoxy-D-glucose
were added to each well.

2.12 In Vitro T Cell Proliferation Test

The effect of nanoparticles on T cell proliferation was stud-
ied using cell apoptosis, cell proliferation, and live/dead
cell assays. Mouse T cells were seeded onto a 24-well plate
(1x 10 cells/well) and activated by adding anti-CD3/CD28
Dynabeads at a T cell:Dynabeads ratio of 1:1 in the presence
of IL-2 (10 ng mL™") for 48 h. After removing Dynabeads,
T cells were treated with various nanoparticle preparations
containing 20 uM fenofibrate for 48 h in the presence of
IL-2 (10 ng mL™!). The medium was then changed to low-
glucose medium supplemented with 40 uM palmitate-BSA
and incubated for an additional 24 h.

Apoptosis of T cells was measured using an Annexin V
Apoptosis Detection Kit FITC (Thermo-Fisher Scientific).
Apoptotic cells were detected by staining cells with annexin
V and propidium iodide (PI). Cell viability was measured
using WST-1 reagent (Sigma-Aldrich). In brief, T cells were
suspended in 100 pL RPMI medium containing 10% WST-1
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reagent and then seeded onto a 96-well plate. After incubat-
ing for 2 h at 37 °C, absorbance of the medium at 430 nm
was measured using a Multi-Reader (Molecular Devices).
For live/dead assays, T cells were harvested and stained with
2 pM calcein AM and 4 pM PI for 15 min. Cell viability
was assessed by examining under a fluorescence microscope
(DM IL; Leica).

2.13 In Vitro Measurement of Lipid Uptake by T Cells

Lipid uptake by T cells was measured by flow cytometry
using fluorescently labeled lipids. T cells were seeded onto
a 24-well plate (1 x 10° cells/well) and stimulated with anti-
CD3/CD28 antibody-tethered Dynabeads at a T cell to bead
ratio of 1:1 in the presence of IL-2 (10 ng mL™") for 48 h.
Dynabeads were then removed, and T cells were further
treated with various nanoparticle preparations containing
20 pM fenofibrate in the presence of IL-2 (10 ng mL~") for
48 h. The medium was then replaced with fresh RPMI-1640
medium, and T cells were treated with 1 pM 4,4-difluoro-
5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-hexadecanoic
acid (BODIPY C,4, Thermo-Fisher Scientific), a fluorescent
fatty acid, at 37 °C for an additional 2 h. T cells were har-
vested and washed with PBS, and lipid uptake was analyzed
by flow cytometry.

2.14 In Vitro Measurement of T Cell Secretion of Fatty
Acid Metabolites

Secretion of fatty acid metabolites from T cells was evalu-
ated by assaying p-hydroxybutyrate in culture medium.
Briefly, isolated T cells were seeded in a 24-well plate
(1% 10° cells/well) and activated with anti-CD3/CD28 anti-
body-tethered Dynabeads at a T cell to bead ratio of 1:1 in
the presence of IL-2 (10 ng mL~") for 48 h. Dynabeads were
removed, and T cells were treated with nanoparticle prepara-
tions containing 20 pM fenofibrate. After incubation with
nanoparticles for an additional 48 h, cells were washed with
PBS and resuspended in low-glucose medium with 40 pM
palmitate-BSA. After starvation for 24 h, f-hydroxybutyrate
concentration in the culture medium was measured using
a p-Hydroxybutyrate Assay Kit (Abcam, Cambridge,
England).
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2.15 In Vitro Assessment of the Cancer Cell-Killing
Activity of Nanoparticle-Stimulated T Cells

The ability of nanoparticle-treated T cells to kill BI6F10
melanoma cells was measured by fluorescence dye staining
and live, real-time video monitoring. T cells from sple-
nocytes were exposed to tumor-associated antigens and
treated with various nanoparticle preparations. To better
mimic the in vivo tumor microenvironment, we isolated
splenocytes from spleens of adjuvant-treated B16F10
tumor-bearing mice. In brief, C57BL/6 mice were inocu-
lated subcutaneously with B16F10 cells (5 X 103 cells).
Seven days after tumor inoculation, doxorubicin (DOX;
Sigma-Aldrich), used as an immunogenic cell death
inducer [27], was injected intratumorally at a dose of
50 pg/mouse together with monophosphoryl lipid A (MPL,;
InvivoGen, San Diego, CA, USA), used as an adjuvant
[28], at a dose of 20 pg/mouse [29]. After 2 days, mice
were sacrificed and splenocytes were isolated from the
spleen and antigenically stimulated with B16F10 lysates,
prepared by repeatedly freezing and thawing (5 cycles)
BI16F10 cells (2 10° cells mL™"). Splenocytes were incu-
bated with the resulting tumor lysates for 48 h, after which
collected T cells were treated with various nanoparticle
preparations with or without 20 uM fenofibrate for 48 h,
and then further treated with low-glucose medium contain-
ing 40 uM palmitate-BSA for 24 h.

The cancer cell-killing activity of T cells was evaluated
by first seeding B16F10 cells, pre-stained with CellTracker
Green CMFDA Dye (Thermo-Fisher Scientific), onto a
24-well plate (1 x 10* cells/well) and co-culturing them
with B16F10 tumor lysate-stimulated T cells (1 x 10° cells/
well). After 24 h, cancer cells were stained with PI, and
the population of dead (CMFDA*/PI*) cancer cells was
analyzed by flow cytometry. In some experiments, the anti-
cancer effects of T cells were evaluated by staining T cells
with FITC-conjugated anti-mouse CD3 antibody or APC-
conjugated anti-mouse CD3 antibody (BioLegend; catalog
#100235, clone 17A2, lot #B256435). Then, the cells were
fixed and permeabilized using a transcription factor buffer
set (BioLegend) and incubated with Alexa Fluor 647-con-
jugated anti-mouse granzyme B antibody (BioLegend; cata-
log #515406, clone GB11, lot #B233111) or PE-conjugated
anti-mouse IFN-y antibody (BioLegend; catalog #505808,
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clone XMG1.2, lot #B265789). After 1 h, the percentages
of CD3*Granzyme B* or CD3"IFN-y*cells were analyzed
by flow cytometry. For real-time monitoring of stimulated
T cell-mediated cancer cell lysis, T cells pre-stained with
CellTracker Green CMFDA dye were seeded onto a 24-well
plate and cocultured with B16F10 cells stained with Cell-
Tracker Red CMTPX dye (Thermo-Fisher Scientific) ata T
cell:cancer cell ratio of 100:1. Cancer cell lysis was recorded
in real time over 45 h using an Operetta High-Content Imag-
ing System (PerkinElmer, Waltham, MA, USA).

