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Fig. 6. Enhanced efficacy of OT-1 CD8" T-Tre/BCN-Lipo-Ava cells in an experimental disseminated melanoma mouse model. (A) In vivo bioluminescence images of
mice bearing melanoma tumors in the lungs (n = 5 mice per group). (B) Representative microscopic hematoxylin and eosin-stained images (sale bar, 5 mm) and (C) quan-
tification of lung sections harvested from mice receiving each treatment on day 30. Whole lung sections were imaged, and tumor area was quantified (n =4 mice per
group). (D) Survival curves of mice receiving each treatment (n =5 mice per group). (E) Body weights of all mice (n =5 mice per group). Data were analyzed by one-way
ANOVA with Tukey'’s correction (C) or a log-rank (Mantel-Cox) test (D). Error bars denote SEM. *P < 0.05, **P < 0.01, ***P < 0.001. ns denotes no significant difference.

tumor microenvironment by a sustained and prolonged release of Although T-Tre/BCN-Lipo-Ava cells demonstrated no overt
Ava. In addition, retaining Ava on the T cell surface afforded an auto-  toxicity in our animal studies, the long-term toxicity should be
crine- and paracrine-like mechanism of action for Ava, which was thoroughly investigated before translation into the clinic. To this end,
critical for optimal efficacy (23). clinically approved metabolic-modulating drugs can be investigated
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Fig. 7. Adoptive CAR T-Tre/BCN-Lipo-Ava cell transfer promoted survival in an orthotopic glioblastoma mouse model. (A) Schematic illustration of the experimen-
tal design. i.c,, intracranial. (B) In vivo bioluminescence images of mice bearing glioblastoma tumors (n=5 mice per group). (C) Survival curves of mice receiving each
treatment (n =5 mice per group). (D) Body weights of all mice (n=5 mice per group). Serum (E) IL-6, (F) IL-10, and (G) TNFa concentrations as measured by ELISA (n=5
mice per group). Data were analyzed by one-way ANOVA with Tukey’s correction (E) or a log-rank (Mantel-Cox) test (C). Error bars denote SEM. *P < 0.05, **P < 0.01,
***P < 0.001. ns denotes no significant difference.
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for use in cell-surface anchor-engineering. Further investigation,
including the improvement of the physical stability of liposomes by
optimizing lipid compositions, will be necessary to increase the
therapeutic window of combined drugs. An additional limitation of
this study is the use of adoptive T cell therapy, which requires a
lengthy manufacturing process for patients and may result in
graft-versus-host disease, cytokine release syndrome, or neurotox-
icity. To overcome this limitation, the anchor-engineering strategy
presented here could be applied to other types of cells, such as
natural killer cells and neutrophils.

In conclusion, this rational combination of metabolic interven-
tion and T cell therapy yielded improved efficacy in two murine
tumor models and provided an alternative combination strategy for
boosting solid tumor immunotherapy. In addition, this study serves
as a proof of concept for cell-surface anchor-engineering, which can
be easily tailored to other combinations of cell therapy and clinically
approved metabolic drugs and/or antibodies. Last, this cell-surface
anchor-engineering expands the range of nongenetic T cell engi-
neering strategies and can be deployed to various cell types.

MATERIALS AND METHODS

Study design

This study was designed to investigate a combination of metabolic
reprogramming and T cell therapy via surface anchor-engineering
to improve efficacy of immunotherapy in solid tumors. To investi-
gate the antitumor efficacy of T-Tre/BCN-Lipo-Ava cells, we de-
signed a series of in vitro and in vivo experiments. For in vivo
experiments, animals were randomly assigned into treatment groups.
The sample size was determined by previous experience and pre-
liminary experiments. All mice were included in our analysis if a
tumor was established. Sample sizes are denoted in figures or figure
legends and refer to number of animals unless stated otherwise. The
determination of treatment efficacy was assessed by the tumor size,
whole-body luciferase imaging, and survival time of mice, as well as
the representative markers of T cells. The body weight changes, histo-
pathological changes, and inflammatory responses in mice were
investigated to evaluate safety. For confocal imaging, the image ac-
quisition and analysis were performed blinded. All results shown
are either representative of or mean of at least three independent
samples (otherwise annotated in the legends).

Cell lines and mice

The human glioblastoma cell line LN-229, the human prostatic car-
cinoma cell line PC-3, and the mouse melanoma cell line B16F10
were all purchased from the American Type Culture Collection.
LN-229 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 5% FBS and 1% penicillin-streptomycin. PC-3 cells were
cultured in DMEM-F12 with 10% FBS and 1% penicillin-streptomycin.
B16F10 cells were cultured in DMEM with 10% FBS and 1%
penicillin-streptomycin. BI6F10 cells were stably transfected with
the plasmid pAc-neo-OVA (B16F10-OVA) that carried chicken OVA
mRNA by electroporation using Gene Pulser Xcell (Bio-Rad Labo-
ratories). For bioluminescent in vivo tumor imaging, we transduced
the B16F10-OV A and LN-229 cells with a firefly luciferase—expressing
lentivirus (GeneChem) according to the manufacturer’s instruc-
tions. Human CD3" pan T cells were purchased from Miao Tong
Biological Technology Co. Ltd. Nonobese diabetic/severe combined
immunodeficient/ IL2Ry7/7 (NSG; 18 to 20 g, male) mice and TCR trans-
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genic OT-I mice (18 to 20 g, male) were purchased from GemPharmatech
Co. Ltd. TCR transgenic Thyl.1" pmel-1 mice were purchased from
The Jackson Laboratory. C57BL/6] mice (18 to 20 g, male) were
obtained from Beijing Vital River Laboratory Animal Technology
Co. Ltd. All animals were pathogen free and allowed access to food
and water freely. The Animal Care and Use Committee of the China
Pharmaceutical University approved all of the animal studies and
animal protocols.

