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One Sentence Summary:
Combination of avasimibe and T cell via surface anchor-engineering yields sustained metabolic

fitness and thus a synergistic efficacy in solid tumor.

Abstract: Treatment of solid tumors with T-cell therapy has yielded limited therapeutic benefits
to date. Although T-cell therapy in combination with proinflammatory cytokines or immune
checkpoints inhibitors has demonstrated preclinical and clinical successes in solid tumors, the
unsatisfactory results along with the severe toxicities necessitate the development of novel
combinatorial paradigm. Besides, a benign and general combinatorial technology to achieve
maximum synergistic efficacy could be further optimized. Here, the liposomal avasimibe (an

inhibitor of cholesterol-esterification enzyme, metabolism-modulating drug) containing bicyclo
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[6.1.0] nonyne (BCN) groups was clicked onto the T-cell surface displaying functional tetrazine
(Tre) groups-introduced by lipid insertion, without disturbing the physiological functions of T
cell. The liposomal avasimibe (4 pg avasimibe per million T cells) could be restrained on the T
cell surface during circulation and extravasation, and locally released to increase the level of
cholesterol in T-cell membrane, consequently induce a rapid TCR clustering and sustained T-cell
activation. Lastly, the surface anchor-engineered T cell, including mouse TCR transgenic CD8*
T cell and human CAR-T cell, presented a superior anti-tumor and metastatic efficacy in mouse
models of melanoma and glioblastoma. Notably, glioblastoma was completely eradicated in
three of the five mice receiving surface anchor-engineered CAR-T cell, while mice in other
treatment groups survived no more than 64 days. Moreover, the administration of engineered T
cell showed no obvious systemic side effects. This cell-surface anchor-engineered T cell with
sustained metabolic fitness is full of translational potential due to the facile and benign

generation as well as the augmented action/safety profile.

Introduction

T-cell therapy has demonstrated great clinical and preclinical successes in haematological
malignancies treatment (1, 2). Despite these encouraging results, treatment of solid tumors with
T cells yields limited therapeutic benefits (3). Most studies have focused on the co-
administration of proinflammatory cytokines or immune checkpoint inhibitors with T cells, to
boost the therapeutic index (4-8). However, the unsatisfactory results along with severe side
effects necessitate the development of novel combination paradigm (9, 10). It is increasingly
recognized that the suppressive metabolic state of oxygen- and nutrient- deprived tumor

microenvironment, largely impedes T-cell infiltration, survival, and effector function, which



likely comprised the therapeutic outcome of solid tumor T-cell therapy (11, 12). Of note, the
cellular metabolism involved diverse pathways, which offered a breadth of potential intervention
targets (12). For example, T-cell function is positively dependent on the level of cholesterol on
cell membrane to cluster T-cell receptor (TCR) and form immunological synapse (13-15).
Therefore, intervention of cholesterol metabolism combined with T-cell therapy holds great
promise for solid tumor immunotherapy.

Avasimibe (Ava), an inhibitor of the cholesterol-esterification enzyme acetyl-CoA
acetyltransferase 1 (ACATL1), has the potential to elevate plasma membrane cholesterol levels,
which in turn promotes TCR clustering and thus potentiating the effector function of T cells (16).
We thereby reasonably envisioned that, combining Ava with T-cell therapy would boost solid
tumor immunotherapy. However, the pharmacokinetics and biodistribution of Ava are
completely different from that of T cells, which may impose difficulties on optimizing the
synergistic effect (17-20). Thus, it is of great interest to develop novel and practical
combinatorial technologies to maximize the synergistic effects.

Genetically-engineered T cell, serving as a living factory to produce the designed protein
drugs, is generally utilized to realize the combined functions (21-23). Yet, the toxicity as well as
the efficacy is heterogeneous, due to the uncertain expression of T-cell genes (24, 25). Besides,
small molecular drugs, cannot be manipulated in this genetic manner. Alternatively, backpacking
nanoparticulated drugs onto T-cell surface via chemical conjugation or ligand-receptor
biorecognition, has great potential in optimizing the synergistic effect, showing augmented T-
cell function as well as improved therapeutic window of combined drugs (26-28). Of note, the
above-mentioned technologies, either occupying the membrane biomolecules (27-30) (such as

thiol groups and CD45 proteins) for a long time, or glycometabolism introducing exogenous



functional groups (31), e.g. azides, may impair the physiological functions of T cell. Thus, a
benign and facile technology to backpack nanoparticulated drugs onto T-cell surface can be
further optimized to reduce the influence of engineering process on T cell.

Here, inspired by glycosylphosphatidylinositol-anchored proteins on the plasma membrane
and click chemistry, an alternative strategy to backpack drug on T cell surface by T-cell-surface
anchor-engineering technology was developed. In specific, the functional tetrazine (Tre) groups
were first introduced onto the T-cell surface via lipid insertion to cell membrane and then the
liposomal Ava containing bicyclo [6.1.0] nonyne (BCN) groups was sufficiently clicked onto the
cell surface with 4 pg Ava per million T cells, without disturbing the physiological functions of
engineered T cell, e.g. transvascular migration and antigen-specific activation. Besides, the
liposomal Ava could be restrained on the T cell surface during circulation as well as
extravasation, and locally released to improve the level of cholesterol in T-cell membrane,
consequently a rapid TCR clustering and sustained T-cell activation. Lastly, the engineered T
cell, mouse TCR transgenic CD8* T cell and human CAR-T cell in this setting, showed a
superior anti-tumor and metastatic efficacy in mouse models of melanoma and glioblastoma.
Notably, glioblastoma was completely eradicated in three of the five mice receiving engineered
CAR-T cell, while mice in other treatment groups survived no more than 64 days. Moreover, no

obviously systemic side effects were detected in mice receiving engineered T cell.

Results
Design and generation of cell-surface anchor-engineered T cell (T-Tre/BCN-Lipo-Ava cell)
Cell-surface anchor-engineering of T cell involved two steps: i) the benign anchor of tetrazine-

bearing, two-tailed lipids into the lipid bilayers of T-cell membrane via hydrophobic interactions,



endowing T-cell surface with tetrazines, and ii) the subsequent biorthogonal click reaction of
cell-surface tetrazines with bicyclo [6.1.0] nonyne-containing liposomal Ava, as illustrated in
Fig.1A. To this end, tetrazine-bearing, two-tailed lipid (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-amino(polyethylene glycol)5000-tetrazine, DSPE-PEGsk-Tre) and
complementary  bicyclo [6.1.0] nonyne-derived lipid  (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-bicyclo [6.1.0] nonyne, DSPE-BCN) were first designed and synthesized,
of which structures were verified by proton nuclear magnetic resonance and mass spectrometry
(fig. S1). The DSPE-PEGsk-Tre was observed to rapidly react with DSPE-BCN at room
temperature in PBS, as evidenced by ultraviolet spectroscopy (fig. S2A). Then we used DSPE-
BCN as a functional component to prepare BCN-containing liposomal Ava (BCN-Lipo-Ava)
based on our previous work (32). The obtained BCN-Lipo-Ava displayed an average particle size
of 91.5 nm, with a uniform spheroid shape as suggested by transmission electron microscopy
images (TEM) (fig. S2B). The loading capacity and entrapment efficiency of BCN-Lipo-Ava for
Ava were measured at 2.3% and 89.1%, respectively. Moreover, BCN-Lipo-Ava remained stable
under physiological conditions, without detectable accumulations for at least 24 h (fig. S2C). The
resulting BCN-Lipo-Ava were rapidly and mildly reacted with DSPE-PEGsk-Tre at room
temperature in PBS within 0.5 h (fig. S2D), similar to the reaction of DSPE-PEGsk-Tre and
DSPE-BCN, as evidenced by ultraviolet spectroscopy (fig. S2A), which indicated the potential
of this anchor-click technology for engineering of living cell.

To develop effective and biocompatible anchor-click conditions for living-cell engineering,
we examined a number of cellular anchor-click parameters, including anchor/click feeding
concentrations and time. As demonstrated by CCK-8 analysis, no significant reduction in T-cell

viability was observed when incubated with DSPE-PEGsk-Tre (100 pg) and BCN-Lipo-Ava



(Ava Conc: 100 pg/mL) up to 24 h, indicating the cytocompatibility of these two modules (fig.

S3, A and B). Notably, when the feeding concentration of BCN-Lipo-Ava was fixed at 100

pug/mL, the amount of Ava in T-Tre/BCN-Lipo-Ava cells increased from 1 to 4 pg per million
cells and then plateaued, as the feeding amount of anchor module-DSPE-PEGsk-Tre increased.
The feeding amount of DSPE-PEGsk-Tre at plateau point was at 80 pg (fig. S3, C and D). Lastly,
we found that, the time of anchor and click both positively contributed to the amount of Ava in
T-Tre/BCN-Lipo-Ava cells within a certain time-less than 10 min for anchor and shorter than 30

min for click (fig. S3, E and F). Collectively, for all the following generations of T-Tre/BCN-

Lipo-Ava cell, unless it was specifically stated, the feeding amounts of DSPE-PEGsk-Tre and
BCN-Lipo-Ava were set as 80 pg and 100 pg/mL, while the time of anchor/click was fixed at 10
min and 30 min, respectively. The total number of liposomes anchored on the surface of T cells
was approximately 275 liposomes per T cell, as measured by nanoparticle tracking analysis, with
nearly 4 pg Ava per million cells (table S1 and fig. S3C).

Having demonstrated the cytocompatibility and efficacy of this anchor-click based living-
cell engineering, we next explored the generation and morphology of resulted T-Tre/BCN-Lipo
cell. To this end, DSPE-PEGsk-Tre and BCN-Lipo were tagged by fluorescein isothiocyanate and
Rhodamine, respectively (FITC-DSPE-PEGsk-Tre and BCN-Lipo-RhoB). Besides, fluorescence-
tagged lipid and liposome without clickable groups (FITC-DSPE-PEGsk and Lipo-RhoB) were
also prepared as controls. As displayed in Fig. 1B, T-Tre/BCN-Lipo-RhoB cell showed the
highest fluorescent intensity in comparison with those of T/BCN-Lipo-RhoB cell and T-
Tre/Lipo-RhoB cell, which indicated the anchor of liposomes onto T-cell surface was largely
owing to DSPE-PEGsk-Tre anchor and the subsequent click reaction, rather than physical

absorption. Further, as evidenced by fluorescent images of T-FITC-Tre/BCN-Lipo-RhoB cell



along with the corresponding correlation coefficients (Fig. 1, C and D), FITC-DSPE-PEGsk-Tre,
T-cell surface marker-CD8, and BCN-Lipo-RhoB, colocalized well, suggesting the successful
anchor of DSPE-PEGsk-Tre into cell surface, and the subsequent introduction of BCN-Lipo onto
cell surface via click reaction of Tre and BCN. In contrast, no such colocalized signal was
observed in T-FITC/BCN-Lipo-RhoB cell, due to lack of Tre groups inserted on cell surface. To
better visualize the morphology of T-Tre/BCN-Lipo cell, the scanning electron microscopy
images (SEM) were obtained. Of note, the BCN-modified gold nanoparticles instead of BCN-
Lipo were used, owing to the structure of BCN-Lipo that was fragile to dehydration during the
preparation of SEM sample. In Fig. 1E, a considerable amount of gold nanoparticles was tightly
restricted on the T-cell surface, as pointed by red arrows.