2.16 In Vitro Study of FoxP3 Expression

The expression levels of FoxP3 in T cells after treatment
with various nanoparticles were evaluated by flow cytom-
etry. T cells were seeded onto 24-well plates (1 x 10° cells/
well) and treated with various nanoparticles containing
20 pM fenofibrate for 48 h. Cells were harvested, washed
with PBS and stained with FITC-conjugated anti-mouse
CD3 antibody, PE/Cy5-conjugated anti-mouse CD25 anti-
body (Biolegend; catalog #102010, lot #B277468) and PE-
conjugated anti-mouse CD4 antibody (Biolegend; catalog
#116006, lot #B255181) for 1 h. Cells were fixed and perme-
abilized using a transcription factor buffer (BioLegend) and
incubated with APC-conjugated anti-mouse FoxP3 antibody
(Invitrogen; catalog #17-5773-82, lot #1984797) for 1 h.

2.17 In Vivo T Cell Targeting of Nanoparticles

In vivo T cell targeting of nanoparticles was evaluated
using molecular imaging and flow cytometry. Six-week-old
mice were subcutaneously inoculated in the right flank with
5x10° B16F10 cells. After 7 days, mice were injected intra-
tumorally with various FITC-labeled nanoparticle prepara-
tions. For molecular imaging, the fluorescence intensity of
tumor tissue was recorded at various time points using an
IVIS Spectrum in Vivo Imaging System (PerkinElmer). For
flow cytometry, tumors were extracted at 24 h immediately
after injection of FITC-labeled nanoparticles. T cells in
extracted tumors were analyzed by incubation with APC-
conjugated anti-mouse CD3 antibody and the percentage of
CD3*FITC" cells was determined by flow cytometry.

The distribution of nanoparticles to T cells was visualized
by first extracting the tumor and fixing it by incubating with
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4% formaldehyde for 4 h at RT. The tissue was then embed-
ded in OCT cryostat sectioning medium, frozen at —80 °C
and sectioned at 10 pm using a Leica CM 3050 S microtome
(Leica). The tumor sections were washed three times with
PBS and blocked with 1% BSA in PBS for 30 min. After
blocking, the sections were incubated with APC-conju-
gated anti-CD3 antibody (BioLegend; catalog #100235, lot
#B290370) for 12 h at 4 °C. After staining with DAPI, tissue
fluorescence was assessed under a confocal laser-scanning
microscope (LSM 5 Exciter; Carl Zeiss).

2.18 In Vivo PPARx Expression Measurement

T cell lipid metabolism in vivo was evaluated by measur-
ing PPAR« expression. BI6F10 cells (5% 10° cells) were
subcutaneously inoculated into the right flank of 5-wk-old
C57BL/6 mice. After 7 days, DOX (50 pg/mouse) and
MPL (20 pg/mouse) were injected intratumorally. On days
10 and 12 after B16F10 cell inoculation, various nanopar-
ticle preparations (18 pg fenofibrate/mouse) were admin-
istered intratumorally. On day 14, mice were sacrificed
and extracted tumors were stained with FITC-conjugated
anti-mouse CD3 antibody and Alexa Fluor 647-conjugated
anti-mouse PPAR« antibody (Santa Cruz Biotechnology;
catalog #sc-398394, lot #H1017) for 1 h, followed by flow
cytometry. For immunofluorescence staining, tumors were
extracted and fixed with 4% formaldehyde for 4 h at RT,
after which the tissue was embedded in OCT and cryo-
sectioned at a thickness of 10 pm with a Leica CM 3050
S microtome (Leica). After permeabilizing tissue with
0.3% Triton X-100 (Sigma-Aldrich) in PBS for 10 min and
blocking with 0.025% Triton X-100 and 1% BSA in PBS
for 1 h, the sections were incubated with FITC-conjugated
anti-mouse CD3 antibody and Alexa Fluor 647-conjugated
anti-mouse PPARa antibody (Santa Cruz Biotechnology).
Tissues were then counterstained with DAPI and observed
under a confocal laser-scanning microscope (LSM 5
Exciter; Carl Zeiss).

2.19 In Vivo Lipid Uptake and Metabolite Imaging
in T Cells

Lipid uptake and metabolism in T cells were assessed by

flow cytometry and matrix-assisted laser desorption ioni-
zation (MALDI) imaging mass spectrometry, respectively.

https://doi.org/10.1007/s40820-020-00555-6
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Briefly, mice were injected intratumorally with 25 pg kg™
BODIPY C¢ on the day after the last injection of nanopar-
ticles. After 4 h, tumors were extracted and T cells were
stained with APC-conjugated anti-mouse CD3 antibody
for 1 h and the percentage of CD3*BODIPY™ T cells was
analyzed by flow cytometry. For lipid metabolite analysis,
F/ANs and aCD3/F/ANs were administered intratumor-
ally on days 10 and 12. On day 14, tumors were extracted
and embedded in 2% carboxymethyl cellulose (Sigma-
Aldrich) and cryosectioned at 10 pm with a Leica CM 3050
S microtome (Leica). Frozen tissue sections were mounted
onto indium-tin-oxide—coated glass slides (Bruker, Billerica,
MA, USA) and then were sprayed with 10 mg/ml solution
of a a-cyano-4-hydroxycinnamic acid (Bruker) in 70% ace-
tonitrile with 0.1% trifluoroacetic acid. The samples were
scanned over the relevant molecular weights, and the distri-
bution of representative metabolites was determined using
arapifleX system (Bruker).