Chemistry

Detailed synthesis method of each compound is listed in the Sup-
plementary Materials. To successfully modify the cell surface by
click reaction, a cyclononynyl-derivatized phospholipid analog
(DSPE-BCN) was synthesized as a lipid click module, and a tetrazinyl-
derivatized PEG phospholipid analog (DSPE-PEGsy-Tre) was syn-
thesized for the insertion of cell membrane. Two fluorescently
labeled tetrazine derivatives (FITC-DSPE-PEGsi-Tre and DSPE-
PEGsk-FITC) were also synthesized for fluorescence imaging. All
above structures were confirmed by 'H-NMR, and DSPE-BCN was
also confirmed by MS. Ultraviolet spectroscopy was performed to
detect the reaction between the two modules at 540 nm.

Isolation of mouse CD8" T cells

Spleens from C57BL/6] Thyl.1" pmel-1 mice or C57BL/6] OT-I
mice were ground through a 70-um filter, and red blood cells were
removed by incubation with ACK lysis buffer for 5 min at 4°C. Then,
the splenic cells were centrifuged, washed with p-PBS (without Ca**
and Mg*"), and isolated by the EasySep Mouse CD8+ T Cell Isola-
tion Kit (StemCell) to obtain naive pmel-1 Thyl.1* CD8" T cells
(pmel-1 CD8" T cells) or OT-I CD8" T cells. To activate CD8"
T cells, naive CD8" T cells were resuspended at 1.5 x 10° cells/ml in
RPMI medium containing recombinant mouse IL-2 (10 ng/ml),
plate-bound anti-CD3 (5 ug/ml), and anti-CD28 agonist antibodies
(2 ug/ml) and incubated at 37°C. After an incubation period of
2 days, dead cells were removed by centrifugation, and living cells
were collected. Activated CD8" T cells were cultured in medium
containing IL-2 and anti-CD3 and anti-CD28 agonist antibodies for
in vitro and in vivo studies.

Preparation and characterization of T-Tre/BCN-Lipo-

Ava cells

T-Tre/BCN-Lipo-Ava cells were obtained by incubating CD8"
T cells sequentially with DSPE-PEGsk-Tre and BCN-Lipo-Ava.
Briefly, CD8" T cells (1 x 10° cells/ml) were resuspended in serum-
free medium. Then, CD8" T cells were incubated with DSPE-
PEGsk-Tre (80 pg/ml) at 37°C for 10 min. After two washes with
ice-cold PBS, cells were incubated with BCN-Lipo-Ava with Ava at
100 pg/ml at 37°C for 30 min. The CD8" T cells with surface-
anchored BCN-Lipo-Ava were collected by centrifugation at 800g
for 5 min, washed with PBS, and resuspended in medium for in vitro
or in vivo studies. The concentration of Ava in T-Tre/BCN-Lipo-
Ava cells was determined using HPLC (HPLC-LC-2010A HT,
Shimadzu). CAR T-Tre/BCN-Lipo-Ava cells were prepared using
the same method.

For the preparation of T cells anchored with fluorescent lipo-
somes, CD8" T cells (1 x 10° cells/ml) were incubated with FITC-
DSPE-PEGsk-Tre, FITC-DSPE-PEGsg, or DSPE-PEGsk-Tre (80 pg/ml)
at 37°C for 10 min. After washing with PBS, BCN-Lipo-RhoB or
RhoB-Lipo was incubated with cells at 37°C for 30 min. After washing
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with PBS, the CD8" T cells anchored with fluorescent anchoring
modules or fluorescent liposomes were stained with Hoechst 33342,
fixed with 4% paraformaldehyde (PFA), and used immediately for
confocal imaging and flow cytometry analysis.

To further confirm that our surface anchor-engineering strategy
enabled the anchoring of nanoparticles on the T cell surface, we ob-
tained BCN-modified Au nanoparticles (BCN-Au) through BCN-
PEG-SH reaction with Au nanoparticles. Then, the CD8" T cells
were incubated with DSPE-PEGsk-Tre for 10 min. After washing
with PBS, cells were further incubated with BCN-Au at 37°C for
30 min. CD8" T cells with surface-anchored Au nanoparticles were
collected by centrifugation at 800g for 5 min. The cells were fixed
with 2.5% glutaraldehyde aqueous solution overnight. After wash-
ing with PBS three times, samples were dehydrated with gradient
ethanol and imaged by SEM (Quanta 250, FEI).

To investigate the stability of liposomes on the surface of T cells,
RhoB-labeled T-Tre/BCN-Lipo-Ava cells were cultured and ex-
panded for 2 and 4 days. Then, the cells were collected, stained with
Hoechst 33342, and fixed with 4% PFA for confocal imaging and
flow cytometry analysis. To further assess drug stability on T-Tre/
BCN-Lipo-Ava cells, we determined the amounts of Ava in the
supernatant, intracellular compartment, and filtered compartment
using HPLC. The in vitro stability of T-Tre/BCN-Lipo-Ava cells
was evaluated under different conditions, including normal physio-
logical condition (PBS, pH 7.4) and FBS. Briefly, T-Tre/BCN-Lipo-
Ava cells (1 x 10° cells per well) were seeded in 24-well plates and
then incubated with RPMI 1640 medium or 50% FBS in RPMI 1640
medium for different periods (0, 2, 4, 6, 8, 10, 12, 24, 48, and
72 hours). The amounts of Ava anchored on T-Tre/BCN-Lipo-Ava
cells and released into the supernatant medium were determined
using HPLC.