Next, we investigated the stability of T-Tre/BCN-Lipo-Ava cell, especially the retention of
BCN-Lipo-Ava on T-cell surface. RhoB-tagged BCN-Lipo-Ava stayed attached on the surface of
T-Tre/BCN-Lipo-Ava cell up to 4 days as evidenced by confocal microscopy imaging (Fig. 1F),
which likely resulted from the strong hydrophilicity and steric hindrance of PEG chain in the
anchor module-DSPE-PEGsk-Tre. Approximately 50% and 30% of initial anchoring liposomes is
retained on T-Tre/BCN-Lipo-Ava cell at day 2 and day 4, respectively, according to the flow

cytometry (Fig. 1G and fig. S4). In addition, approximately 50% of the backpacked Ava was

stably restricted on the surface of T-Tre/BCN-Lipo-Ava cell after 48 h culture in fetal bovine
serum (FBS)-free or 50% FBS-contained 1640 medium at 37 <C (Fig. 1, H and I). Taken together,
these data demonstrated a superior stability of T-Tre/BCN-Lipo-Ava cell with respect to not only
the retention of liposomes on cell surface but also the entrapment of Ava in the retained

liposomes.
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Fig. 1. Generation and characterizations of T-Tre/BCN-Lipo-Ava cell. (A) Schematic

diagram of generation of cell-surface anchor-engineered T cell (referred as T-Tre/BCN-Lipo
cell). (B) Flow cytometry analysis of T-Tre/Lipo-RhoB cell, T/BCN-Lipo-RhoB cell, and T-
Tre/BCN-Lipo-RhoB cell, using T cell as the control (n = 3 independent samples per group). (C)
Fluorescence images of T-FITC-Tre/BCN-Lipo-RhoB cell, T-FITC/BCN-Lipo-RhoB cell and T
cell. All cells were co-stained with APC-Cy7-conjugated anti-CD8a. Ab and Hoechst 33342.
Scale bar, 5 um (n = 2 independent experiments). (D) Pearson’s correlation coefficients for
FITC-DSPE-PEGsk-Tre v.s. BCN-Lipo-RhoB, FITC-DSPE-PEGsk-Tre v.s. APC-Cy7-anti-CD8a,
and BCN-Lipo-RhoB v.s. APC-Cy7-anti-CD8a, as shown in (C). n = 17 cells. Values >0.5
indicate colocalization of two fluorescent signals. (E) SEM of T-Tre/BCN-Au cell and T cell.
Red arrows indicate BCN-Au nanoparticles. (F) Confocal microscopy images of T-Tre/BCN-
Lipo-Ava cell after in vitro expansion for 2 days and 4 days. Scale bar, 5 um (n = 2 independent
experiments). (G) Flow cytometry analysis of T-Tre/BCN-Lipo-RhoB cell expansion at 37 <C for
2 days and 4 days, using freshly prepared T-Tre/BCN-Lipo-RhoB cell as control (n = 3
independent samples per group). (H-1) The percentages of Ava in T-Tre/BCN-Lipo-Ava cell,
which were cultured in 1640 medium containing no (H) or 50% FBS (1) for different incubation

time, n = 3 independent samples per group. Error bars denote SEM.

Key physiological functions of T-Tre/BCN-Lipo-Ava cell in vitro

The viability of T-Tre/BCN-Lipo-Ava cells was monitored over 10 days via trypan blue staining.
As shown in Fig. 2A, the viability of T-Tre/BCN-Lipo-Ava cells was all higher than 80% during
10 days and the apoptosis rate of T-Tre/BCN-Lipo-Ava cell was measured at 2.81% on day 10

(fig. S5), which demonstrated an unimpaired viability of T-Tre/BCN-Lipo-Ava cell. The in vitro



expansion of T-Tre/BCN-Lipo-Ava cells after stimulated by anti-CD3/CD28 antibodies,

presented a comparable level as that of T cells, nearly 20 folds on day 10, and this robust and

unimpaired proliferative capacity of T-Tre/BCN-Lipo-Ava cell was further verified by the
gradually decreased fluorescence intensity of carboxyfluorescein succinimidyl ester (CFSE)-
labelled T-Tre/BCN-Lipo-Ava cell, as analyzed by fluorescence activating cell sorter (FACS)
(Fig. 2, B and C).

Next, we observed no reduction in trans-endothelia migration capacity of T-Tre/BCN-Lipo-
Ava cell compared with T cell (38% v.s. 40%, Fig. 2D). Additionally, the chemotaxis behavior
of T-Tre/BCN-Lipo-Ava cell was studied, using monocyte chemoattractant protein-1 (MCP-1) as
the chemoattractant agent (27). As presented in Fig. 2E, the chemotaxis migrations of T-
Tre/BCN-Lipo-Ava cell and T cell were both positively related to MCP-1 concentration and the
percentages of migrated T-Tre/BCN-Lipo-Ava cell and T cell were calculated at 17% and 19%,
respectively, when the concentration of MCP-1 was at 100 ng/mL, indicating an intact
chemotaxis capacity of T-Tre/BCN-Lipo-Ava cell. Given T-Tre/BCN-Lipo-Ava cell could
reshape their cytoskeletons and consequently the cell membrane during migration (33), which
may lead to a loss of backpacked Ava, we next sought to figure out the amount of Ava in the
migrated T-Tre/BCN-Lipo-Ava cells. Compared to 4 ug per million cells of freshly-prepared T-
Tre/BCN-Lipo-Ava cells, we observed a small reduction in the amount of Ava-maintained in the
migrated T-Tre/BCN-Lipo-Ava cells, with 3.37 pg per million cells (fig. S6, A and B), which
fulfilled the dosage requirement for in vivo application (16).

Moreover, we found that, the surface expressions of CD69 (an activation marker of T cell)
(34-36) on T-Tre/BCN-Lipo-Ava cell and T cell were both low under quiescent condition

(without stimulation), and increased by the same extent in response to anti-CD3/CD28 antibodies
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stimulation, which suggested the condition of T-Tre/BCN-Lipo-Ava cell, just as T cell, was
solely dependent the exogenous immune stimuli rather than the engineering process/agents (Fig.
2F). Additionally, the secretion of cytokines (IL-2, IFNy, and TNFa) by concanavalin A (ConA)-
stimulated T-Tre/BCN-Lipo cell was comparable to that of T cell, but far less than that of T-
Tre/BCN-Lipo-Ava cell and T cell plus free Ava (Fig. 2, G, H and I, and fig. S7), indicating that
the backpacked Ava could improve the T cell function while the insert process of BCN-Lipo had
no effect on cytokine secretion.

We further examined the basal energy metabolism of T-Tre/BCN-Lipo-Ava cell.
Mitochondrial oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of T-
Tre/BCN-Lipo-Ava cell and unconjugated T cell were comparable (fig. S8), further confirming
that the engineering technology was benign without affecting the basal oxidative
phosphorylation and glycolysis.

Despite the survival, chemotaxis/migration ability, activation, cytokine secretion and basal
energy metabolism of T-Tre/BCN-Lipo-Ava cell was remained unaffected, the influences on
other proteins related to key physiological functions of T cell after engineering were unclear. To
clarify this, mass spectrometry was performed to examine T cell proteome alterations. We
studied the overall proteome changes between T-Tre/BCN-Lipo cell (without drug loading) and
unconjugated T cell by Tandem Mass Tag (TMT)-based quantitative proteomics. The result
exhibited that only a total of 7 proteins within 7226 all proteins showed more than 1.5-fold
change in abundance, suggesting very few proteins were affected by the cell surface anchoring
engineering. Of note, the expression of most proteins enriched in the biological process of TCR

signaling, T cell activation, T cell proliferation, and immune effector process remain unchanged
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(fig. S9), suggesting that central molecular signatures related to T cell function remain

unaffected.
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Fig. 2. T-Tre/BCN-Lipo-Ava cell maintained key physiological functions of T cell. (A)

Viability of T-Tre/BCN-Lipo-Ava cells for 10 days after stimulated with anti-CD3 and anti-
CD28 antibodies (CD3/CD28 Abs) (n = 3 independent samples per group). (B) In vitro
expansion of T-Tre/BCN-Lipo-Ava cells after stimulation. Naive and stimulated T cells were

used as controls (n = 3 independent samples per group). (C) The proliferative profile of T-
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Tre/BCN-Lipo-Ava cells after stimulation, using T cells with and without stimulation as controls
(n = 3 independent samples per group). (D-E) Transwell-assay of trans-endothelia (D) and
chemotaxis migration (E) behaviors of T-Tre/BCN-Lipo-Ava cell using MCP-1 as the
chemoattractant agent (n = 3 independent samples per group). (F) Flow cytometry analysis of
CD69 expression on cell surface with and without stimulation (n = 3 independent samples per
group). (G-1) The improved secretion of inflammatory cytokines including IFNy (G), TNFa (H)
and IL-2 (1) after stimulation for 48 h with concanavalin A (Con A) (n = 3 independent samples
per group). Data were analyzed by unpaired t-test. Error bars denote SEM, **P < 0.01 and ns

means no significant difference.

The antitumor responses of T-Tre/BCN-Lipo-Ava cell in vitro

The cytotoxicity of T-Tre/BCN-Lipo-Ava cell towards tumor cells was evaluated via the co-
culture of pmel-1 CD8" T cells derived from pmel-1 TCR transgenic mice with melanoma cells
(B16F10 cells) at an effector: target ratio of 10:1 for different co-culture time. As shown in Fig.
3A, T-Tre/BCN-Lipo-Ava cell killed nearly 80% of co-cultured B16F10 cells compared to 50%
of T cell, when the co-incubation time was at 48 h. In contrast, pre-treatment of CD8" T cells
with Ava (pre-Ava T cell) only yielded modest toxicity against B16F10 cells, whereas T cell plus
free Ava demonstrated the comparable toxicity as that of T-Tre/BCN-Lipo-Ava cell. We
believed that the duration of Ava action led to improved cytotoxicity of T cell through inhibiting
their ACATL1 expression. However, it was reported that Ava could directly inhibit the growth of
tumor cells by targeting tumor cell-derived ACAT1 (37). To clarify this issue, we first
determined the ACAT1 expression of B16F10 melanoma and glioblastoma LN-229 cells as well

as their established tumors (fig. S10 A and B). These two types of cancer cells chosen in our
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study expressed relatively low levels of ACATL1 protein compared with PC-3 prostate cancer
cells which express high level of ACATL protein as previously reported (37). Treatment with the
concentration of Ava under 10 uM remains normal viability of B16F10 and LN-229 cells (fig.
S10 C and D), confirming that the inhibition of cancer cell growth is not driven by the
cytotoxicity of Ava to cancer cells, but rather by potentiated T cell antitumor response.

Moreover, we believed the augmented antitumor responses of T-Tre/BCN-Lipo-Ava cell
were owing to enhanced TCR clustering and immunological synapse formation mediated by
increased membrane cholesterol content-as a result of combinatorial Ava suppressing ACAT1
activities (Fig. 3B). To verify our assumptions, we first measured the cholesterol content and
found backpacked Ava on T-Tre/BCN-Lipo-Ava cell significantly increased cholesterol levels
(fig. S11). Consistent with previous report (16), the increased cholesterol content was ascribed to
the inhibited conversion of cholesterol to cholesteryl esters and the modestly enhanced
cholesterol biosynthesis (fig. S12). Then, we checked whether increased cholesterol is causative
for the augmented antitumor responses by adding or depleting cholesterol to the plasma
membrane. The results showed that addition of plasma membrane cholesterol led to potentiated
effector function, which was consistent with enhanced effector function induced by free Ava or
backpacked Ava (fig. S13, A-C), while depletion of plasma membrane cholesterol led to
impaired effector function of T-Tre/BCN-Lipo-Ava cell (fig. S13, D-F). These data further
indicated the critical role of increased cholesterol in antitumor responses. Next, TCR and the
consequent downstream signal, phosphorylated {-chain-associated protein kinase 70 (pZAP-70)
after stimulation in T-Tre/BCN-Lipo-Ava cell, T cell and T cell plus free Ava, were examined at
cellular level via Alexa Fluor 647-anti-TCRp and Alexa Fluor 488-anti-pZAP70 double-staining.