2.20 In Vivo Assessment of Fatty Acid
Oxidation-Associated Gene Expression

In vivo expression levels of fatty acid oxidation-associated
genes in CD3-positive T cells were measured RT-PCR and
western blot. Briefly, tumors were extracted and digested by
1 mg mL~! collagenase (Sigma-Aldrich). Single cells were
stained with APC conjugated anti-mouse CD3 antibody and
CD3-positive cells were collected using BD FACSAria™
III sorter (BD Biosciences, San Jose, CA, USA). For RT-
PCR, total RNA was isolated from CD3-expressing T cells
using the TRIzol reagent (Thermo-Fisher Scientific). cDNA
was synthesized from mRNA using an AccuPower RT Pre-
Mix. Quantitative real-time RT-PCR was performed using a
LightCycler FastStart DNA Master SYBR Green I system.
For western blot, CD3-expressing T cells were lysated with
RIPA buffer containing protease inhibitor. The amounts of
protein were quantified by BCA assay. Primary antibod-
ies for detecting following proteins were uses: anti-mouse
CPT1B (Proteintech), anti-mouse LCAD (Proteintech), anti-
mouse MCAD (Proteintech) and anti-mouse f-actin (Cell
signaling). Horseradish peroxidase-linked anti-rabbit IgG
(Cell signaling) was used as secondary antibody. Amersham
ECL Prime Western Blotting detection reagent was used for
signal detection.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

2.21 In Vivo Antitumor Efficacy

The in vivo antitumor activity of various nanoparticle prepa-
rations was evaluated by monitoring B16F10 tumor growth.
BI16F10 cells (5% 10° cells) were subcutaneously inoculated
into the right flank of 5-week-old C57BL/6 mice. After 7 d,
DOX (50 pg/mouse) and MPL (20 pg/mouse) were injected
intratumorally, and on days 10 and 12, various nanoparti-
cle preparations containing fenofibrate (18 pg/mouse) were
administered intratumorally. Tumor size was measured in
two dimensions every 2 days using a slide caliper, and tumor
volume was calculated as aXbXx b x 0.5, where a and b are
the lengths of the largest and smallest dimensions [16].

2.22 Detection of Tumor-Infiltrating Lymphocytes
and Cytokines

Tumor infiltrating lymphocytes (TILs) and cytokines in
tumor tissues were measured by flow cytometry and immu-
nofluorescence staining. For flow cytometry, extracted
tumors were digested by incubating with 1 mg mL™" col-
lagenase (Sigma-Aldrich) in RPMI-1640 medium and the
resulting cell suspensions were stained with a mixture of
FITC-conjugated anti-mouse CD3 antibody and APC-
conjugated anti-mouse CD8a antibody (BioLegend; cata-
log #100712, clone 53-6.7, lot #B266721) for 1 h. TIL
function was assessed by staining cell suspensions with
FITC-conjugated anti-mouse CD3 antibody, Alexa Fluor
647-conjugated anti-human/mouse granzyme B antibody
(BioLegend; catalog #515406, clone GB11, lot #B233111),
and PE-conjugated anti-mouse IFN-y antibody (BioLegend;
catalog #505808, clone XMG1.2, lot #B265789) for 1 h.
For immunofluorescence staining, tumors were first
extracted and fixed with 4% formaldehyde for 4 h at RT.
The tissue was then embedded in OCT and cryosectioned at
a thickness of 10 pm using a Leica CM 3050 S microtome
(Leica). After tissue permeabilization, sections were incubated
with PerCP/cyanine 5.5-conjugated anti-CDS antibody (Bio-
Legend; catalog #100734; lot #B277115), PE-conjugated anti-
IFN-y antibody, and Alexa Fluor 647-conjugated anti-human/
mouse granzyme B antibody for 12 h at 4 °C. The tissue was
then washed three times with PBS, followed by staining with
DAPI. Tissue fluorescence was observed using a confocal
laser-scanning microscope (LSM 5 Exciter; Carl Zeiss).
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2.23 In Vivo Toxicity Study

Five-week-old C57BL/6 mice were subcutaneously injected
twice with various nanoparticles. Two days after first injec-
tions, whole blood and serum samples were collected for anal-
ysis of hematological parameters regarding to white blood cell
(WBC), red blood cell (RBC), hemoglobin (Hb), hematocrit
(HCT), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concen-
tration (MCHC), neutrophil, lymphocyte, monocyte, eosino-
phil, alanine aminotransferase (ALT), aspartate transaminase
(AST), blood urea nitrogen (BUN) and creatinine. Organs
(liver, lung, heart, spleen and kidney) were collected for hema-
toxylin and eosin staining.

2.24 Statistics

Two-side analysis of variance (ANOVA) with post hoc Stu-
dent—-Newman—Keuls test was used for statistical analyses.
Experimental data were analyzed with SigmaStat software
(version 12.0, Systat Software). A P-value less than 0.05 was
considered statistically significant.