To calculate the number of liposomes anchored on the surface of
T cells, 1 x 10° CD8" T cells were first incubated with DSPE-PEGs-
Tre or DSPE-PEGs (80 pg/ml) at 37°C for 10 min. After washing
with PBS twice, T cells were then incubated with the BCN-Lipo-Ava
solution in 1 ml for 30 min. The concentration of BCN-Lipo-Ava in
the solution was assessed with Nanoparticle Tracking Analyzer
(Malvern NanoSight NS300). The liposome number anchored on
the surface of CD8" T cells per million was calculated as follows:
(Mbefore DSPE-PEG-Tre — Mafter DSPE-PEG-Tre) — (Mbefore DSPE-PEG — Mafter DSPE-
PEG)/106> where fpefore DSPE-PEG-Tre aNd Mbefore DsPE-PEG Were the
counted numbers of liposomes in the solution before the incubation
of BCN-Lipo-Ava with T cells, and naier DSPE-PEG-Tre a00d Mafter DSPE-PEG
were the counted numbers of liposomes in the supernatant after the
incubation of BCN-Lipo-Ava with T cells. The counts of #pefore DSPE-PEG
minus Aufer pspe-pEG Were used to calculate nonspecific adsorption
of liposomes on the surface of T cells.

Evaluation of physiological functions of T-Tre/BCN-Lipo-

Ava cells

The physiological functions of T-Tre/BCN-Lipo-Ava cells were
evaluated, including viability, apoptosis, proliferation, chemotaxis,
and activation. For viability analysis, 1 x 10° T cells and T-Tre/
BCN-Lipo-Ava cells were cultured in RPMI 1640 medium contain-
ing recombinant mouse IL-2 (10 ng/ml), plate-bound anti-CD3
(5 ug/ml), and anti-CD28 agonist antibodies (2 ug/ml). On days 0,
3, 6, 8, and 10, the cells were collected for trypan blue staining and
cell counting to calculate the survival rate of the cells. Meanwhile,
1 x 10° T cells were incubated with RPMI 1640 medium without
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anti-CD3 and anti-CD28 antibodies as control. Survival rate
(%) = number of unstained cells/total number of cells x 100%.

For the apoptosis analysis, 1 x 10° T cells and T-Tre/BCN-Lipo-Ava
cells were stimulated by plate-bound anti-CD3 (5 ug/ml) and
anti-CD28 agonist antibodies (2 pg/ml) for 10 days and were col-
lected and suspended in 0.5 ml of 1x binding buffer and washed
twice with ice-cold PBS. The Annexin V-FITC Apoptosis Detection
Kit (Vazyme) was used according to the manufacturer’s instruc-
tions for the apoptosis assay. The stained cells were analyzed with
an Attune NxT flow cytometer (Thermo Fisher Scientific).

For the proliferation assay, T cells and T-Tre/BCN-Lipo-Ava
cells were resuspended at 1 x 107/ml in prewarmed serum-free
RPMI 1640 medium. CFSE was added to the cells at a final concen-
tration of 2 uM, and cells were incubated at 37°C for 15 min. CFSE
staining was quenched by adding a 1:1 volume ratio of cold RPMI
1640 medium with 10% FBS, and cells were centrifuged at 500g for
3 min followed by two more washes in cold RPMI with FBS. Then,
the cells were resuspended in RPMI medium containing IL-2, and
anti-CD3/CD28 beads (Dynabeads Mouse T-Activator CD3/CD28)
were added to the medium at a bead-to-cell ratio of 1:1. Two days
after activation, T cells were mixed with counting beads, washed
once with fluorescence-activated cell sorting (FACS) buffer, and
then returned to the incubator. At days 3 and 5, the cells were col-
lected and washed with PBS before analysis by flow cytometry. To
further measure proliferation, T cells and T-Tre/BCN-Lipo-Ava
cells were cultured in RPMI 1640 medium containing recombinant
mouse IL-2 (10 ng/ml) in culture plates precoated with anti-CD3
(5 pg/ml) and anti-CD28 (2 ug/ml) agonist antibodies. At days 0, 3,
6, 8, and 10, the cells were collected and counted. Fold expansion
rate (%) = number of cells/number of cells (day 0) x 100%.

To measure the transvascular migration capacity of surface
anchor-engineered T cells, we established a transwell model with a
confluent endothelial [human umbilical cord endothelial cells
(HUVECGs)] monolayer. Briefly, HUVECs (2 x 10° cells per well)
were seeded onto the upper chamber of the transwell (3 um, 24 mm)
and cultured with medium containing FBS (10% v:v). The integrity
of the cell monolayer was evaluated by measuring the transepithelial
electrical resistance (TEER) values using a Millicell-ERS voltohm-
meter (Millipore). Cell monolayers with TEER value higher than
300 ohm-cm” were used for the transmigration studies. T-Tre/
BCN-Lipo-Ava cells (1.25 x 10°) were added to the upper chamber
with TNFa (25 ng/ml) for 4 hours, and MCP-1 (20 ng/ml) was add-
ed into the lower chamber to induce the migration. After 12 hours
of incubation, the supernatant in the upper chamber and the medium
in the lower chamber were sampled, and the HUVEC cell layers on
the membrane of the transwell were harvested. The amount of Ava
in the supernatant, intracellular compartment, and filtered com-
partment was determined using HPLC. The Ava ratio in each com-
partment was calculated compared with the initial amount of Ava.
The number of T cells in the lower chamber was also counted.