As presented in Fig. 3C, a stronger as well as highly-colocalized fluorescent signals were
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observed on the surface of T-Tre/BCN-Lipo-Ava cell, compared to that of T cell. This improved
TCR signals of T-Tre/BCN-Lipo-Ava cell with stimulation including p-CD3, p-ZAP70 as well
as p-Erk1/2 was also verified at molecular level as evidenced by the western blot (Fig. 3D and
fig. S14). To further study the distribution and structure of TCRs on T-cell membrane, the super-
resolution imaging was utilized. Fig. 3E and the corresponding qualitative results (Fig. 3F)
showed that, T-Tre/BCN-Lipo-Ava cell had a significantly larger TCR microcluster compared to
that of T cell, which can improve the interactions between T-Tre/BCN-Lipo-Ava cell and tumor
antigen via the augmented avidity and result in a bigger TCR signalosome. Moreover, the
formation of immunological synapse in T-Tre/BCN-Lipo-Ava cell was investigated, since the
cholesterol was the key component of immunological synapse (13). Using total internal
reflection fluorescence imaging, we found that within the same experimental time, the TCRs of
T-Tre/BCN-Lipo-Ava cell were more compact in the center of immunological synapse with a
smaller area, indicating a faster maturation of immunological synapse compared with T cell (Fig.
3, G and H).

Having demonstrated the backpacked Ava could potentiate the anti-tumor responses of T-
Tre/BCN-Lipo-Ava cell via the improved TCR clustering and immunological synapse formation,
likely in a psueo-autocrine manner, we next sought to figure out whether the backpacked Ava by
T-Tre/BCN-Lipo-Ava cell would potentiate the anti-tumor responses of endogenous
microenvironmental T cell in a pseudo-paracrine manner, which may offer an additional benefit
to treat solid tumor, in which most of the infiltrating T cells were metabolic insufficiency (38). In
pursuit of this, we cultured T cells in T-Tre/BCN-Lipo-Ava cell- or T cell- conditioned medium
(CM) and subsequently stained the cell membrane cholesterol by Filipin 11 (16). Fig. 3l

suggested a higher content of T-cell-membrane-cholesterol content cultured in T-Tre/BCN-Lipo-
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Ava cell- CM with a strong Filipin 111 fluorescence. To confirm this finding, we quantified the
plasma-membrane-cholesterol content using an oxidation-based assay, which showed that the
cholesterol content in T-cell membrane doubled when cultured in T-Tre/BCN-Lipo-Ava cell-CM,
compared with T cells in T-cell CM (Fig. 3J). Collectively, we believed that the backpacked Ava
could inhibit the esterification of cholesterol inside adoptive T-Tre/BCN-Lipo-Ava cells and
endogenous T cells in a pseudo-paracrine/autocrine manner, thereby a maximum synergistic anti-

tumor response between Ava and T cell as well as a reinvigorated exogenous T-cell effector

functions was achieved.
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Fig. 3. T-Tre/BCN-Lipo-Ava cell displayed enhanced TCR clustering and immunological

synapse formation, and consequently improved antitumor responses. (A) The cytotoxicity

against B16F10 tumor cells, n = 4 independent samples per group. (B) The proposed mechanism

of enhanced anti-tumor responses of T-Tre/BCN-Lipo-Ava cell. (C) Representative fluorescence
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images of TCR and its downstream signal pZAP-70 after stimulation with anti-CD3/CD28 Abs
using stimulated emission depletion microscopy. All the cells were stained with anti-TCRp-
Alexa Fluor 647 and anti-pZAP-70-Alexa Fluor 488. Scale bar, 2 um. (D) Immunoblotting of
proximal and downstream TCR signaling molecules after stimulation with anti-CD3/CD28 Abs
(n = 3 independent experiments). Super-resolution STORM images (E) and quantification (F) of
TCR clustering. Scale bar, 2 pm. Graph shows r value at the maximal L(r)-r value of Ripley’s K-
function curves (n = 20), representing the cluster size with the highest probability, where L(r)-r
represents the efficiency of molecule clustering, and r represents cluster radius (n = 2
independent experiments). Total internal reflection fluorescence microscopy images (G) and
quantification (H) of the immunological synapse size. Total synapse areas were quantified using
the entire signal from each field. Scale bar, 2 um. (I) Fluorescence microscopy images of Filipin
I1l-stained naive or activated CD8" T cells incubated with T-Tre/BCN-Lipo-Ava cell-CM or T
cell-CM for 12 h. Scale bar, 5 um (n = 2 independent experiments). (J) Quantification of plasma
membrane cholesterol content in CD8* T cells using an oxidation-based method, n = 3
independent samples per group. Data were analyzed by unpaired t-test. Error bars denote SEM,

*P <0.05, **P < 0.01, ***P < 0.001 and ns means no significant difference.

Combination treatment via T-Tre/BCN-Lipo-Ava cell against primary solid tumor

We first analyzed the homing of T-Tre/BCN-Lipo-Ava cell and accumulation of Ava in primary
melanoma, via adoptive transferring melanoma-specific pmel-1 CD8" T cells, which carry T cell
receptor transgenes specific for the mouse homologue (pmel) of human premelanosome protein
(gp100) (39). The population of transferred T cells and Ava concentrations in tumor were
measured by flow cytometry and high-performance liquid chromatography (HPLC) over time,
respectively. We found that substantial T-Tre/BCN-Lipo-Ava cells accumulated in tumor by 4 h,
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reaching peak levels by 48 h with similar kinetics to unconjugated T cells, indicating that
surface-anchoring did not affect the survival or trafficking of transferred T cells (fig. S15, A and
B). The drug concentration of backpacked Ava peaked at 48 h after adoptive transfer with a
similar pattern of T-Tre/BCN-Lipo-Ava cell (fig. S15C), and exhibited 200-fold greater than free
Ava and 8-fold greater than BCN-Lipo-Ava at 48 h, remaining at high levels for at least 3 days.
It implied that BCN-Lipo-Ava remained stable and retained on T cell surface during the
trafficking to tumor and might strengthen the T cell effect due to the extended and sufficient Ava
action.

We next evaluated the antitumor efficacy of proposed combination treatment mediated by
pmel-1 CD8" T-Tre/BCN-Lipo-Ava cell (T-Tre/BCN-Lipo-Ava cell) in vivo. The orthotopic
melanoma mouse model was first established via intradermal injection of B16F10 cells into
wild-type C57BL/6 mice. The mice were randomly divided into nine groups, lymphodepleted on
day 6 and received two intravenous injections on post-tumor-implantation day 8 and 14, with one
of the following formulations: (i) saline; (ii) free Ava; (iii) BCN-Lipo-Ava, (iv) T cell, (v) T-
Tre/BCN-Lipo cell, (vi) pre-Ava T cell, (vii) T cell plus free Ava, , (viii) T cell plus BCN-Lipo-
Ava, and (ix) T-Tre/BCN-Lipo-Ava cell (Fig. 4A). Then the tumor growth was monitored by
tumor volume. T-Tre/BCN-Lipo-Ava cell treated mice showed the slowest rate of tumor growth
(Fig. 4B), compared with monotherapies. Moreover, tumors harvested from mice on day 20 were
immunohistochemically stained to analysis the expression of Ki-67 (a proliferation marker). As
presented in Fig. 4, C and D, the minimum Ki-67 positive tumor cells were observed in T-
Tre/BCN-Lipo-Ava cell treated group, around half of those for T cell treated mice and one third
of those in mice receiving free Ava. In consistence with growth and proliferation profiles of

tumor, fifty percent of mice receiving T-Tre/BCN-Lipo-Ava cell survived for at least 63 days,
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compared to 28 days of saline-treated mice (Fig. 4E). Notably, the combinatory administration of
the blend of T cell and BCN-Lipo-Ava, namely T cell plus BCN-Lipo-Ava, inhibited the tumor
growth moderately compared with T-Tre/BCN-Lipo-Ava cell, with no mice surviving after 53
days (Fig. 4E). Even Ava-pretreated T cell (pre-Ava T cell) exhibited moderate anti-tumor effect
due to the lack of sustained Ava action (Fig. 4E). Additionally, none of the treatments caused
significant loss of body weights (Fig. 4F) and tissue damage (fig. S16-S20), and adoptively
transfer of T-Tre/BCN-Lipo-Ava cell induced neither systemic cytokine release (IL-10, IL-6,
TNFa), nor the expressions of markers of liver/kidney injury (aminotransferases, alkaline
phosphatase, blood urea nitrogen; fig. S21).

The superior antitumor efficacy of combination therapy mediated by OT-1 CD8* T-
Tre/BCN-Lipo-Ava cell (T-Tre/BCN-Lipo-Ava cell) was further confirmed in a second tumor
model via intradermal injection of ovalbumin (OVA)-expressing B16F10 melanoma cells
(B16F10-OVA) into wild-type C57BL/6 mice (fig. S22A). The measurement of tumor growth
curves, survival curves and body weights of tumor-bearing mice as well as the
immunohistochemistry of Ki-67 staining in tumor sections were also performed. Combination
treatment via OT-1 CD8" T-Tre/BCN-Lipo-Ava cells (also refers as T-Tre/BCN-Lipo-Ava cell)
exhibited the best antitumor efficacy, markedly delayed tumor growth and significantly
improved survival (fig. S22, B-E), while the body weight, systemic cytokine release and
liver/kidney injury markers were comparable with other groups (fig. S22F and fig. S23). These
results therefore indicated that T-Tre/BCN-Lipo-Ava cell afforded markedly improved treatment
benefits against primary solid tumor in vivo, compared with monotherapies and even the

combination treatment-mediated by the blend of T cell and Ava.
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Fig. 4. Optimized synergistic antitumor efficacy of pmel-1 CD8* T-Tre/BCN-Lipo-Ava cell
in an orthotopic melanoma mouse model. (A) Schematic illustration of the experimental
setting. (B) The tumor growth curves of mice receiving tested formulations, n = 6 mice/group.
Representative quantification (C) and microscopic images (D) of tumor sections immunostained
by Ki-67 and the Ki-67 positive areas were quantified from each field (n = 12). Scale bar, 50 um.
(E) The survival profiles of mice receiving tested formulations, n = 6 mice/group. (F) Body
weights of all mice, n = 6 mice/group. Data were analyzed by one-way ANOVA (B), unpaired t-
test (C) or a log-rank (Mantel-Cox) test (E). Error bars denote SEM, *P < 0.05, **P < 0.01,

***P < 0.001 and ns: no significant difference.

Anti-tumor responses of adoptive transferred and tumor-infiltrating CD8* T cell

The superior anti-tumor capacities of T-Tre/BCN-Lipo-Ava cell mediated combination therapy
in vivo were believed to stem from the enhanced T cell effector functions mediated by
intervention of cholesterol metabolism. To verify this hypothesis, we first isolated adoptively
transferred pmel-1 CD8" T cells from primary melanoma tumors on day 12 post-inoculation (4
days after first treatment) and investigated their capacity to secrete inflammatory cytokines,
including IFNy, TNFa, and lytic enzyme granzyme B (GzmB). As displayed in Fig. 5, A and B,
the intravenous injection of pre-Ava T cell slightly increased the percentage of IFNy*, TNFa" as
well as GzmB™ pmel-1 T cells in tumors, compared to that of T cell-treated mice, which was in
agreement with its modest in vitro cytotoxicity and in vivo antitumor efficacy (Fig. 3A and Fig.
4B). Mice receiving the combination of pmel-1 T cell and BCN-Lipo-Ava (mediated by a simple
blend, T cell plus BCN-Lipo-Ava) showed an improved percentage of IFNy*, TNFa* as well as

GzmB" pmel-1 T cells, due to the moderate synergistic effect between T cell and Ava. In
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contrast, the transferred T-Tre/BCN-Lipo-Ava cell displayed the maximum synergistic efficacy
and the largest population of cytokine and cytolytic granule, likely due to the optimized action
profile of Ava (fig. S15). The cholesterol content in the transferred T-Tre/BCN-Lipo-Ava cell
was significantly greater compared to the T cell or the blend of T cell with BCN-Lipo-Ava (Fig.
5, C and D), which helps to explain backpacked Ava is required to maintain a high and sustained

cholesterol levels for potent antitumor efficacy.