3 Results and Discussion

3.1 Characterization of aCD3/F/ANs

aCD3/F/ANs were characterized based on the physicochemical
features of morphology, size, and surface charge. The struc-
tures of the various nanoparticle preparations are illustrated
in Fig. 2a. Hydrophobic fenofibrate was encapsulated in self-
assembled AP nanoparticles, and the surfaces of F/ANs were
chemically modified with an anti-CD3 antibody, resulting in
aCD3/F/ANs. TEM revealed that aCD3/F/AN particles were
spherical in shape (Fig. 2b), and dynamic light scattering data
showed that the sizes of aCD3/F/ANs did not significantly dif-
fer compared with those of F/ANs (Fig. 2c). The surface zeta
potentials of all nanoparticles were negative regardless of anti-
body modification (Fig. 2d). EDS-TEM showed the presence
of elemental sulfur in aCD3/F/ANs, reflecting the presence of
the anti-CD3 antibody (Fig. 2e). The amount of fenofibrate
per nanoparticle was not significantly different between F/ANs
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and aCD3/F/ANs (Fig. 2f). F/ANs and aCD3/F/ANs retained
their stability in PBS for at least 7 days (Fig. 2g). The in vitro
release of fenofibrate from aCD3/F/ANs was pH-dependent.
At pH 7.4 and 6.8, less than 20% of fenofibrate was released
from nanoparticles over 8 h. However, at pH 5.0, the release
of fenofibrate from aCD3/F/ANs was greater than 60% at 8 h
(Fig. 2h).

3.2 Uptake of aCD3/F/ANs by T Cells

The uptake of aCD3/F/ANs by T cells was monitored by
confocal microscopy (Fig. 3a) and flow cytometry (Fig. 3b,
c¢) using fluorescent dye-labeled nanoparticles. Confocal
fluorescence microscopy revealed negligible uptake of F/
fANs by T cells. Similarly, there was no notable uptake
of a physical mixture of anti-CD3 antibody and fANs. In
contrast, treatment with aCD3/F/fANs resulted in higher
uptake of nanoparticles by T cells. Consistent with confo-
cal microscopy images, flow cytometry showed that the
fluorescence-positive T cell population was highest after
treatment with aCD3/F/fANs (Fig. 3b), which resulted in
a 3.8-fold higher fluorescence-positive T cell population
compared with that observed in other treatment groups
(Fig. 3c).

3.3 Effect of aCD3/F/ANs on the Expression of Fatty
Acid Metabolism-Related Genes and Lipid Uptake
in T Cells

Treatment of T cells with aCD3/F/ANs affected fatty acid
oxidation-related gene expression levels and lipid uptake.
The cellular mechanism underlying PPARa-mediated lipid
metabolism enhancement is shown in Fig. 4a. To evalu-
ate metabolic reprogramming quantitatively, the expres-
sion levels of PPARa in T cells were measured by flow
cytometry. In the T cells treated with aCD3/F/ANs, the
highest expression of PPAR« was observed at protein level
(Fig. 4b) and mRNA level (Fig. S4b). The PPARa-positive
T cell population increased by more than 7.2-fold upon
treatment with aCD3/F/ANs compared with the untreated
group. In addition, the expression level of a fatty acid
translocase CD36, which exists on cell membrane, was

https://doi.org/10.1007/s40820-020-00555-6
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Fig. 2 Characterization of nanoparticles. a Schematic illustration of ANs, aCD3/ANs, F/ANs and aCD3/F/ANs. b Morphology of aCD3/F/ANs,
observed by TEM. Scale bar: 200 nm. ¢ Mean particle size of different nanoparticles, determined using DLS. d Zeta potential of nanoparticles,
measured by laser Doppler microelectrophoresis. e Characterization of aCD3/F/ANs with respect to the elements oxygen, chloride and sulfur,
conducted by STEM-EDS. Scale bar: 200 nm. f Amount of fenofibrate encapsulated in nanoparticles, quantified by HPLC. g Particle sizes of F/
ANs and aCD3/F/ANs in PBS, monitored for 7 days. h Release of fenofibrate from aCD3/F/ANs, quantified by HPLC under different pH condi-
tions (***P <0.001)

also evaluated by flow cytometry. The expression of CD36  ga(4 showed that aCD3/F/ANs significantly increased the
was 2.2-fold higher in the aCD3/F/AN group compared protein expression levels of CPT1B, LCAD, and MCAD

with the F/AN group (Figs. 4c and S4e). Western blot  ompared to untreated and other groups (Figs. 4d and S5).
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Fig. 3 Uptake of nanoparticles by T cells. Mouse spleen-derived T cells were incubated with various fenofibrate-containing nanoparti-
cle preparations. After 24 h, cellular uptake of nanoparticles was visualized by confocal microscopy a and quantified by flow cytometry b, ¢

(***P <0.001, n.s., not significant). Scale bar: 10 pm

Consistently, mRNA level of CPT1B, LCAD and MCAD
was increased by 4.4-fold, 2.5-fold and 2.8-fold, respec-
tively, compared with untreated cells (Fig. 4g). Since one
consequence of the observed changes in gene expression is
an increased rate of lipid uptake, we measured lipid uptake
by T cells using fluorescent dye-labeled lipid, BODIPY

© The authors

C,¢. Compared with untreated cells, T cells treated with
ANs, aCD3/ANs, F/AN or with a mixture of anti-CD3
antibody and F/ANs (aCD3 + F/ANs) showed no signifi-
cant change in lipid uptake by T cells (Fig. 4e). In contrast,
treatment of T cells with aCD3/F/ANs increased lipid
uptake 3.1-fold compared with untreated cells (Fig. 4f).

https://doi.org/10.1007/s40820-020-00555-6
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Fig. 4 Fatty acid metabolism-associated gene expression and lipid uptake in T cells. a The cellular mechanism underlying aCD3/F/AN-induced enhancement of
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AN treatment is proposed to activate PPARa in T cells, leading to over-expression of fatty acid metabolism-associated proteins, including CD36 (fatty acid trans-
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of PPARa protein in T cells (PPARa"/CD3%), measured by flow cytometry. ¢ The levels of CD36 protein in T cells (CD36"/CD3%), measured by flow cytometry. d
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3.4 T Cell Mitochondrial Activation by aCD3/F/ANs

Mitochondrial functions in T cells, including fatty acid
metabolism, were modulated by treatment with aCD3/F/
ANs. To mimic the glucose-deficient tumor microenvi-
ronment, we incubated T cells in low-glucose medium. In
low-glucose environment containing palmitate as a lipid
source, untreated T cells or T cells treated with nanopar-
ticles such as AN, aCD3/AN and F/AN showed poorly-
defined mitochondrial cristae with shrunken morphologies
compared to the mitochondrial of T cells in high-glucose
condition (Figs. 5a and S6). In contrast, T cells treated
with aCD3/F/ANs showed mitochondrial structures with
clear cristae, similar to those observed in high glucose
environment (Fig. 5a).