The chemotaxis of T-Tre/BCN-Lipo-Ava cells was investigated
using a transwell migration assay (Corning). Briefly, 1 x 10° T-Tre/
BCN-Lipo-Ava cells or unmodified CD8" T cells were added to the
upper chamber of the transwell, and different concentrations of
MCP-1 (5, 20, and 100 ng/ml) were added into the lower chamber
to induce the migration. After 12 hours of incubation, the cells in
the lower chamber were harvested and the numbers were counted
using a hemocytometer. The chemotaxis index ((#1-Tre/BCN-Lipo-Ava —
ncontrol)/ ”control) was CalCUIateCL where NT-Tre/BCN-Lipo-Ava and Ncontrol
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are the counted numbers of CD8" T cells in the lower chamber after
incubating with T-Tre/BCN-Lipo-Ava cells in the presence of
MCP-1 and the unmodified CD8" T cells in the absence of MCP-1,
respectively.

To verify the activation status of T-Tre/BCN-Lipo-Ava cells, na-
ive unmodified T cells and T-Tre/BCN-Lipo-Ava cells were plated
on 96-well microtiter plates and stimulated with anti-CD3/CD28
agonist antibody beads (Dynabeads Mouse T-Activator CD3/CD28).
After 24-hour incubation, the cells were collected and stained with
FITC anti-mouse CD69 antibody (BioLegend), and expression of
the early T cell activation marker CD69 was quantified by flow
cytometry.

In addition, CD8" T cells were stimulated with ConA (Sigma-
Aldrich) in different concentrations for 2 days and rested for another
1 day. Then, cells were anchored with BCN-Lipo-Ava or incubated
with 1 uM free Ava for 24 or 48 hours. The cell supernatant was
used to measure IL-2, TNFa, and IFNy production in CD8" T cells
by enzyme-linked immunosorbent assay (ELISA) (Elabscience)
according to the instruction of the manufacturer.

Measurement of CD8* T cell cytotoxicity

To measure CD8" T cell cytotoxicity, activated pmel-1 CD8" T cells,
Ava-pretreated pmel-1 CD8" T cells, and pmel-1 CD8" T-Tre/
BCN-Lipo-Ava cells were washed three times with PBS and then
mixed with B16F10 (1 x 10°) in phenol-free RPMI 1640, 2% FBS at
the ratio of 10:1. After 4, 12, and 24 hours, the cytotoxic efficiency
was measured by quantifying the release of endogenous lactate de-
hydrogenase (LDH) from B16F10 cells using the LDH Cytotoxicity
Assay Kit (Beyotime Biotechnology) according to the instruction of
the manufacturer.

Super-resolution STED imaging

The confocal chamber was first treated with 0.01% (w/v) poly-L-
lysine solution for 2 hours. The solution was then discarded, and
the confocal chamber was placed at room temperature for 15 min to
dry. Next, anti-mouse CD3 antibody (20 pg/ml) was added into the
chamber and incubated overnight at 4°C. After the incubation, the
chamber was washed once with PBS. Meanwhile, 1 x 10° T-Tre/
BCN-Lipo-Ava cells or 1 x 10° CD8" T cells were cultured for
12 hours, and another group of 1 x 10° CD8" T cells was added to
1 uM free Ava for 12 hours. The cells were plated in pretreated confo-
cal chambers, incubated at 37°C for 10 min, and fixed with 4% PFA
for 15 min at room temperature. After two washes with PBS, CD8"
T cells were incubated with Alexa Fluor 647 anti-mouse TCR
B-chain antibody (2 pg/ml; BioLegend) for 20 min at room tem-
perature and again washed twice with PBS. Afterward, the cells
were incubated with 0.2% Triton X-100 for 10 min, washed with
PBS, and blocked with nonspecific binding protein for 30 min at
room temperature with 2% bovine serum albumin. Alexa Fluor 488
anti-ZAP70 Phospho (Tyr’'®)/Syk Phospho (Tyr***) antibody
(2 ug/ml; BioLegend) was added to cells, and cells were incubated for
1 hour at room temperature. The abundance of TCR and phosphor-
ylated ZAP70 on the membrane of CD8" T cells was imaged by
stimulated emission depletion (STED) microscopy (Leica TCS SP8).
Super-resolution STED images were analyzed using Leica LAS X.

Western blotting
To assess the effect of Ava on TCR signaling of CD8" T cells, CD8"
T cells plus 1 uM free Ava (T cell + free Ava) or CD8" T cells engi-
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neered with Ava-loaded liposomes (T-Tre/BCN-Lipo-Ava cell)
were incubated for 12 hours and then stimulated with CD3/CD28
antibodies for different amounts of time (0, 15, or 30 min). The
whole-cell protein extracts were isolated using radioimmunopre-
cipitation assay lysis buffer. Protein concentration was determined
by the BCA Protein Assay Kit (Keygen Biotech). About 30 pg of
total protein was loaded, fractionated by SDS-polyacrylamide gel
electrophoresis, transferred to polyvinylidene difluoride membrane,
and probed with anti—B-actin (Absin), anti-pCD3{ (Tyr142) (Thermo
Fisher Scientific), anti-CD3( (Bioworld), anti-pZAP70 (Tyr319) (Cell
Signaling Technology), anti-ZAP70 (Bioworld), anti-pERK1/2 (Cell
Signaling Technology), or anti-ERK1/2 (Cell Signaling Technology).
Signal was detected using a chemiluminescence imaging system
(Tanon). Band intensities were quantified by densitometric analysis
using Image]J software (Fiji, 1.51n). Each protein band was quanti-
fied using the integrated density value (mean pixel density x area).