Importantly, when mice received combination therapy via pmel-1 T-Tre/BCN-Lipo-Ava
cell, total tumor-infiltrating CD8" T cells exhibited the highest percentage of effector CD8* T
cells (fig. S24, A and B) , Ki-67 and cholesterol level (fig. S24, C and D), indicating that
backpacked Ava afforded a pseudo-paracrine action profile for Ava to increase the anti-tumor
effect of tumor-infiltrating CD8" T cell. Similarly, the largest percentage of cytotoxic CD8* T
cells in primary melanoma was witnessed by mice receiving OT-1 CD8" T-Tre/BCN-Lipo-Ava
cell (fig. S25).

Lastly, we assessed the exhaustion and immunosuppressive status of adoptive transferred
pmel-1 T cells according to the expression of different markers for proliferation (Ki-67), T cell
exhaustion (TIM-3, LAG-3 and TIGIT) and immunosuppressive (PD-1 and CTLA-4) in primary
melanoma tumors. The results showed that the exhaustion and immunosuppressive markers
presented comparable levels between pmel-1T-Tre/BCN-Lipo-Ava cell and the blend of pmel-1T
cell and BCN- Lipo-Ava (fig. S26, A and B), while the Ki-67 level was increased (Fig. 5, C and
D). Similar results including comparable population of TIM-3", LAG-3*, TIGIT", PD-1*, CTLA-
4*CD8" T cell and highest level of Ki-67 and cholesterol in treatment of T-Tre/BCN- Lipo-Ava
cell was observed, when compared with other treatment groups (fig. S24, C and D; fig. S26, C

and D). Of note, in the group of combination treatment via T-Tre/BCN-Lipo-Ava cell, the
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backpacked Ava markedly increased the cytokine and cytolytic granule production (IFNy, TNFa
and GzmB) of PD-1%, TIM-3* or TIGIT" pmel-1 T cells (Fig. 5, E-G). Taken together, the results
suggested that T-Tre/BCN-Lipo-Ava cell are not in an exhausted state and the backpacked Ava
could potentiate their effector function of adoptively transferred T-Tre/BCN-Ava-Lipo cell in the
tumor microenvironment by increasing the proliferative capacity and the cytokine and cytolytic

granule production due to the metabolic intervention.
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Fig. 5. Tumor-infiltrating pmel-1 T cell displayed a more lethal phenotype in tumor after a
single adoptive pmel-1 CD8" T-Tre/BCN-Lipo-Ava cell transfer. (A-B) Flow cytometry
analysis and quantification the produced TNFa, IFNy and GzmB of pmel-1 T cells in orthotopic
melanoma tumors after injection the Thy1.1* pmel-1 T cell for 4 days, n = 6 mice/group. (C-D)
Filipin 111 and Ki-67 level of tumor-infiltrating Thy1.1* pmel-1 T cells were assessed using flow
cytometry, n = 6 mice/group. (E-G) Flow cytometry analysis the produced TNFa, IFNy and
GzmB of PD-1%, TIM-3"and TIGIT* Thy1.1" pmel-1 T cells in orthotopic melanoma tumors, n =
6 mice/group. Data were analyzed by unpaired t-test. Error bars denote SEM, *P < 0.05, **P <

0.01, ***P < 0.001 and ns means no significant difference.

In vivo T-Tre/BCN-Lipo-Ava cell therapy against solid tumor metastasis

To demonstrate the potential of combination therapy-mediated by T-Tre/BCN-Lipo-Ava cell to
treat solid tumor metastasis, an experimental metastasis model by intravenously injecting mice
with Luciferase-expressing B16F10-OVA cells was utilized. The treatment regimen was
identical to that for primary solid tumor, except that the development of metastasis was
monitored via the bioluminescence of B16F10-OVA cells. We found that, mice receiving
combination therapy-mediated by OT-I CD8" T-Tre/BCN-Lipo-Ava cell (T-Tre/BCN-Lipo-Ava
cell) displayed the fewest lung and bone metastasis compared with mice receiving monotherapies
and even the combination therapy-mediated by a simple blend (Fig. 6A). Moreover, the H&E
staining of lungs harvested from mice receiving tested formulations confirmed the superior anti-
metastasis capacity of T-Tre/BCN-Lipo-Ava cell with the smallest amount and size of lung-
metastatic tumor (Fig. 6, B and C, and fig. S27). Consistently, 60% of mice receiving T-

Tre/BCN-Lipo-Ava cell survived at least 60 days. In contrast, no other mice survived after 60
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days except for the T cell plus BCN-Lipo-Ava treated mice, of whom only 20% survived after 60
days (Fig. 6D). Moreover, the adoptive transfer of T-Tre/BCN-Lipo-Ava cell did not provoke
significant systemic inflammation and cause detectable damages to major organs, including liver,
kidney and spleen, as evidenced by ELISA analysis, the blood biochemical analysis along with
the examinations of liver and kidney functions (fig. S28). Lastly, the production of cytokine and
cytolytic granule release of CD8" T cell were determined. Consistent with the results observed in
primary melanoma (fig. S24 and fig. S25), the largest percentage of IFNy*, TNFo*" and GzmB*
producing CD8" T cells in pulmonary metastatic melanoma was witnessed by mice receiving

OT-1 CD8" T-Tre/BCN-Lipo-Ava cell (fig. S29).
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Fig. 6. Enhanced anti-metastasis efficacy of OT-1 CD8" T-Tre/BCN-Lipo-Ava cell in an
experimental metastasis mouse model. (A) In vivo bioluminescence images of mice bearing
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melanoma tumors, n = 5 mice/group. (B-C) The representative microscopic H&E stained images
and quantification of lung sections harvested from mice receiving tested formulations. Whole
lung sections were photographed and were further evaluated for tumoral area, n = 4. (D) The
survival profiles of mice receiving tested formulations, n = 5 mice/group. (E) Body weights of
all mice, n =5 mice/group. Data were analyzed by unpaired t-test (C) or a log-rank (Mantel-Cox)
test (D). Error bars denote SEM, *P < 0.05, **P < 0.01, ***P < 0.001 and ns means no

significant difference.

In vivo T-Tre/BCN-Lipo-Ava cell therapy of highly-aggressive brain solid tumor

Encouraged by the promising anti-tumor and metastasis capacities of T-Tre/BCN-Lipo-Ava cell-
mediated combination therapy, we extended its application into the treatment of highly-
aggressive brain solid tumor-orthotopic mouse model of human glioblastoma LN-229 (which
expressed GD-2, fig. S30) in our setting (Fig. 7A). To this end, we first generated a
disialoganglioside GD2 targeted CAR-T cells, of which detailed fabrication and
characterizations were displayed in fig. S31 according to previous reports (40). And the
fabrication of CAR T-Tre/BCN-Lipo-Ava cell followed the identical procedures as shown in Fig.
1, except for the CAR-T cells used (fig. S32, also referred as T-Tre/BCN-Lipo-Ava cell). Based
on the bioluminescence of LN-229 cells, we found mice receiving T-Tre/BCN-Lipo-Ava cell
displayed the most controlled tumor growth with 3 out of 5 showing no detectable tumor. And
mice treated by the combination of CAR-T cell and BCN-Lipo-Ava (mediated by a simple blend,
T cell plus BCN-Lipo-Ava) displayed a delayed tumor growth, but the growth could not be
prevented. The anti-tumor capacities of monotherapies, including free Ava and CAR-T cell were

limited, almost comparable to that of saline (Fig. 7B). The mice receiving T-Tre/BCN-Lipo-Ava
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cell experienced a 60% survival rate after 100 days, but mice from other groups survived no
more than 70 days, as presented in Fig. 7C. Further, we observed no significant loss of body
weights (Fig. 7D), nor significantly evaluated systemic cytokine levels (Fig. 7, E-G) in mice
receiving T-Tre/BCN-Lipo-Ava cell, indicating a considerable safety profile of T-Tre/BCN-

Lipo-Ava cell in vivo.
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Fig. 7. Adoptive CAR T-Tre/BCN-Lipo-Ava cell transfer significantly inhibited the
progression of glioblastoma in an orthotopic mouse model. (A) Schematic illustration of the
experimental setting. i.c.: Intracranial injection. (B) In vivo bioluminescence images of mice
bearing glioblastoma, n = 5 mice/group. (C) The survival profiles of mice receiving tested
formulations, n = 5 mice/group. (D) Body weights of all mice, n = 5 mice/group. Serum IL-6 (E),
IL-10 (F), and TNFa (G) levels measured by ELISA, n =5 mice/group. Data were analyzed by
unpaired t-test (E) or a log-rank (Mantel-Cox) test (C). Error bars denote SEM, *P < 0.05, **P <

0.01, ***P < 0.001 and ns means no significant difference.

Discussion

It is increasingly recognized that T cells undergo metabolic exhaustion in oxygen- and nutrient-
limited tumor microenvironment, which may largely contribute to the failure of solid tumor by
T-cell therapy (11). In an effort to boost solid tumor immunotherapy via metabolic interventions,
according to the comprehensive review of Prof. Romero (41), there are three main prospects: i)
pre-conditioning T cells with metabolic modulators during in vitro expansion for adoptive T cell
therapy (42-44). However, the in vitro reprogrammed T-cell metabolism may be reversed within
metabolic suppressive tumor microenvironment (45). ii) Systemic administration of free
metabolic modulators. Nevertheless, this approach is limited due to the non-specific distribution
as well as the poor pharmacokinetic profile of these compounds (46, 47). iii) Targeted delivery
of metabolic modulators into tumor microenvironment using nanoparticles or oncolytic viruses.
Yet delivering the compounds into cells of interest, such as T cells, is challenging (48). Drawing
the strong points of each prospect and to offset one's own weakness, we provided a combination

of metabolic interventions and T-cell therapy via cell-surface anchor-engineering (T-Tre/BCN-
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Lipo-Ava cell) to boost solid tumor immunotherapy. T-Tre/BCN-Lipo-Ava cell yielded a
sustained T-cell metabolic fitness within tumor microenvironment by a sustained and prolonged
release of Ava. In addition, retaining Ava on T-cell surface afforded a pseudo-
autocrine/paracrine action profile for Ava, which was critical for an optimized synergistic
efficacy (49).

With respect to clinical translation, although T-Tre/BCN-Lipo-Ava cell demonstrated great
potentials, the long-term toxicity should be thoroughly investigated and the metabolic-
modulating drugs can be tailored to clinically approved ones. Besides, 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.

In conclusion, this rational and novel combination of metabolic intervention yielded
optimized synergistic efficacy in mouse models of several solid tumors and provided an
alternative combination strategy for boosting solid tumor immunotherapy. Additionally, general
combinatorial technology based on cell-surface anchor-engineering, served as a proof-of-concept,
which can be easily tailored to other combinations based on clinically approved metabolic drugs
and/or antibodies. Lastly, this cell-surface anchor-engineering expanded the repertoire of non-

genetic T-cell engineering and can be deployed to various cell types.