In addition to altering the morphology of mitochondria,
aCD3/F/ANs increased mitochondrial membrane poten-
tial, with fluorescent dye staining revealing the highest
mitochondrial membrane potential in T cells treated with
aCD3/F/ANs (Fig. 5b). Under low-glucose conditions,
mitochondrial membrane potential did not differ among
groups (Fig. S7a, b). However, treatment with aCD3/F/
ANs in palmitate-supplemented low-glucose medium
expanded the population of T cells with increased mito-
chondrial membrane potential by more than 6.3-fold com-
pared with other treatment groups (Fig. 5¢).

aCD3/F/AN-mediated delivery of fenofibrate to T cells
enhanced lipid metabolism and mitochondrial activity.
However, the ECAR value, an indicator of glycolysis,
showed little difference among groups, suggesting similar
levels of glycolysis in all groups (Fig. 5d). In contrast to
ECAR, basal OCR, an indicator of mitochondrial respira-
tion, was significantly higher in the aCD3/F/AN-treatment
group compared with other groups (Fig. Se, f). In addition,
spare respiratory capacity (SRC), which is related to the
extra ATP capacity produced by mitochondrial metabolism
during a sudden increase in energy demand (calculated by
subtracting minimal respiration from maximal respiration),
was highest in the aCD3/F/AN-treatment group, reaching a
level eightfold higher than that in the F/AN group (Fig. 5g).
Moreover, the aCD3/F/AN group exhibited the highest
ratio of OCR to ECAR, with a value 2.2-fold higher than
that of the F/AN-treated group (Fig. 5h). Consistent with
the observed enhancement in lipid metabolism, aCD3/F/
AN treatment significantly increased the production of
p-hydroxybutyrate, a major lipid metabolite (Fig. 5i),
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increasing it by 2.2-fold upon palmitate supplementation
compared with F/ANs. In contrast, -hydroxybutyrate lev-
els were not significantly changed by AN, F/AN, aCD3/
AN or aCD3 + F/AN treatment in the presence or absence
of supplemental palmitate (Fig. S8a).

3.5 In Vitro Proliferation of Metabolically
Reprogrammed T Cells

Treatment with aCD3/F/ANs affected the survival and pro-
liferation of T cells. In these experiments, T cells were
treated with various nanoparticle formulations under glu-
cose-deficient conditions. In some experiments, low glu-
cose medium was supplemented with palmitate as a lipid
source. Fluorescent dye-based live/dead assays revealed
that, in such a glucose-deficient, but palmitate-replete,
environment, the aCD3/F/AN-treatment group showed the
highest fraction of live T cells (Fig. 6b) and a significantly
higher annexin V7/PI” cell population compared with other
treatment groups (Fig. 6¢, d). In addition, upon palmitate
supplementation, the proliferation of aCD3/F/AN-treated
T cells was 5.4-fold higher than that in the untreated group
(Fig. 6e).

3.6 In Vitro Cancer Cell-Killing Activity of aCD3/F/
AN-Treated T Cells

The treatment with aCD3/F/ANs enhanced the cancer cell-
killing activity of T cells. Upon co-incubation of T cells
with B16F10 melanoma cells, the levels of granzyme B and
IFN-v in aCD3/F/AN-treated T cells were 2.3- and 3.0-fold
higher compared with those in the F/AN-treated group,
respectively (Fig. 7b—e). The cancer cell-killing activity of
T cells treated with ANs, F/ANs, aCD3/AN or aCD3 + F/AN
was not different from those of untreated T cells (Fig. 7).
However, the population of dead cancer cells following incu-
bation with aCD3/F/AN-treated T cells was 15.6-fold higher
than that following incubation with T cells treated with
aCD3 + F/ANs (Figs. 7f and S9). Real time video record-
ings further showed that untreated T cells did not attack
B16F10 cells (Supplementary Video S1), whereas aCD3/F/
AN-treated T cells vigorously attacked B16F10 cells (Sup-
plementary Video S2). Still images of untreated T cells and
aCD3/F/AN-treated T cells captured at various time points
are shown in Fig. 7g.
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Fig. 5 Mitochondrial morphology, membrane potential and fatty acid metabolism in T cells. T cells were treated with aCD3/F/ANs in low-
glucose medium supplemented with palmitate as a lipid source. a TEM showing mitochondria of T cells in high-glucose medium, low-glucose
medium untreated or treated with aCD3/F/AN. Scale bar: 1 pm (upper panels) and 500 nm (lower panels). b Mitochondrial membrane potential,
assessed using MitoTracker Orange CMTMRos and visualized by confocal fluorescence microscopy. ¢ Populations of T cells with increased
mitochondrial membrane potentials, quantified by flow cytometry. d, e ECAR (d) and OCR (e), measured using a Seahorse XFp analyzer. f~h
Basal OCR (f), SRC (g) and OCR/ECAR h values, obtained based on ECAR and OCR values (*P<0.05, **P<0.01). i f-Hydroxybutyrate
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3.7 In Vivo Distribution of aCD3/F/ANs to T Cells
in Tumor Tissues

The in vivo distribution of nanoparticles to T cells in tumor
tissues was visualized by determining colocalization with
T cells in fluorescence images. aCD3/F/fANs showed the
highest retention in tumor tissues compared with F/fANs
and the aCD3 + F/AN group (Fig. 8a). An intensity analysis
showed that the distribution of nanoparticles to tumor tis-
sues over 72 h post-dose was highest in the group treated
with aCD3/F/fANs (Fig. 8b). At 72 h, ex vivo fluorescence
imaging of extracted tumor tissues revealed that aCD3/F/
fANs were retained to a higher extent than other nanopar-
ticle preparations (Fig. S9). Uptake of nanoparticles by T
cells in tumor tissues was tested by assessing colocaliza-
tion of nanoparticles and the FITC*CD3* T cell population.
The colocalization of nanoparticles to CD3* T cells was
highest in the aCD3/F/fAN-treatment group, which exhib-
ited 7.6-fold greater colocalization than the F/fAN group
at 24 h (Fig. 8c, d). Tumor tissue staining showed higher
colocalization of aCD3/F/fANs with CD3" T cells in tumor
tissues (Fig. 8e).