Super-resolution imaging

CD8" T cells cultured without Ava for 12 hours, CD8" T cells incu-
bated with 1 uM free Ava for 12 hours, and T-Tre/BCN-Lipo-Ava
cells cultured for 12 hours were set up for imaging of TCR distribu-
tion in the plasma membrane using stochastic optical reconstruction
microscopy (STORM). T cells were placed in a 35-mm confocal
chamber and fixed with 4% PFA, followed by surface staining with
anti-TCRa/ (5 pg/ml; Abcam) for 4 hours at 4°C, and then the cells
were stained with Alexa Fluor 647-conjugated goat anti-hamster
immunoglobulin G (IgG) (2 pg/ml) for 2 hours at 4°C after washing
with PBS 10 times. Before imaging, the buffer in the dish was replaced
with imaging buffer containing 100 mM B-mercaptoethanolamine
(MEA) to enhance fluorescence signal. We analyzed the molecule
distribution of super-resolution STORM images with the N-STORM
analysis module of NIS-Elements 5.0 (Nikon) based on Ripley’s
K-function. Ripley’s K-function is used to compare a given distribu-
tion with a random distribution (52, 53). The equation is as follows:
K(r)= %2,11 N, (r) /). Here, r represents cluster radius, A means the
number of points per area (region of interest), p; is the ith point, and
the sum is taken over n points. The expected value of K(r) for a
random Poisson distribution is 7r%, and deviations from the expecta-
tion indicate scales of clustering. Then, the K-function is linearly nor-
malized to L-function so that the expected value is r: L(r)=\K(r) /=.
The K-function can be normalized so that the expected value is 0,
yielding the so-called H-function: H(r) = L(r) — r. L(r) — r represents
the efficiency of molecule clustering, whereas the r value at the
maximum L(r) — r value represents the cluster size with the highest
probability.

Imaging of TCR clustering by TIRFM

Planar lipid bilayers (PLBs) containing biotinylated liposomes were
prepared for imaging of TCR clustering. Biotinylated liposomes
were prepared by ultrasound treatment of 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) (A.V.T. Shanghai Pharmaceuticals Co.
Ltd.) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-cap-biotin
(biotin-DOPC) (Sigma-Aldrich) at a molar ratio of 25:1 in PBS at a
total lipid concentration of 5 mM. PLBs were formed in confocal
chambers, and 0.1 mM biotinylated-containing PLBs were washed
with PBS for 20 min. After washing with PBS, PLBs were incubated
with 20 nM streptavidin for 20 min, and residual streptavidin was
removed by washing with PBS. Streptavidin-containing PLBs were
incubated with 20 nM biotinylated anti-mouse CD3 antibody (17A2)

140f 18

1202 ‘Tz Arenuer uo Ausiaaiun plojuels 1e /610 Bewsousios wis//:dny wolj papeojumoq


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

(BioLegend), and unconjugated antibody was removed by wash-
ing with PBS. Last, PLBs were treated with PBS containing 5% FBS
for 30 min at 37°C and washed thoroughly. Three groups of cells
were set up for the imaging of TCR clustering by total internal reflec-
tion fluorescence microscopy (TIRFM): CD8" T cells cultured with-
out Ava for 12 hours, CD8" T cells incubated with 1 uM free Ava for
12 hours, and T-Tre/BCN-Lipo-Ava cells cultured for 12 hours. Then,
the T cells were stained with anti-mTCRa/ (5 ug/ml; Abcam) and
Alexa Fluor 647-conjugated goat anti-hamster IgG (2 pg/ml). TIRFM
imaging was performed on a Leica DMI8 microscope. Images were
analyzed with Image] (Fiji, 1.51n).

Cholesterol quantification

Two methods were used to quantify the cholesterol on T cells. For
Filipin III staining, T-Tre/BCN-Lipo-Ava cells were cultured for
12 hours and the CM was collected. Naive and activated cells were
incubated with each type of CM for 12 hours. Cells were collected,
plated in confocal chambers after centrifugation, and fixed with 4%
PFA for 15 min at room temperature. Then, cells were washed twice
with PBS and stained with Filipin III (50 pg/ml; Sigma-Aldrich) for
30 min at 4°C. Images were collected using a Zeiss LSM 880 confo-
cal microscope and analyzed using Zeiss ZEN software. In addition,
T-Tre/BCN-Lipo-Ava cells, Ava-pretreated T cells, and unconju-
gated T cells were incubated at 37°C for 12 hours. After incubation,
the cells were collected at 0, 2, 4, 8, 12, and 24 hours and stained
with Filipin IIT (50 pg/ml) to quantify the content of plasma mem-
brane cholesterol of T cells over time by flow cytometry.

For oxidation-based cholesterol quantification, activated CD8" T cells
were incubated with the CM of T-Tre/BCN-Lipo-Ava cells for 12 hours
or with an equivalent dose of free Ava for 12 hours as positive control.
The plasma membrane was collected as previously reported (54, 55),
and the cholesterol was quantified using an Amplex Red cholesterol
assay kit (Invitrogen) according to the manufacturer’s instructions.