Materials and Methods

Cell lines and mice

The human glioblastoma cell line LN-229, the human prostatic carcinoma 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%
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FBS and 1% Penicillin-Streptomycin. PC-3 cells were cultured in Dulbecco’s modified Eagle’s
medium-F12 (DMEM-F12) with 10% FBS and 1% Penicillin-Streptomycin. B16F10 cells were
cultured in DMEM with 10% FBS and 1% Penicillin-Streptomycin. The B16F10 cells were
stably transfected with the plasmid pAc-neo-OVA (B16F10-OVA) which carried chicken
ovalbumin (OVA) mRNA. For bioluminescent in vivo tumor imaging, we transduced the
B16F10-OVA and LN-229 cells with the firefly luciferase expressing lentivirus (Genechem,
Shanghai, China). Human CD3" pan T cells were purchased from Miao Tong Biological
Technology Co.Ltd (Shanghai, China). NOD/SCID/IL2Ry "~ (NSG, 18-20 g, male) mice and
TCR transgenic OT-I mice (18-20 g, male) were purchased from GemPharmatech Co. Ltd
(Nanjing, China). TCR transgenic Thyl.1* pmel-1 mice were purchased from Jackson
Laboratory. C57BL/6J mice (18-20 g, male) were obtained from Beijing Vital River Laboratory
Animal Technology Co. Ltd (Beijing, China). All the 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

In order to successfully modify cell surface by click reaction, a cyclononynyl-derivatized
phospholipid analogue (DSPE-BCN) which based on a copper-catalyzed click reaction of
tetrazinazine-alkyne ring addition was to design and synthesize in this chapter. As a lipid click
module, the DSPE-BCN can be incorporated into the liposome surface and the structure was
confirmed by *H-NMR and MS. On the other hand, a tetrazinyl-derivatized PEG phospholipid
analogue (DSPE-PEGsk-Tre) which have a click reactive group and can be inserted into the
surface of the cell membrane was designed and synthesized. And two fluorescently labeled

tetrazine derivatives (FITC-DSPE-PEGsk-Tre and DSPE-PEGsk-FITC) were designed and
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synthesized. All above structures were confirmed by *H-NMR. Detailed synthesis method of
each compound was listed in the supporting information. At the same time, UV spectroscopy
was performed to detect the reaction between the two modules at 540 nm.

Isolation of mouse CD8* T cells

Spleens from C57BL/6J Thyl.1* pmel-1 mice or C57BL/6J OT-I mice were ground through a
70-pm filter, and red blood cells were removed by incubation with ACK lysis buffer for 5 min at
A<C. Then, the splenic cells were centrifuged, washed with D-PBS (without Ca?* and Mg?*), and
isolated by EasySep™ Mouse CD8* T cell Isolation Kit (StemCell) to obtained naive pmel-1
Thy1.1" CD8" T cells (pmel-1 CD8* T cells) or OT-1 CD8" T cells. For activated CD8" T cells,
naive CD8" T cells were resuspended at 1.5 <108 cells per milliliter in RPMI medium containing
10 ng/mL recombinant mouse IL-2, plate-bound 5 pg/mL anti-CD3 and 2 pg/mL anti-CD28
agonist antibodies and incubated at 37 <C. After an incubation period for 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 Cell

T-Tre/BCN-Lipo-Ava cell was 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 80 pg DSPE-PEGsk-Tre at 37<C
for 10 min. After two times of ice-cold PBS wash, cells were incubated with BCN-Lipo-Ava
with the concentration of 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 800 g for 5 min, washed with PBS

and resuspended in medium for in vitro or in vivo studies. The concentration of Ava in T-
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Tre/BCN-Lipo-Ava cell was determined using high performance liquid chromatography (HPLC-
LC-2010A HT, SHIMADZU, Japan).

For the preparation of T cells anchored with fluorescent liposomes, CD8* T cells (1108
cells/mL) were incubated with 80 g FITC-DSPE-PEG:sk-Tre or FITC-DSPE-PEGsk or DSPE-
PEGsk-Tre at 37<C for 10 min. After washing with PBS, BCN-Lipo-RhoB or RhoB-Lipo were
incubated with cells at 37<C for 30 min. After washing with PBS, the CD8" T cells anchored
with fluorescent anchoring module or fluorescent liposomes were stained with Hoechst 33342,
fixed with 4% PFA and used immediately for the confocal imaging and flow cytometry analysis.

To further confirm our surface anchor-engineering strategy enabled the anchoring of
nanoparticles on T-cell surface, the BCN-modified Au nanoparticles (BCN-Au) were obtained
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, BCN-Au were further incubated
with cells at 37<C for 30 min. CD8" T cells with surface-anchored Au nanoparticles were
collected by centrifugation at 800 g for 5 min. The cells were fixed with 2.5% glutaraldehyde
aqueous solution overnight. After washing by PBS for three times, samples were dehydrated
with gradient ethanol and imaged by scanning electron microscopy (Quanta 250, FEI).

To investigate the stability of liposomes on the surface of T cell, RhoB-labelled T-
Tre/BCN-Lipo-Ava cells were cultured and expanded for another 2 days and 4 days. Then, the
cells were collected, stained with Hoechst 33342 and fixed with 4% PFA for confocal imaging
and flow cytometry analysis. Moreover, for further assay the drug stability of T-Tre/BCN-Lipo-
Ava cell, the amount of Ava in the supernatant, intracellular and filtered compartments were
determined using HPLC. The in vitro stability of T-Tre/BCN-Lipo-Ava cell was evaluated under

different conditions, including the normal physiological condition (PBS, pH 7.4) and FBS.

36



Briefly, T-Tre/BCN-Lipo-Ava cells (1 x 10° cells per well) were seeded in 24-well plates, and
then incubated with 1640 medium or 50% FBS in 1640 medium for different periods (0, 2, 4, 6,
8, 10, 12, 24, 48, 72 h). The amounts of Ava anchored on T-Tre/BCN-Lipo-Ava cell and released
in the supernatant medium were determined using HPLC.

To calculate the number of liposomes anchored on the surface of T cells, 1x10® CD8* T
cells were first incubated with 80 ug DSPE-PEGsk-Tre or DSPE-PEGsk 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 by Nanoparticle
Tracking Analyzer (Malvern NanoSight NS300). The liposome number anchored on the surface
of CD8" T cells per million was calculated as follows: (Nbefore DsPE-PEG-Tre - Nafter DSPE-PEG-Tre) -
(Nbefore DsPE-PEG - Natter Dspe-pEG)/10°, Where Npefore pspe-pEG-Tre aNd Nbefore DsPE-PEG are the counted
numbers of liposomes in the solution before the incubation of BCN-Lipo-Ava with T cells, and
Nafter bspe-PEG-Tre aNd Nafter DsPE-PEG Were the counted numbers of liposomes in the supernatant
after the incubation of BCN-Lipo-Ava with T cells. The counts of Npefore Dspe-PEG MiNUS Nafter
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 cell
The physiological activities of T-Tre/BCN-Lipo-Ava cell were evaluated, including viability,
apoptosis, proliferation, chemotaxis and activation. For the viability analysis, 1x10° T cells and
T-Tre/BCN-Lipo-Ava cells were cultured in RPMI medium containing 10 ng/mL recombinant
mouse IL-2, plate-bound 5 pg/mL anti-CD3 and 2 pg/mL anti-CD28 agonist antibodies. At day 0,
3, 6, 8, 10, the cells were collected for trypan blue staining, counting the numbers of cell under

the microscope to calculate the survival rate of the cells. Meanwhile, 1<10° T cells were
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incubated with RPMI medium without anti-CD3 and anti-CD28 antibodies as control. Survival
rate (%) = number of unstained cells/total number of cells <100%.

For the apoptosis analysis, 1x10% T cells and T-Tre/BCN-Lipo-Ava cells after 10-day
stimulation were collected and suspended in 0.5 mL of 1xbinding buffer and washed twice with
ice-cold PBS. The Annexin V-FITC Apoptosis Detection Kit (Vazyme, China) was used
according to the manufacturer’s instructions for the apoptosis assay. The stained cells were
analyzed by the Attune NXT flow cytometer (Thermo).

For the proliferation assay, T cells and T-Tre/BCN-Lipo-Ava cells were resuspended at 1 <
107/mL in pre-warmed serum-free RPMI. CFSE was added to the cells at a final concentration of
2 uM, which were incubated at 37<C for 15 min. CFSE staining was quenched by adding a 1:1
volume ratio of cold RPMI with 10% FBS and cells were spun down followed by two more
washes in cold RPMI with FBS. Then the cells 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 FACS buffer, then the cells were continued culturing in
incubator. At day 3 and day 5 the cells were collected and washed with PBS before analysis by
flow cytometry. Meanwhile, T cells and T-Tre/BCN-Lipo-Ava cells were cultured in RPMI
medium containing 10 ng/mL recombinant mouse IL-2 in the culture plate pre-coated with 5
pug/mL anti-CD3 and 2 pg/mL anti-CD28 agonist antibodies. At day 0, 3, 6, 8, 10, the cells were
collected and counted through the cell counter. Fold expansions rate (%) = number of cells /
number of cells (day 0) ><100%.

Chemotactic migration across vascular endothelial cells. A transwell model with confluent

endothelial (HUVEC) monolayer was established to investigate the transvascular capacity of
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surface anchor-engineered T cells. Briefly, HUVECs (2 x 10° cells/well) were seeded onto the
upper chamber of the transwell (3 um, 24 mm) and cultured with the 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 voltohmmeter (Millipore). The cell
monolayers with TEER value higher than 300 Q cm? were used for the transmigration studies. T-
Tre/BCN-Lipo-Ava cells were added to the upper chamber with incubation of 25 ng/mL TNFa
for 4 h, and 20 ng/mL MCP-1 was added into the lower chamber to induce the migration. After
12 h 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 and filtered compartments were determined using
HPLC. The Ava ratio in each compartment was calculated compared with the feeding amount of
Ava. The number of T cells in the lower chamber was also counted.

The chemotaxis of T-Tre/BCN-Lipo-Ava cell was investigated using a transwell migration
assay (Corning). Briefly, 1x10° T-Tre/BCN-Lipo-Ava cells or unmodified CD8" T cells were
added to the upper chamber of the transwell, and different concentration of MCP-1 (5 ng/mL, 20
ng/mL, 100 ng/mL) was added into the lower chamber to induce the migration. After 12 h of
incubation, the cells in the lower chamber were harvested and the numbers were counted using a
haemacytometer. The chemotaxis index ((Nt-tre/scN-Lipo-ava — Neontrol)/Neontrol)) Was calculated,
where NT.Tre/BcN-Lipo-ava @nd Neontrol are the counted numbers of CD8" T cells in the lower
chamber after incubating with T-Tre/BCN-Lipo-Ava cell in the presence of MCP-1 and the
unmodified CD8" T in the absence of MCP-1, respectively.