3.8 Reprogramming of In Vivo Fatty Acid Metabolism
in aCD3/F/AN-Treated T Cells

The intratumoral administration of aCD3/F/ANs modulated
in vivo PPARa expression, lipid uptake and metabolism
by T cells. The in vivo experimental scheme is illustrated
in Fig. 9a. Flow cytometry showed that PPARa-positive
(Fig. 9b) and BODIPY C,¢-positive (Fig. 9¢). T cell popu-
lations were increased to a greater extent in the aCD3/F/
AN-treatment group. Expression of PPAR« was increased
4.1-fold and 2.6-fold in this group compared with F/AN-
and aCD3 + F/AN-treatment groups, respectively (Fig. 9d).
Uptake of BODIPY C,q lipid was almost twofold higher
in the aCD3/F/AN-treatment group than in other groups
(Fig. 9e). Mice treated with aCD3/F/AN showed signifi-
cantly increased protein expression and mRNA levels of
CPT1B, LCAD and MCAD compared with untreated group
(Fig. 9f, g). Immunostaining revealed distinct PPAR«
expression in CD3" T cells in tumor tissues, as demonstrated
by colocalization of CD3 and PPARa staining (Fig. 9h, i).
MALDI imaging revealed enhanced levels of the fatty acid
oxidation metabolites, acetoacetate, f-hydroxybutyrate and
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palmitoylcarnitine, in T cells treated with aCD3/F/ANs
(Fig. 9j).

3.9 In Vivo Antitumor Efficacy of Metabolically
Reprogrammed T Cells

To assess the effects of aCD3/F/ANs on tumor growth and
the survival of mice, we intratumorally injected B16F10
tumor-bearing mice with various nanoparticle preparations
twice, once on day 10 after tumor inoculation and again
on day 12 (Fig. 10a). aCD3/F/AN treatment exerted signifi-
cantly higher tumor growth-inhibitory effects than treatment
with other nanoparticle preparations (Fig. 10b, c). Notably,
the survival rate of mice treated with aCD3/F/ANs was
100% up to day 60. In contrast, no mice survived beyond
44 days after tumor inoculation in any other treatment group
(Fig. 10d).

To test whether the observed antitumor efficacy was
attributable to the enhanced function of metabolically
reprogrammed T cells, we quantified tumor-infiltrating
CD8™ T cells (Fig. 11b). The CD8" T cell population in
tumor tissues was significantly increased in mice treated
with aCD3/F/ANs, which exhibited a CD8* T cell popula-
tion in tumor tissues 14.8-times higher than that in F/AN-
treated mice (Fig. 11b, e). In vivo treatment with aCD3/F/
AN affected expression levels of IFN-y and granzyme B in
T cells. Specifically, IFN-y—expressing T cells accounted for
20.5% +4.1% of tumor T cells in the aCD3/F/AN-treated
group—a more than fivefold increase compared with F/AN-
and aCD3 + F/AN-treatment groups (Fig. 11c, f). Similar
to the IFN-y expression pattern, the highest percentage of
granzyme B—expressing T cells was observed for the group
treated with aCD3/F/ANs, which showed more than a 3.9-
fold increase in levels compared with other treatment groups
(Fig. 11d, g). An immunohistochemical analysis of tumor
tissues showed no notable infiltration of CD8* T cells in
tumor tissues in the untreated mice (Fig. 11h). However,
considerable infiltration of CD8* T cells in tumor tissues
and secretion of IFN-y and granzyme B were observed in
tumors treated with aCD3/F/ANs (Fig. 11i).

Here, we demonstrated that enhanced delivery of fenofi-
brate to T cells modulated the fatty acid metabolism of T
cells and stimulated their cancer cell-killing activity. T
cell-directed delivery of fenofibrate was achieved by modi-
fication of the surfaces of fenofibrate-loaded nanoparticles

@ Springer
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mouse group, monitored for 60 days after tumor inoculation

with an anti-CD3 antibody. Uptake of aCD3/F/ANs by T
cells increased mitochondrial function and the expression
of fatty acid metabolism-related genes, including PPARa. T
cells metabolically reprogramed by aCD3/F/ANs efficiently
killed B16F10 melanoma cells in vitro, and an in vivo study
showed that aCD3/F/AN treatment prevented the growth of
tumors and increased the production of various cytokines.
In this study, we entrapped fenofibrate in ANs and modi-
fied the surfaces of F/ANs with anti-CD3e f(ab’)2 anti-
body fragments. The nanoparticle is based on the amphi-
philic derivative of poly (y-glutamic acid) which is natural
biopolymer produced from Bacillus species [30]. Due to
the biocompatibility and biodegradability, poly (y-glutamic

SHANGHAI JIAO TONG UNIVERSITY PRESS

acid)-based biomaterials have been studied for delivery sys-
tems of various active substances. Poly (y-glutamic acid)
and gold nanocluster hybrid nanoparticles were reported
for receptor-mediated cancer cell delivery and photother-
mal therapy [31]. Poly (y-glutamic acid) coating of doxoru-
bicin-loaded mesoporous silica nanoparticle was shown to
increase the delivery to cancer cell and enhance the antican-
cer effect of doxorubicin [32]. Amphiphilic phenylalanine
derivative of poly (y-glutamic acid) was found to self-assem-
ble polymeric micelles and entrap hydrophobic anticancer
drugs in the hydrophobic phenylalanine core parts [22].
Moreover, the carboxylic groups at the surfaces of amphi-
philic poly (y-glutamic acid)-based nanoparticles enable the

@ Springer
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surface modification with other functional molecules such as
targeting ligand chemicals and antibodies [33].