In vivo tumor studies
For evaluation of adoptive surface anchor-engineered pmel-1 CD8"
T cells in an orthotopic melanoma model, B16F10 cells (1.0 x 10%)
were intradermally injected in the flank of C57BL/6] mice on day 0.
The B16F10-bearing mice were lymphodepleted with cyclophos-
phamide (2 mg/kg) and fludarabine (2 mg/kg) on day 6. Then, the
mice were randomly divided into nine groups (six mice per group)
and received saline, free Ava (2 mg/kg), BCN-Lipo-Ava (2 mg/kg
for Ava), pmel-1 CD8" T cells (1.0 x 107), pmel-1 CD8" T cell plus
free Ava (1.0 x 10, 2 mg/kg for Ava), pmel-1 CD8* T-Tre/BCN-
Lipo cells (1.0 x 107), Ava pretreated pmel-1 CD8" T cells (1.0 x 107),
pmel-1 CD8" T cells (1.0 x 10) plus unconjugated BCN-Lipo-Ava
(2 mg/k% for Ava), or pmel-1 CD8" T-Tre/BCN-Lipo-Ava cells
(1.0 x 107, 2 mg/kg for Ava) by intravenous injection on days 8 and
14 after tumor inoculation. The tumor size was measured by vernier
caliper every 2 days, and the animal survival rate was recorded every
day. Tumor size was calculated as (length x width®)/2. Weight was
recorded on days 3, 6, 9, 12, 15, 18, and 20. Mice with tumors larger
than 20 mm at the longest axis were euthanized for ethical consid-
erations. Heart, liver, spleen, lung, and kidney of the mice were
collected and weighed to calculate the organ index.

For evaluation of adoptive surface anchor-engineered T cells in
a disseminated pulmonary lung disseminated melanoma model,
B16F10-OVA-Luci cells (2.0 x 10°) were injected intravenously into
C57BL/6] mice, and then mice were randomly divided into six
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groups of five mice and treated as above on day 6. From day 6, mice
were imaged for bioluminescence every 5 days to monitor tumor
growth, and the animal survival rate was recorded every day. Mice
were euthanized when the body weight loss was greater than 20% of
the predosing weight. Heart, liver, spleen, lung, and kidney were
collected and weighed to calculate the organ index. Orthotopic
melanoma tumors and lungs were dissected, embedded in paraffin,
sectioned, and stained with H&E using routine methods. Briefly,
samples were harvested and fixed overnight in 4% PFA (dissolved
in phosphate buffer solution, pH 7.4) (Sigma-Aldrich) at 4°C. Sub-
sequently, the PFA-fixed tissues were transferred to 70% ethanol,
dehydrated, embedded in paraffin (Sigma-Aldrich), divided into
sections (5 um thickness), and stained with H&E. Sections were
photographed using dotSlide virtual microscopy (Olympus). Mor-
phometric evaluation was performed, and the geometric character-
istics of the tumor tissues were assessed using Image]J (Fiji, 1.51n).
Immunohistochemistry of Ki67 was performed on paraffin sections
by using rabbit anti-mouse-Ki67 (1:200; Cell Signaling Technology)
and staining with the HRP-DAB SPlink Detection Kit (ZSGB-Bio).
The Ki67 staining was imaged with Microscope BX53 (Olympus)
and analyzed by Image] (Fiji, 1.51n) with the ImmunoRatio 1.0 ¢ plugin.

To generate the intracranial glioma model, human luciferase-
expressing glioblastoma cells (LN-229-luci cells) were detached by
trypsinization, washed, and resuspended in PBS at a concentration
of 5 x 10° cells in 5 ul. NSG mice were anesthetized by isoflurane
and fixed in a stereotactic frame. Cells (5 x 10°) were injected into
the right frontal lobe of NSG mice using a microsyringe as previously
described (56). The injection coordinates for the orthotopic model
were 2 mm lateral from the bregma and 1.5 mm deep from the outer
border of the cranium. Mice were randomly divided into five groups
of five mice and treated with saline, free Ava (1 mg/kg), CAR T cells
(5% 10%), CAR T cells plus free Ava (5 x 10%,1 mg/kg for Ava), CAR
T-Tre/BCN-Lipo cells (5 x 10%), CAR T cells (5 x 10°%) plus uncon-
jugated BCN-Lipo-Ava (1 mg/kg for Ava), or CAR T-Tre/BCN-
Lipo-Ava cells (5 x 10°, 1 mg/kg for Ava) by intracranial injection
on days 6 and 12. From day 6, mice were weighed and imaged for
bioluminescence every 5 days to monitor the tumor growth, and
survival of mice was recorded every day. Mice were euthanized
when body weight loss was >20% of the predosing weight. Serum
samples from each group of mice were collected at day 18 after
tumor inoculation and analyzed for IL-6, IL-10, and TNFo concen-
trations via ELISA Kit (Elabscience).

Measurement of serum cytokine concentrations and

liver enzymes

Serum samples from mice treated as described above were collected
at day 18 or day 20 after tumor inoculation and analyzed for con-
centrations of IL-6, IL-10, and TNFo using the ELISA Kit (Elabscience
and Multisciences). The quantities of ALP, alanine transaminase
(ALT), aspartate transaminase (AST), BUN, and LDH were deter-
mined per kit instructions.