For verity the activated of T cell, naive unmodified or T-Tre/BCN-Lipo-Ava cells were

plated on 96 well microtiter plates and stimulated with or without anti-CD3/CD28 agonist
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antibody beads (Dynabeads™ Mouse T-Activator CD3/CD28). After 24 h incubation, the cells
were collected and stained with FITC anti-mouse CD69 antibody (Biolegend), and the
expression levels of the early T cell activation markers CD69 were quantified by flow cytometry.
The CD8" T cells were stimulated with concanavalin A (ConA, Sigma) 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 h or 48 h. The cell supernatant was used to
measure IL-2, TNFa and IFNy productions of CD8* T cells through ELISA kit (Elabscience,
China).
Measurement of CD8" T cells 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,
then the three group of cells were mixed with B16F10 (1 x 10°) in the medium (phenol-free
RPMI 1640, 2% FBS) at the ratios of 10:1, respectively. After 4 h, 12 h and 24 h, the cytotoxic
efficiency was measured by quantifying the release of endogenous lactate dehydrogenase (LDH)
from B16F10 cells using LDH Cytotoxicity Assay Kit.
The effector function analysis of T-Tre/BCN-Lipo-Ava cell in vitro
Super-resolution stimulated emission depletion (STED) image. The bottom of the confocal
chamber was treated with 0.01% w/v poly-L-lysine solution for 2 h, which was then discarded
and placed at room temperature for 15 min to dry the solution. Next, 20 pg/mL anti-mouse CD3
antibody was added into the chamber and incubated overnight at 4<C. After the incubation, the
bottom of the chamber was washed once with PBS. Meanwhile, 1 x 108 T-Tre/BCN-Lipo-Ava
cells or 1 x10° CD8" T cells were cultured for 12 h, and another group of 1 x10° CD8" T cells

were added to 1 uM free Ava for 12 h. The above three groups of cells were plated in the pre-
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treated confocal chambers, incubated at 37<C for 10 min, and fixed with 4% PFA for 15 min at
room temperature. After washing twice with PBS, CD8" T cells were incubated with Alexa
Fluor® 647 anti-mouse TCR [ chain antibody (Biolegend) for 20 min at room temperature and
washed twice with PBS. Afterwards, the cells were incubated with 0.2% Triton X-100 for 10 min,
washed with PBS, and blocked with non-specific binding protein for 30 min at room temperature
with 2% BSA. Alexa Fluor® 488 anti-ZAP-70 Phospho (Tyr319)/Syk Phospho (Tyr352)
antibody (Biolegend) were incubated for 1 h at room temperature. The expression of TCR and
phosphorylated ZAP-70 on the membrane of CD8" T cells was imaged by STED microscopy

(Leica TCS SP8). Super-resolution STED images were analyzed using Leica LAS X.

Western Blot. To detect that the effect of Ava on TCR signaling of CD8* T cells, CD8" T
cells plus 1 pM free Ava (T cell + free Ava) and CD8" T cells engineered with Ava-loaded
liposomes (T-Tre/BCN-Lipo-Ava cell) were incubated for 12 h, after stimulated with CD3/CD28
antibodies for different times (0, 15, 30 min), the cells were collected. The whole cell protein
extracts were isolated using RIPA lysis buffer. Protein concentration was determined by BCA
Protein Assay Kit (Keygen Biotech, China). Approximately 30 pg total protein was loaded,
fractionated by SDS-PAGE, transferred to PVDF membrane, and probed with anti-p actin (Absin,
Shanghai, China), anti-pCD3( (Tyr142) (Thermo), anti-CD3( (Bioworld, Nanjing, China), anti-
pZAP70 (Tyr319) (Cell Signaling Technology), anti-ZAP70 (Bioworld, Nanjing, China), anti-
pERK1/2 (Cell Signaling Technology) or anti-ERK1/2 (Cell Signaling Technology), respectively.
Signal was detected using Chemiluminescence imaging system (Tanon, Shanghai, China). Band
intensities on the western blots were quantified by densitometric analysis using ImageJ software
(Fiji, 1.51n). The grey value of each protein band was calculated using the integrated density

value (mean grey value x<area).
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Super-resolution imaging was performed on N-STORM microscope (Nikon). Three groups
were set up for the imaging TCR distribution in the plasma membrane using STORM (CD8" T
cells without Ava for 12 h, CD8" T cells incubated with 1 uM free Ava for 12 h and T-Tre/BCN-
Lipo-Ava cells cultured for 12 h). T cells were placed in 35 mm confocal chamber and fixed with
4% PFA, followed by surface staining with 5 pg/mL anti-TCRa/p (Abcam) for 4 h at 4<C, then
the cells were stained with 2 pg/mL Alexa 647-conjugated goat anti-hamster IgG (the secondary
antibody) for 2 h at 4<C after washing with PBS ten times. Before imaging, the buffer in the dish
was replaced with the imaging buffer contained 100 mM B-mercaptoethanolamin (MEA) for a
sufficient blinking of fluorophores. We analysis molecule distribution of super-resolution
STORM images with 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 distribution with a random
distribution (50, 51). The equation is as follow: K(r) =% {=1Np,(r)/ A. Here, r represents

cluster radius, A means the number of points per area (region of interest), pi is the ith point and
the sum is taken over n points. The expected value of K(r) for a random Poisson distribution is

nr? and deviations from the expectation indicate scales of clustering. Then the K-function is

linearly normalized to L-function so that the expected value is r: L(r) = \/W 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 while 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
lipids were prepared for imaging 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
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(biotin-DOPC) (Sigma) 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 PLB 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 bionylated anti-mouse CD3 antibody (17A2) (Biolegend), and
unconjugated antibody was removed by washing with PBS. Finally, PLBs were treated with PBS
containing 5% FBS for 30 min at 37<C and washed thoroughly for TIRFM of T cells. Three
groups were set up for the imaging of TCR clustering by TIRFM (CD8* T cells without Ava for
12 h, CD8" T cells incubated with 1 uM free Ava for 12 h and T-Tre/BCN-Lipo-Ava cells
cultured for 12 h). Then the T cells were stained with anti-mTCRa/p (Abcam) and Alexa 647-
conjugated goat anti-hamster IgG (the secondary antibody). TIRFM imaging was performed on
Leica DMI8 microscope. Images were analyzed with ImageJ (Fiji, 1.51n).

Measurement of the cholesterol level of T cells. Two methods were used to measure the
cholesterol level of T cells. For Filipin 111 staining, T-Tre/BCN-Lipo-Ava cells were cultured for
12 h and the supernatant was collected for further studies. Six groups were set up for the
experiment: (1) naive CD8* T cells incubated with the CM from T-Tre/BCN-Lipo-Ava cells for
12 h; (2) activated CD8" T cells incubated with the CM from T-Tre/BCN-Lipo-Ava cells for 12
h; (3) naive CD8" T cells incubated with equivalent free Ava for 12 h; (4) activated CD8" T cells
incubated with an equivalent dose of free Ava for 12 h; (5) naive CD8" T cells cultured with the
CM from unanchored CD8" T cells for 12 h; (6) activated CD8" T cells cultured with the CM
from unanchored CD8" T cells for 12 h. Cells of each group were collected, plated in confocal
chamber after centrifugation, and fixed with a 4% paraformaldehyde (PFA) for 15 min at room

temperature. Then cells were washed twice with PBS, and stained with 50 pg/mL Filipin 1l
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(Sigma) for 30 min at 4<C. Images were collected using a Zeiss LSM880 confocal microscope
and analyzed using a Zeiss ZEN software. For oxidation-based cholesterol quantification, the
activated CD8" T cells were incubated with the CM of T-Tre/BCN-Lipo-Ava cells for 12 h.
Meanwhile, activated CD8* T cells were incubated with an equivalent dose of free Ava for 12 h
as positive control. The plasma membrane was collected through the methods as previously
reported (52, 53) and the cholesterol level was quantified using the Amplex Red cholesterol
assay kit (Invitrogen) according to manufacturer's instructions.

In vivo therapy study by adoptive surface anchor-engineered T cells

For pharmacodynamic evaluation of adoptive surface anchor-engineered pmel-1 CD8" T cell and
OT-I1 CD8* T cell in orthotopic melanoma model, B16F10 cells (1.0 < 10°) and B16F10-OVA
cells (1.0 x10°) were injected intradermally in the flank of C57BL/6J mice on day 0.

The B16F10 bearing mice were lymphodepleted by 2 mg/kg cyclophosphamide and 2
mg/kg fludarabine on day 6. Then, the mice were randomly divided into nine groups (n = 6) and
were respectively received saline, free Ava (2 mg/kg), BCN-Lipo-Ava (2 mg/kg for Ava), pmel-
1 CD8" T cell (1.0 x107), pmel-1 CD8* T cell plus free Ava (1.0 <107, 2 mg/kg for Ava), pmel-
1 CD8" T-Tre/BCN-Lipo cell (1.0 x107), Ava pretreated pmel-1 CD8* T cell (1.0 x107), pmel-1
CD8* T cell (1.0 x10") plus unconjugated BCN-Lipo-Ava (2 mg/kg for Ava) or pmel-1 CD8" T-
Tre/BCN-Lipo-Ava cell (1.0 <107, 2 mg/kg for Ava) by intravenous injection at day 8 and day
14 after tumor inoculation. The tumor size was measured every two days, and the animal
survival rate was recorded every day. Tumor size was calculated as (length > width?)/2. The
weight of tumor-bearing mice was recorded on day 3, 6, 9, 12, 15, 18 and 20, respectively. Mice

with tumor size larger than 20 mm at the longest axis were euthanized for ethical consideration.
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Heart, liver, spleen, lung, and kidney of the mice were collected and weighed to calculate the
organ index.

On day 6, B16F10-OVA bearing mice with 50 mm?® volumes tumors size were randomly
divided into seven groups (n = 7). Mice were respectively received saline, free Ava (2 mg/kg),
OT-1 CD8" T cell (1.0 x107), OT-1 CD8" T cell plus free Ava (1.0 x10’, 2 mg/kg for Ava), OT-I
CD8* T-Tre/BCN-Lipo cell (1.0 x107), OT-1 CD8"* T cell (1.0 < 107) plus unconjugated BCN-
Lipo-Ava (2 mg/kg for Ava) or OT-1 CD8* T-Tre/BCN-Lipo-Ava cell (1.0 x10’, 2 mg/kg for
Ava) by intravenous injection at day 6 and 12 after tumor inoculation. The tumor size was
measured every two days, and the animal survival rate was recorded every day. Tumor size was
calculated as (length xwidth?)/2. The weight of tumor-bearing mice was recorded on day 3, 6, 8,
10, 12, 14, and 16, respectively. Mice with tumor size larger than 20 mm at the longest axis were
euthanized for ethical consideration. Heart, liver, spleen, lung, and kidney of the mice were
collected and weighed to calculate the organ index.

For pharmacodynamic evaluation of adoptive surface anchor-engineered T cell in
pulmonary metastatic melanoma model, B16F10-OVA-Luci cells (2.0 x 10°) were injected
intravenously into C57BL/6J mice, and then mice were randomly divided into six groups (n = 5).
Mice were respectively received saline, free Ava (2 mg/kg), OT-1 CD8" T cell (1.0 x107), OT-I
CDS8* T cell plus free Ava (1.0 % 107, 2 mg/kg for Ava), OT-1 CD8* T cell (1.0 x 10") plus
unconjugated BCN-Lipo-Ava (2 mg/kg for Ava) or OT-1 CD8" T-Tre/BCN-Lipo-Ava cell (1.0 x
107, 2 mg/kg for Ava) by intravenous injection at day 6 and 12 after tumor inoculation. From day
6, mice were imaged for bioluminescence every five days to monitor the tumor growth and the

animal survival rate was recorded every day. Mice were euthanized when the body weight loss
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was >20% of the pre-dosing weight. Heart, liver, spleen, lung, and kidney of the mice were
collected and weighed to calculate the organ index.

Furthermore, orthotopic melanoma and metastatic lung were dissected, embedded in
paraffin, sectioned, and stained with haematoxylin and eosin (H&E) using routine methods.
Briefly, samples were harvested and fixed overnight in 4% paraformaldehyde (dissolved in
phosphate buffer solution, pH 7.4) (Sigma-Aldrich) at 4 <C. Subsequently, the paraformaldehyde-
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). Morphometric evaluation was performed, and the
geometric characteristics of the tumor tissues were assessed using ImageJ (Fiji, 1.51n).
Immunohistochemistry of Ki-67 was performed on paraffin sections by using rabbit anti-mouse-
Ki-67 (1:200, Cell Signaling Technology) and staining with the HRP-DAB SPlink Detection Kit
(ZSGB-Bio). The Ki-67 staining was imaged by a Microscope BX53 (Olympus) and analyzed by
ImagelJ (Fiji, 1.51n) with the ImmunoRatio 1.0 ¢ plugin.