Here, fenofibrate was encapsulated inside of the AN
matrix, which is thought to provide a hydrophobic core by
virtue of the phenylalanine moieties of AP. The release of

© The authors

Fig. 11 In vivo cytokine production by T cells in tumor tissues. a B16F10 tumor-bearing mice were injected with nanoparticle preparations on
days 10 and 12 after tumor inoculation. On day 14, tumor tissues were extracted for analysis. b-d Infiltrating CD8* T cells (b), IFN-y—expressing
T cells (¢) and granzyme B—expressing T cells (d) among tumor tissue CD3" T cells, determined by flow cytometry (***P <0.001). Populations

cells (g) are shown. h, i In untreated (h), and aCD3/F/AN-treated mice
llow), anti-IFN-y (green) and anti-granzyme B (light purple) antibodies

fenofibrate from aCD3/F/ANs at lower pH values might be
attributable to protonation of carboxyl groups in AP. The
CD3 receptor, which has been used as a marker of T cells
[34], was chosen as a target because it is overexpressed on
T cells and has been reported to induce receptor-mediated
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endocytosis upon binding of nanoparticles [33]. Indeed, we
observed enhanced uptake of aCD3/F/ANs by T cells com-
pared with plain F/ANs both in vitro (Fig. 3) and in vivo
in B16F10 tumor tissues (Fig. 8¢). The comparable T cell
uptake of aCD3/ANs (Fig. 3) supports the major role of CD3
antibody fragments in T cell delivery.

The CD3 antibody-mediated delivery enabled aCD3/F/
AN to show high selectivity to T cells without side effect
to other cells. Our data support that the expression levels
of CD3 were notably higher in T cells compared to other
cells (Fig. S1). In line with the CD3 expression levels,
the uptake of aCD3/F/ANs was significantly higher in T
cells compared to other cells such as BMDC, BMDM,
MLg, MRC-5, and 293 T (Fig. S2). Although the cellular
uptake patterns were affected by the expression levels of
CD3, the viability of cells were not affected by the types
of cells, and nanoparticles. In all cells tested, the viability
was retained after treatment with various nanoparticles
(Fig. S3).

Consistently, our in vitro and in vivo toxicity study dem-
onstrated that aCD3/F/AN did not induce any cytotoxicity
(Fig. S3) or systemic side effects (Fig. S12). In vivo safety
study revealed that the repeated injection of mice with
aCD3/F/ANs did not alter histology (Fig. S12a) or organ
functions, showing similar levels of ALT, AST, BUN and
creatinine compared to untreated group (Fig. S12b). More-
over, the levels of ALT, AST, BUN in the group treated
with aCD3/F/ANs did not significantly differ from those of
untreated group.

CD3 receptor-mediated enhanced delivery of fenofibrate
to T cells was shown to induce the expression of fatty acid
uptake- and metabolism-related genes (Fig. 4). We found
that uptake of fluorescent lipid by T cells was increased
only in aCD3/F/AN-treated T cells, and not T cell treated
with other nanoparticle preparations (Fig. 4f, g). The higher
uptake of fluorescent lipids by aCD3/F/AN-treated T cells
may be attributable to upregulation of fatty acid transport,
consistent with a previous report that PPARa agonists
induce up-regulation of the fatty acid transporter, CD36 [35].
Indeed, we observed that expression of CD36 was highest in
T cells treated with aCD3/F/ANs (Fig. 4c). CD36, known
as fatty acid translocase, functions in mediating the entry of
extracellular fatty acids into the cytosol of cells [36].

Fatty acids entering T cells via CD36 can be transported
to mitochondria, where they feed into the TCA cycle. We
observed that treatment with aCD3/F/ANs increased the
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expression of CPT1B, LCAD, and MCAD (Fig. 4d, e).
CPTI1B is known to increase the transport of fatty acids
from the cytosol to mitochondria [37], whereas LCAD
and MCAD are involved in the p-oxidation of fatty acids
[38, 39]. The increased expression of fatty acid oxidation-
related genes is attributable to the ability of the pharmaco-
logical agent fenofibrate to activate PPAR« [40]. PPAR«,
the molecular target of fenofibrate, is a key transcriptional
regulator of fatty acid oxidation-related genes. In association
with enhanced expression of PPARa, we observed increased
expression of the downstream fatty acid oxidation-related
genes CPT1B, LCAD and MCAD. Consistent with this, it
has been reported that expression of CPT1B, LCAD and
MCAD is induced by activation of the transcription factor,
PPAR« [25].

Our observations support the interpretation that uptake of
aCD3/F/ANs by T cells activates fatty acid metabolism, but
not glycolysis (Fig. 5). The significantly higher OCR and
ECAR ratio in aCD3/F/AN-treated T cells further supports
the conclusion that fenofibrate affected fatty acid metabo-
lism. T cells were metabolically reprogrammed to take up
and use fatty acids as an energy source. In the presence of
a fatty acid energy source, the reprogrammed T cells main-
tained a higher metabolic state and enhanced mitochondrial
function, as evidenced by the levels of lipid metabolites
in aCD3/F/AN-treated T cells. Because our data showed
that treatment with aCD3/ANs alone did not affect fatty
acid metabolism, it is unlikely that fatty acid metabolism
is affected by nanoparticles per se; instead enhanced fatty
acid metabolism is attributable to activation of PPARa by
fenofibrate. Consistent with this, it has been reported that
fenofibrate activates PPARa in various cell types, including
endothelial cells [41], cardiomyocytes [42], and adipocytes
[43].