In vivo bioluminescence imaging

Luciferase substrate p-luciferin (Yeasen) suspended in ddH,O
(15 mg/ml) was intraperitoneally injected (150 mg/kg) 10 min
before imaging. Bioluminescence images were collected on the
IVIS Spectrum Imaging System (PerkinElmer). Living Image software
(PerkinElmer) was used to acquire and quantify the bioluminescence
imaging datasets.
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Phenotyping of adoptively transferred and endogenous
tumor-infiltrating CD8™ T cells in the B16F10 orthotopic
melanoma model
After injection of pmel-1 CD8" T-Tre/BCN-Lipo-Ava cells into B16F10-
bearing mice for 4 days, mice were euthanized and the orthotopic melano-
mas were collected and digested by collagenase IV (Sangon Biotech), and
leukocytes were isolated by 40 to 70% Percoll (GE) gradient centrifugation.
To measure the effector function of adoptively transferred cells
(pmel-1 CD8" T-Tre/BCN-Lipo-Ava cells), isolated cells were stim-
ulated with 1 pM ionomycin (MedChemExpress) and phorbol
12-myristate 13-acetate (50 ng/ml) for 4 hours in the presence of
brefeldin A (5 ug/ml), followed by staining with phycoerythrin
(PE)-Cy7 anti-mouse Thyl.1 (1 ug/ml; Thermo Fisher Scientific).
Then, the cells were divided into three groups and stained with allo-
phycocyanin (APC) anti-mouse PD-1 (0.4 ng/ml; Thermo Fisher
Scientific), APC anti-mouse TIGIT (Vstm3) (0.4 ug/ml; BioLegend),
or APC anti-mouse CD366 (TIM-3) (0.4 pg/ml; BioLegend). Next,
cells were fixed with 4% PFA and permeabilized using 0.2% Triton
X-100. After that, the cells were stained with FITC anti-mouse
GzmB (1 pug/ml; BioLegend), PE-Cy5.5 anti-mouse IFNy (0.6 ug/ml;
BioLegend), or PE anti-mouse TNFa (0.5 pg/ml; BioLegend). To
gate the cytokine- or granule-producing cells, T cells without stim-
ulation or stained with isotype control antibody were used as nega-
tive controls for flow cytometry analysis. In a separate experiment,
cells were stained with PE-Cy7 anti-mouse Thy1.1 (1 pug/ml). Then,
the cells were divided into two groups and stained with APC anti-mouse
PD-1 (0.4 ng/ml) (CD279) and PE anti-mouse TIGIT (Vstm3)
(0.4 pg/ml; BioLegend), or APC anti-mouse CD366 (TIM-3) (0.4 ug/ml),
PE anti-mouse CD152 (CTLA-4) (0.6 ng/ml; Thermo Fisher Scien-
tific), and FITC anti-mouse CD223 (LAG-3) (0.6 ug/ml; Thermo
Fisher Scientific) and analyzed by flow cytometry. To measure the
proliferation and the amount of membrane cholesterol, isolated cells
were stained with PE-Cy7 anti-mouse Thyl.1 (CD90.1) (1 pug/ml),
PE anti-mouse Ki67 (0.6 ug/ml; BioLegend), and Filipin IIT (50 pug/ml;
Santa Cruz Biotechnology), followed by analysis using flow cytometry.
To measure the effector function of tumor-infiltrating CD8"
T cells, the isolated cells were first stimulated as above and then
stained with APC-Cy7 anti-mouse CD8a (1 ug/ml; BD Pharmingen).
Next, cells were fixed with 4% PFA and permeabilized with 0.2%
Triton X-100. Then, the cells were stained with FITC anti-mouse
GzmB (1 ug/ml; BioLegend), APC anti-mouse IFNy (0.6 pg/ml;
BioLegend), or PE anti-mouse TNFo, (0.5 pg/ml; BioLegend). To gate
the cytokine- or granule-producing cells, T cells without stimulation
or stained with isotype control antibody were used as negative con-
trols. To evaluate T cell exhaustion, isolated cells were stained with
APC-Cy?7 anti-mouse CD8a (CD90.1) (1 ng/ml), then divided into two
groups, and stained with APC anti-mouse PD-1 (CD279) (0.4 ug/ml)
and PE anti-mouse TIGIT (Vstm3) antibody (0.4 pg/ml), or APC
anti-mouse CD366 (TIM-3) (0.4 ug/ml), PE anti-mouse CD152
(CTLA-4) (0.6 ug/ml), and FITC anti-mouse CD223 (LAG-3) (0.6 ug/ml),
and then analyzed by flow cytometry. To measure the proliferation
and the amount of membrane cholesterol, the isolated cells were
stained with APC-Cy7 anti-mouse CD8o (1 ug/ml), PE anti-mouse
Ki67 (0.6 ug/ml; BioLegend), and Filipin III (50 pug/ml; Santa Cruz
Biotechnology), followed by analysis using flow cytometry.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 8.0. All
plots show means + SEM. A one-way analysis of variance (ANOVA)
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test with Tukey’s correction for multiple comparisons was used for
comparisons of three or more groups. A Student’s unpaired t test
was used for two-group comparisons in the appropriate conditions.
A log-rank (Mantel-Cox) test was used to analyze survival differ-
ences. Statistical significance was set at *P < 0.05, **P < 0.01, and
*¥*P < 0.001, and ns denotes no significant difference.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/571/eaaz6667/DC1

Materials and Methods

Fig. S1. Synthesis of DSPE-BCN, DSPE-PEGs-Tre, DSPE-PEGs-Tre-FITC, and DSPE-PEGs-FITC.
Fig. S2. Characteristics of the click reaction and the liposomal Ava (BCN-Lipo-Ava).

Fig. S3. In vitro cytotoxicity and optimization of anchoring and clicking concentration and time.
Fig. S4. Percentage of anchoring liposomes on T cells over time.

Fig. S5. Surface anchor-engineered T cells maintained normal viability.

Fig. S6. Ava retention of surface anchor-engineered T-Tre/BCN-Lipo-Ava cells after transwell migration.
Fig. S7. In vitro activation of surface anchor-engineered T cells.

Fig. S8. The basal energy metabolism of surface anchor-engineered T cells.

Fig. S9. TMT-based quantitative proteomics of surface anchor-engineered T cells (T-Tre/BCN-Lipo cells).
Fig. S10. The abundance of ACAT1 proteins and the cytotoxicity of Ava in different types of cancer cells.
Fig. S11. Plasma membrane cholesterol concentration in T-Tre/BCN-Lipo-Ava cells over time.
Fig. S12. RNA expression of cholesterol metabolic genes in surface anchor-engineered T cells.
Fig. S13.IFNy, TNFa, and GzmB production and cytotoxicity of CD8" T cells after adding or
depleting cholesterol.