Measurement of serum cytokine levels and liver enzymes for toxicity study.

Serum samples from treated mice as described above were collected at day 18 or day 20 after
tumor inoculation and these were then analyzed for cytokine levels of IL-6, IL-10 and TNFa
using the ELISA Kit (Elabscience, China and Multisciences, China). The quantities of alkaline
phosphatase (ALP), alanine transaminase (ALT), aspartate transaminase (AST), blood urea
nitrogen (BUN), and lactate dehydrogenase (LDH) were determined using the corresponding
assay Kit, respectively.

In vivo bioluminescence imaging
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Luciferase substrate D-luciferin (Yeasen, Shanghai, China) suspended in ddH.O (15 mg/mL)
was injected (150 mg/kg) intraperitoneally 10 min before imaging. Bioluminescence images
were collected on the IVIS Spectrum Imaging System (PerkinElmer, Waltham, MA, USA).
Living Image software (PerkinElmer) was used to acquire and quantify the bioluminescence
imaging data sets.

Anti-tumor responses, exhaustion and proliferation of adoptive transferred cells in tumor
After injection the pmel-1 CD8" T-Tre/BCN-Lipo-Ava cells for 4 days, the orthotopic melanoma
were first digested by collagenase 1V (Sangon Biotech), and leukocytes were isolated by 40-70%
Percoll (GE) gradient centrifugation.

To measure the effector function of adoptive transferred cells (pmel-1 CD8" T-Tre/BCN-
Lipo-Ava cell), the isolated cells were first stimulated with 1 uM ionomycin (MedChemExpress)
and 50 ng/mL phorbol 12-myristate 13-acetate (PMA) for 4 h in the presence of 5 pg/mL
Brefeldin A (BFA), followed by staining with PE-Cy7 anti-mouse Thyl.1 (Thermo). Then the
cells were randomly divided into three groups, and were respectively stained with
allophycocyanin (APC) anti-mouse PD-1 (Thermo), APC anti-mouse TIGIT (Vstm3) (Biolegend)
or APC anti-mouse CD366 (TIM-3) (Biolegend). Next, cells were fixed with 4% PFA and
punched through 0.2% Triton-X100. After that, the cells were stained with FITC anti-mouse
granzyme B (Biolegend), PE-Cy5.5 anti-mouse IFNy (Biolegend) or phycoerythrin (PE) anti-
mouse TNFa (Biolegend), respectively. In general, to gate the cytokine or granule-producing
cells, T cells without stimulation or stained with isotype control antibody were used as negative
controls by flow cytometry analysis.

Additional, the isolated cells were stained with PE-Cy7 anti-mouse Thy1.1 (CD90.1), then

the cells were randomly divided into two groups, and were respectively stained with APC anti-
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mouse PD-1 (CD279) and PE anti-mouse TIGIT (Vstm3) (Biolegend), or APC anti-mouse
CD366 (TIM-3), PE anti-mouse-CD152 (CTLA-4) (Thermo) and FITC anti-mouse CD223
(LAG-3) (Thermo). The exhausted markers of cells were analyzed by flow cytometry.

Moreover, to measure the proliferation and the level of membrane cholesterol in tumor-
infiltrating pmel-1 T-Tre/BCN-Lipo-Ava cell, the isolated cells were stained with PE-Cy7 anti-

mouse Thyl.1 (CD90.1), PE anti-mouse Ki-67 (Biolegend) and Filipin Il (Santa cruz),

followed by analysis using flow cytometry.

Anti-tumor responses, exhaustion and proliferation of tumor-infiltrating CD8* T cells

After the injection of pmel-1 CD8" T-Tre/BCN-Lipo-Ava cell or OT-I CD8" T-Tre/BCN-Lipo-
Ava cell for 4 days, the orthotopic melanoma and metastatic lungs were first digested by
collagenase 1V (Sangon Biotech), and leukocytes were isolated by 40-70% Percoll (GE) gradient
centrifugation.

To measure the effector function of tumor-infiltrating CD8" T cells, the isolated cells were
first stimulated with 1 pM ionomycin (MedChemExpress) and 50 ng/mL phorbol 12-myristate
13-acetate (PMA) for 4 h in the presence of 5 ug/mL Brefeldin A (BFA), and then stained with
APC-Cy7 anti-mouse CD8a (BD PharmingenTM). Next, cells were fixed with 4% PFA and
punched through 0.2% Triton-X100. Then the cells were stained with FITC anti-mouse
granzyme B (Biolegend), APC anti-mouse IFNy (Biolegend) or PE anti-mouse TNFa
(Biolegend), respectively. In general, to gate the cytokine or granule-producing cells, T cells
without stimulation or stained with isotype control antibody were used as negative controls.

Moreover, the isolated cells were stained with APC-Cy7 anti-mouse CD8a (CD90.1), then
the cells were randomly divided into two groups, and were respectively stained with APC anti-

mouse PD-1 (CD279) and PE anti-mouse TIGIT (Vstm3) antibody, or APC anti-mouse CD366
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(TIM-3), PE anti-mouse-CD152 (CTLA-4) and FITC anti-mouse CD223 (LAG-3). Next, the
exhausted markers of cell were analyzed by flow cytometry.

Additional, to measure the proliferation and the level of membrane cholesterol in tumor-
infiltrating CD8* T cell, the isolated cells were stained with APC-Cy7 anti-mouse CD8a, PE
anti-mouse Ki-67 (Biolegend) and Filipin 11l (Santa cruz), followed by analysis using flow
cytometry.

Preparation of CAR-T cells for ACT

The huGD2.CD28.4-1BB.z chimeric antigen receptor was designed based on the heavy and light
chains of GD2 14G.2a antibody to form a single-chain variable fragment, which was fused to a
portion of the extracellular and transmembrane domains of human CD8a, followed by the
intracellular domains of CD28, 4-1BB and CD3(. The plasmid coding huGD2.CD28.4-1BB.z-
CAR-GFP was constructed, and lentivirus was packaged by Public Protein/Plasmid Library (PPL,
Nanjing, China). Human CD3* pan T cells were stimulated with CD3/CD28 agonist antibodies
(Life Technologies). T cells were cultured in ImmunoCultTM-XF T cell Expansion Medium
(Stemcell), penicillin and streptomycin (1%) and IL-2 (20 IU/ml) at 37<C, 5% COg, for 1 day. T
cells were transfected with CAR-expressing lentivirus by a spinoculation method. In brief, a non-
Tissue-Culture treated plate was coated with 10 pg/mL fibronectin at 37<C for 4 h or at 4<C
overnight. Extra fibronectin was removed, and 2 % 10° T cells were added and transfected with
107 1U lentivirus in 1mL immunoCult XF T-cell medium containing 8 pg/mL polybrene and 10
ng/mL recombinant mouse IL-2 at 37 <C, 5% CO.. The plate was spun at 1500 g for 60 minutes
at 22 <C~32<C for three times with 8-h interval. Transfection reagent was replaced with 3 mL of

fresh T-cell medium, and the expression of the CAR was confirmed and quantified by flow
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cytometry. CAR-T cells were cultured and expanded in the single-use cell bag in a 3D-shaking
bioreactor (25-250 mL SS04-1, Sunscell Biotech LTD, China) for 10 days.

Preparation and characterization of CAR T-Tre/BCN-Lipo-Ava cell

CAR T-Tre/BCN-Lipo-Ava cell was obtained by incubating CAR-T cells with DSPE-PEGsk-Tre
and BCN-Lipo-Ava sequentially. The method was the same to the preparation of T-Tre/BCN-
Lipo-Ava cell. For characterization of CAR-T cells anchored with liposomes, CAR-T cells
(1108 cells/mL) were incubated with or without DSPE-PEGsk-Tre at 37<C for 10 min. After
washing with PBS, BCN-Lipo-RhoB were incubated with cells at 37<C for 30 min. After
washing with PBS, cells anchored with fluorescent liposomes were obtained for DNA staining
using Hoechst 33342. Then the cells were fixed with 4% PFA for confocal imaging and flow
cytometry analysis.

TCR clustering of CAR T-Tre/BCN-Lipo-Ava cell

The bottom of the confocal chamber was treated with 0.01% w/v poly-L-lysine solution for 2 h,
which was then discarded and placed at room temperature for 15 min to dry the solution.
Meanwhile, 1 x10% CAR T-Tre/BCN-Lipo-Ava cells or 1 <108 CAR-T cells were cultured for
12 h, and another group of 1108 CAR-T cells were incubated with 1 uM free Ava for 12 h.
After that, the three groups of cells were plated in poly-L-lysine pre-treated confocal chamber.
Then, cells were stained with anti-TCRa antibody (ab18861, Abcam) and Alexa 647-conjugated
goat anti-rabbit IgG (the secondary antibody). Finally, cells were stained with Hoechst 33342
and fixed with 4% PFA for confocal imaging.

In vivo antitumor effect of CAR T-Tre/BCN-Lipo-Ava cell

For the generation of intracranial glioma model, human luciferase-expressing glioblastoma cells

(LN-229-luci cells) were detached by trypsinization, washed, and resuspended in PBS at a
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concentration of 5 x10° cells in 5 pL. NSG mice were anesthetized by isoflurane and fixed in a
stereotactic frame. 5 x 10° cells were injected into the right frontal lobe of NSG mice using a
microsyringe as previously described (54). The injection coordinates for the orthotopic model

was 2 mm lateral from the bregma and 1.5 mm deep from the outer border of the cranium,

respectively. Mice were randomly divided into five groups (n = 5). Mice were respectively
received saline, free Ava (1 mg/kg), CAR-T cell (5 x10°%), CAR-T cell plus free Ava (5 x10°, 1
mg/kg for Ava), CAR T-Tre/BCN-Lipo cell (5 x108), CAR-T cell (5 x10°) plus unconjugated
BCN-Lipo-Ava (1 mg/kg for Ava) or CAR T-Tre/BCN-Lipo-Ava cell (5 x10°, 1 mg/kg for Ava)
by intracranial injection at day 6 and 12. From day 6, mice were imaged for bioluminescence
every five days to monitor the tumor growth, and survival of mice was recorded every day. The
body weight of mice was recorded on day 5, 10, 15, 20, 25, 30, respectively. Mice were
euthanized when the body weight loss was >20% of the pre-dosing weight. Serum samples from
each group of mice were collected at day 18 after tumor inoculation and these were then
analyzed for cytokine levels of IL-6, IL-10 and TNFa using the ELISA Kit (Elabscience, China).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0. All plots show mean & SEM.
One-way ANOVA test was used for comparisons of multiple groups, Student’s unpaired t test
was used for two-group comparisons in the appropriate conditions, and a log-rank (Mantel-Cox)
test was used to analyze the statistical significance of difference for survival analysis. Statistical

significance was set at *P < 0.05, **P < 0.01 and ***P < 0.001, ns: no significant difference.

Supplementary Materials

Fig. S1. Synthesis and characterization of DSPE-PEGsk-Tre and DSPE-BCN.
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Fig. S2. Characteristics of the click reaction and the liposomal avasimibe (BCN-Lipo-Ava).

Fig. S3. In vitro cytotoxicity and the 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 cell maintained normal T-cell vitality.

Fig. S6. The transvascular capacity of surface anchor-engineered T cell.

Fig. S7. In vitro activation of surface anchor-engineered T cell.

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

Fig. S9. Tandem Mass Tag (TMT)-based quantitative proteomics of surface anchor-engineered T
cell (T-Tre/BCN-Lipo cell).

Fig. S10. The expression of ACAT1 proteins and the cytotoxicity of Ava in different types of
cancer cells.