The enhanced mitochondrial functions of aCD3/F/AN-
treated T cells may be attributable to the prolonged survival,
proliferation and effector functions of T cells (Figs. 6 and 7).
T cells are known to undergo metabolic stress and exhibit
mitochondrial dysfunction in glucose-deficient tumor micro-
environments [44]. Our TEM imaging revealed a shrunken
mitochondrial morphology and decreased mitochondrial
membrane potentials in glucose-deprived T cells (Fig. 5).
Mitochondrial membrane potential is known to play a cru-
cial role in ATP production and maintenance of cellular
functions [45]. Treatment with aCD3/F/ANs restored clear
cristae structures and membrane potentials of mitochondria.
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Notably, treatment with aCD3/F/ANs enhanced the cancer
cell-killing effector function of T cells, likely owing to the
reprogramming of T cells to use fatty acids as an alternative
energy source.

Fatty acid metabolism via the TCA cycle, which can pro-
vide greater energy to T cells, may lead to the production
of various cytokines, as underscored by several reports on
the relationship between robust mitochondrial function and
energy production in T cells on the one hand and cytokine
secretion on the other. Consistent with this, we found
that metabolic reprogramming of T cells by aCD3/F/ANs
resulted in increased secretion of the cytokine, granzyme B
(Fig. 7). It was previously reported that fenofibrate induces
mitochondrial fatty acid oxidation-mediated augmentation
of the effector function of T cells by enhancing granzyme B
and IFN-y secretion [21]. Other studies have also reported
that mitochondrial metabolism is essential for the ability of
T cells to adapt by rapidly modifying their energy require-
ments. It has been reported that memory CD8* T cells main-
tain a higher mitochondrial metabolic rate through fatty acid
oxidation and actively produce the cytokines, IFN-y and
IL-2 [46]; their mitochondrial function and secretion of IL-2
and TNF-a are also enhanced by acute infection [47]. Our
observations are in agreement with previous findings that
mitochondrial function plays a crucial role in the production
of cancer-killing cytokines by T cells.

Although we targeted CD3, which is expressed in various
types of T cells, our focus was mainly on the effect of meta-
bolic manipulation on effector CD8* T cells. Mitochondrial
energy production is known to be critical for the ability of
CD8* T cells to exert their cytotoxic function. In the case of
regulatory T cells, metabolic adaptations allow these cells to
maintain their inhibitory immune functions with the help of
FoxP3. Several studies have reported that FoxP3, acting as a
master transcriptional regulator, reduces the dependence of
regulatory T cells on glycolysis to favor the mitochondrial
oxidation pathway, providing these cells with a metabolic
advantage over CD8" T cells in low-glucose environments
[48, 49]. It is unlikely that the improved effector function of
T cells was dependent on the alterations of FoxP3 expres-
sion. In this study, we observed that aCD3/F/AN did not
significantly affect the expression of FoxP3 in T cells (Fig.
S10).

The metabolic reprogramming of tumor-infiltrating T
cells, as revealed by their elevated expression of PPAR« in
aCD3/F/AN-treated tumor tissues (Fig. 9), contributes to the

© The authors

anticancer efficacy of aCD3/F/ANs. An additional contribut-
ing factor is the enhanced in vivo delivery of aCD3/F/ANs
to T cells in tumor tissues, which exceeded that of all other
nanoparticle preparations (Fig. 8). In this study, to enhance
infiltration of T cells into tumor tissues, we pretreated mice
with DOX, which is reported to act as an immunogenic
cell inducer [27], and MPL, used as an immunoadjuvant
[28]. The enhanced infiltration and activation of T cells by
aCD3/F/AN-induced metabolic reprogramming, in turn,
enhanced the killing of tumor cells. This is supported by
the production of the cytokines, IFN-y and granzyme B
(Fig. 11), the latter of which has been shown to be a marker
of activated cytotoxic T cells [50].

In this study, we achieved the selective activation of
PPARa by delivering fenofibrate only to T cells using an
aCD3 antibody fragment. The selective delivery of fenofi-
brate can increase the amount of fenofibrate available to T
cells and reduce the nonspecific distribution of fenofibrate
to other tissues of the body. The importance of selective
T cell targeting is supported by our demonstration that
the physical combination of aCD3/ANs + F/ANs produced
no meaningful alterations in metabolism in virtually all
experimental settings. Importantly, the lack of significant
anticancer effect of aCD3/ANs + F/ANs (Figs. 7 and 10)
and the observation that aCD3/F/AN treatment completely
abrogated tumor growth in B16F10 tumor-bearing mice
(Fig. 10) support the importance of T cell targeted delivery
of nanoparticles.

Although we targeted tumor-infiltrating T cells by
aCD3/F/AN in this study, the concept of lipid metabolic
reprogramming can be broadly applied to adoptive T cell
transfer. Currently, the anticancer effects of chimeric antigen
receptor-engineered T cells against solid tumors are limited,
partly because of their diminished viability in the hypogly-
cemic tumor microenvironment [5S1]. For adoptive T cell
transfer, ex vivo pretreatment of T cells with aCD3/F/ANs
might be used to fortify the survival and effector functions
of these cells in the tumor microenvironment.

4 Conclusions
In conclusion, we have provided evidence that metabolic

reprogramming of T cells can be used as a new mode of
anticancer immunometabolic therapy. The enhanced T cell
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delivery achieved using CD3/F/ANs was shown to activate
fatty acid oxidation metabolic pathways and restore mito-
chondrial functions of T cells in a glucose-deficient environ-
ment. Treatment with aCD3/F/ANs also increased effector
functions of T cells against tumor cells. We used T cells
for metabolic reprogramming in the current study, but the
concept of metabolic reprogramming as a strategy for acti-
vating anticancer effector functions can be broadly applied
to the design of other immunometabolic therapies against
solid tumors.
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