Fig. S14. Immunoblotting quantification of proximal and downstream TCR signaling molecules
after stimulation with anti-CD3/CD28 antibodies.

Fig. S15. The population of pmel-1 CD8" T cells and accumulation of Ava in tumors after
injection of pmel-1 T-Tre/BCN-Lipo-Ava cells.

Fig. S16. Safety evaluation of heart tissue by microscopic pathological analysis in B16F10
orthotopic melanoma mouse model.

Fig. S17. Safety evaluation of liver tissue by microscopic pathological analysis in B16F10
orthotopic melanoma mouse model.

Fig. 518. Safety evaluation of spleen tissue by microscopic pathological analysis in B16F10
orthotopic melanoma mouse model.

Fig. $19. Safety evaluation of lung tissue by microscopic pathological analysis in B16F10
orthotopic melanoma mouse model.

Fig. S20. Safety evaluation of kidney tissue by microscopic pathological analysis in B16F10
orthotopic melanoma mouse model.

Fig. S21. Biosafety analysis of surface anchor-engineered pmel-1 T cells in B16F10 orthotopic melanoma.
Fig. S22. Antitumor efficacy of OT-I T-Tre/BCN-Lipo-Ava cells in B16F10-OVA orthotopic
melanoma mouse model.

Fig. 523. Biosafety analysis of surface anchor-engineered OT-IT cells in B16F10-OVA orthotopic
melanoma.

Fig. S24. Characterization of tumor-infiltrating CD8" T cells after pmel-1 T-Tre/BCN-Lipo-Ava
cell transfer in B16F10 orthotopic tumors.

Fig. S25. IFNy, TNFa, and GzmB production of tumor-infiltrating CD8" T cells after OT-I T-Tre/
BCN-Lipo-Ava cell transfer in B16F10-OVA orthotopic tumors.

Fig. S26. The exhaustion and immunosuppressive status of pmel-1 T-Tre/BCN-Lipo-Ava cells
and tumor-infiltrating CD8" T cells after a single transfer in B16F10 orthotopic tumors.

Fig. S27. Pathology analysis of pulmonary sections of B16F10-OVA lung disseminated
melanoma model.

Fig. S28. Biosafety analysis of surface anchor-engineered OT-I T cells in a B16F10-OVA lung
disseminated melanoma model.

Fig. $29. IFNy, TNFa, and GzmB production of tumor-infiltrating CD8" T cells after OT-I T-Tre/
BCN-Lipo-Ava cell transfer in a B16F10-OVA lung disseminated melanoma model.

Fig. S30. Characteristics of LN-229 glioblastoma cells.

Fig. S31. Characteristics of anti-GD-2 CART cells.

Fig. $32. Surface-anchoring of GD-2 CART cells by liposomal Ava enhanced TCR clustering and
immunological synapse formation.

Table S1. The number of liposomes anchored on the surface of T cells.

Data file S1. Raw data for Figs.1to 7.

Data file S2. Raw data for figs. S2 to S29.

View/request a protocol for this paper from Bio-protocol.
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Reprogramming T cell metabolism with a click

Cancer therapies in which tumor-specific T cells are transferred into a patient often fail to control solid
tumors. This is partially due to metabolic dysfunction of the transferred T cells at the tumor site. In this study, Hao
et al. reprogrammed T cells by anchoring, and clicking, a drug that modulates metabolism to the surface of the T
cells. This drug, avasimibe, increased cholesterol in the T cell membrane, which enhanced T cell activation,
promoted tumor cell killing, and extended survival in mouse models of melanoma and glioblastoma. Thus, using
click chemistry to anchor drugs on the surface of T cells may be a useful technique to improve functionality of
adoptive T cell therapies.

ARTICLE TOOLS http://stm.sciencemag.org/content/12/571/eaaz6667
EALAF%E'—REX'LESNTARY http://stm.sciencemag.org/content/suppl/2020/11/23/12.571.eaaz6667.DC1
E(E)%\ﬁrTEﬁ% http://stm.sciencemag.org/content/scitransmed/12/565/eabb0152.full

http://stm.sciencemag.org/content/scitransmed/12/559/eaaz1863.full
http://stm.sciencemag.org/content/scitransmed/11/499/eaau5907.full
http://stm.sciencemag.org/content/scitransmed/11/495/eaaw2293.full
http://stm.sciencemag.org/content/scitransmed/12/533/eaaw2672.full

REFERENCES This article cites 56 articles, 13 of which you can access for free
http://stm.sciencemag.org/content/12/571/eaaz6667#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science Translational Medicine (ISSN 1946-6242) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. The title Science Translational Medicine is a
registered trademark of AAAS.

Copyright © 2020 The Authors, some rights reserved; exclusive licensee American Association for the Advancement
of Science. No claim to original U.S. Government Works

1202 ‘Tz Arenuer uo Ausiaaiun plojuels 1e /610 Bewsousios wis//:dny wolj papeojumoq


http://stm.sciencemag.org/content/12/571/eaaz6667
http://stm.sciencemag.org/content/suppl/2020/11/23/12.571.eaaz6667.DC1
http://stm.sciencemag.org/content/scitransmed/12/565/eabb0152.full
http://stm.sciencemag.org/content/scitransmed/12/559/eaaz1863.full
http://stm.sciencemag.org/content/scitransmed/11/499/eaau5907.full
http://stm.sciencemag.org/content/scitransmed/11/495/eaaw2293.full
http://stm.sciencemag.org/content/scitransmed/12/533/eaaw2672.full
http://stm.sciencemag.org/content/12/571/eaaz6667#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://stm.sciencemag.org/