Fig. S11. Plasma membrane cholesterol level of T-Tre/BCN-Lipo-Ava cell over time.

Fig. S12. Transcription levels of cholesterol metabolic genes in surface anchor-engineered T cell.
Fig. S13. IFNy, TNFa and GzmB production and cytotoxicity of CD8" T cell with adding or
depleting cholesterol.

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

Fig. S15. The population of pmel-1 CD8" T cell and accumulation of Ava in tumor after
injection of pmel-1 T-Tre/BCN-Lipo-Ava cell over time.

Fig. S16. Safety evaluation of heart tissue by microscopic pathological analysis in B16F10

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

Fig. S18. Safety evaluation of spleen tissue by microscopic pathological analysis in B16F10
orthotopic melanoma mouse model.

Fig. S19. 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 cell in B16F10 orthotopic
melanoma.

Fig. S22. Optimized synergistic antitumor efficacy of OT-1 T-Tre/BCN-Lipo-Ava cell in
B16F10-OVA orthotopic melanoma mouse model.

Fig. S23. Biosafety analysis of surface anchor-engineered OT-1 T cell in B16F10-OVA
orthotopic melanoma.

Fig. S24. Plasma membrane cholesterol level, Ki-67 expression, as well as IFNy, TNFa and
GzmB production of tumor-infiltrating CD8" T cell after a single adoptive pmel-1 T-Tre/BCN-
Lipo-Ava cell transfer in B16F10 orthotopic melanoma tumors.

Fig. S25. IFNy, TNFa and GzmB production of tumor-infiltrating CD8" T cell after a single
adoptive OT-1 T-Tre/BCN-Lipo-Ava cell transfer in B16F10-OVA orthotopic melanoma tumors.
Fig. S26. The exhaustion and immunosuppressive status of tumor-infiltrating CD8" T cell after a
single adoptive pmel-1 T-Tre/BCN-Lipo-Ava cell transfer in B16F10 orthotopic melanoma
tumors.

Fig. S27. Pathology analysis of pulmonary sections of B16F10-OV A metastatic melanoma.
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Fig. S28. Biosafety analysis of surface anchor-engineered OT-1 T cell in B16F10-OVA
pulmonary metastatic melanoma.

Fig. S29. IFNy, TNFa and GzmB production of tumor-infiltrating CD8" T cell after a single
adoptive OT-l1 T-Tre/BCN-Lipo-Ava cell transfer in B16F10-OVA pulmonary metastatic
melanoma.

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

Fig. S31. Characteristics of anti-GD2 CAR-T cells.

Fig. S32. Surface-anchoring of CAR-T cells by liposomal Ava enhanced TCR clustering and
immunological synapse formation.

Table S1. The number of liposomes anchored on the surface of T cell.
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Fig. S1. Synthesis and characterization of DSPE-PEGsk-Tre and DSPE-BCN. (A) The
structure and synthesis of cell membrane anchoring module (DSPE-PEGsk-Tre). (B) The
characterization of DSPE-PEGsi-Tre by '"H-NMR. (C) The structure and synthesis of lipid click
module (DSPE-BCN). (D) The characterization of DSPE-BCN by 'H-NMR and mass

spectrometry.
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Fig. S2. Characteristics of the click reaction and the liposomal avasimibe (BCN-Lipo-Ava).
(A) The UV spectral profile of DSPE-PEGsk-Tre after incubation with or without DSPE-BCN
for 10 min (n = 3 independent samples per group). (B) Representative transmission electron
microscopy image and hydrodynamic sizes of BCN-Lipo-Ava. Scale bar, 100 nm. (C) The
hydrodynamic size of BCN-Lipo-Ava measured by dynamic light scattering after incubation at
PBS and 50% FBS in different time. n = 3 independent samples per group. (D-F) UV spectral
profiles of the different mixtures of DSPE-PEGsi-Tre and BCN-Lipo-Ava for 0.5 h, 2 h and 12

h (n = 3 independent samples per group). Error bars denote SEM.
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Fig. S3. In vitro cytotoxicity and the optimization of anchoring and clicking concentration
and time. (A) /n vitro cytotoxicity of different concentrations of DSPE-PEGsk-Tre on T cells
for 24 h (n = 5 independent samples per group). (B) In vitro cytotoxicity of different
concentration of BCN-Lipo-Ava on T cells for 24 h (n =5 independent samples per group). (C)
The optimization of T cell surface-anchoring efficiency of Ava at different concentration of cell
membrane anchoring module (DSPE-PEGsk-Tre) when the concentration of BCN-Lipo-Ava set
as 100 pg/mL (n = 5 independent samples per group). (D) The optimization of T cell surface-
anchoring efficiency of Ava at different concentration of BCN-Lipo-Ava when the
concentration of DSPE-PEGsk-Tre set as 80 pg in 1 mL medium (n = 5 independent samples
per group). (E) The optimization of T cell surface-anchoring efficiency of Ava at different
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optimization of T cell surface-anchoring efficiency of Ava at different incubation time with 100
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two independent experiments, and were presented as the mean + SEM.
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Fig. S7. In vitro activation of surface anchor-engineered T cell. ELISA analysis of cytokines
(IFNy and TNFa) secreted by T-Tre/BCN-Lipo-Ava cell after stimulation by concanavalin A
(Con A) in different concentrations, n = 3 independent samples per group. Data were analyzed
by unpaired t-test. Error bars denote SEM, *P < 0.05, **P < 0.01, ***P < 0.001 and ns means

no significant difference.
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Fig. S8. The basal energy metabolism of surface anchor-engineered T cell (n = 3

independent samples per group). Data were representative of two independent experiments, and
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Fig. S9. Tandem Mass Tag (TMT)-based quantitative proteomics of surface anchor-
engineered T cell (T-Tre/BCN-Lipo cell). T-Tre/BCN-Lipo cells were cultured in vitro at 37<C
for 12 h, and the quantitative changes of the cellular proteome were investigated by Tandem
Mass Tags (TMT) based mass spectrometry (n = 3 unique spectra). Volcano plot representing
the distribution of all proteins (n=7226) with relative protein abundance (log> fold change of
T-Tre/BCN-Lipo : T) plotted against its significance level (negative logio P value). The proteins
enriched in the biological process of TCR signaling (light blue triangle), T cell activation

(yellow dot), T cell proliferation (red triangle), and immune effector process (dark blue triangle)

are shown.
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Fig. S10. The expression of ACAT1 proteins and the cytotoxicity of Ava in different types
of cancer cells. (A) Expression of ACAT1 protein levels in different cancer cell lines and
tumors. BI6F10 melanoma was established by intradermal injection of B16F10 cells in
C57BL/6J mice. PC-3 prostate cancer was established by subcutaneous injection of PC-3 cells
in athymic nude mice. LN-229 glioblastoma was established by intracranial injection of LN-
229 cells in NSG mice (n = 3 independent experiments). (B) The quantification of (A). (C-E)
The cytotoxicity of avasimibe to different cancer cell lines, n = 3 independent samples per group.
Data were analyzed by unpaired t-test. *P < 0.05, **P <0.01, ***P <0.001, Error bars denote

SEM.
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Fig. S12. Transcription levels of cholesterol metabolic genes in surface anchor-engineered
T cell. (A) T-Tre/BCN-Lipo-Ava resulted in modest enhancement of the transcription levels of
cholesterol synthesis genes, n = 3 independent samples per group. (B-C) Surface anchor-
engineered T cell does not affect cholesterol transport and efflux genes in CD8" T cells, n = 3

independent samples per group. Data were analyzed by one-way ANOVA test. Error bars denote

SEM, *P < 0.05 and ns means no significant difference.
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Fig. S13. IFNy, TNFo and GzmB production and cytotoxicity of CD8" T cell with adding



or depleting cholesterol. CD8" T cells were incubated at 37°C for 12 h. To increase the
cholesterol level, the cells were treated with MPBCD-coated cholesterol (Chol). To reduce the
cholesterol level of the plasma membrane, the cells were treated with MBCD. (A) Flow
cytometry analysis and quantification of IFNy, TNFa and GzmB secreted by CD8" T cell after
treatment with MPBCD-coated cholesterol (Chol) and stimulation with 5 ug/mL plate-bound
anti-CD3 and anti-CD28 antibodies for 24 h at 37°C, n = 3 independent samples per group. (B)
The quantification of (A). (C) Cytotoxicity of CD8" T cells treated with MBCD-coated
cholesterol (Chol), n = 3 independent samples per group. (D) Flow cytometry analysis and
quantification of IFNy, TNFa and GzmB secreted by CD8" T cell after treatment with MBCD
and stimulation with 5 pg/mL plate-bound anti-CD3 and anti-CD28 antibodies for 24 h at 37°C,
n = 3 independent samples per group. (E) The quantification of (D). (F) Cytotoxicity of CD8"
T cells treated with MBCD, n = 3 independent samples per group. Data were analyzed by
unpaired t-test. Error bars denote SEM, *P < 0.05, **P < (0.01 and ns means no significant

difference.
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Fig. S14. Immunoblotting quantification of proximal and downstream TCR signaling

molecules after stimulation with anti-CD3/CD28 Abs. Data were representative of three

independent experiments, and were analyzed by unpaired t-test. Error bars denote SEM, *P <

0.05, **P <0.01, ***P < 0.001 and ns means no significant difference.
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Fig. S15. The population of pmel-1 CD8" T cell and accumulation of Ava in tumor after

injection of pmel-1 T-Tre/BCN-Lipo-Ava cell over time. (A-B) The population of pmel-1 T

cell analyzed by flow cytometry analysis within tumor-infiltrating CD8" T cell, n =

4

mice/group. (C) HPLC quantification of the accumulation of Ava in tumor after intravenous

injection of different Ava formulations with the dosage of Ava at 2 mg/kg, n = 3 mice/group.

Error bars denote SEM.
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Fig. S16. Safety evaluation of heart tissue by microscopic pathological analysis in B16F10
orthotopic melanoma mouse model. Heart tissues were collected from the B16F10 bearing
mice after administration of different treatments and HE sections were performed for

pathological assessment. Scale bar, 50 um.
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Fig. S17. Safety evaluation of liver tissue by microscopic pathological analysis in B16F10
orthotopic melanoma mouse model. Liver tissues were collected from the BI6F10 bearing
mice after administration of different treatments and HE sections were performed for

pathological assessment. Scale bar, 50 um.
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Fig. S18. Safety evaluation of spleen tissue by microscopic pathological analysis in B16F10
orthotopic melanoma mouse model. Spleen tissues were collected from the BI6F10 bearing
mice after administration of different treatments and HE sections were performed for

pathological assessment. Scale bar, 50 um.
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Fig. S19. Safety evaluation of lung tissue by microscopic pathological analysis in B16F10
orthotopic melanoma mouse model. Lung tissues were collected from the BI6F10 bearing
mice after administration of different treatments and HE sections were performed for

pathological assessment. Scale bar, 50 um.
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Fig. S20. Safety evaluation of kidney tissue by microscopic pathological analysis in B16F10
orthotopic melanoma mouse model. Kidney tissues were collected from the B16F10 bearing
mice after administration of different treatments and HE sections were performed for

pathological assessment. Scale bar, 50 um.
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Fig. S21. Biosafety analysis of surface anchor-engineered pmel-1 T cell in B16F10
orthotopic melanoma. (A) Organ weight normalized to body weight (n = 6 mice/group). (B-I)
Markers of liver/kidney injury and serum cytokine levels were measured (n = 6 mice/group).

Error bars denote SEM.
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Fig. S22. Optimized synergistic antitumor efficacy of OT-l1 T-Tre/BCN-Lipo-Ava cell in
B16F10-OVA orthotopic melanoma mouse model. (A) Schematic illustration of the
experimental setting. (B) The tumor growth curves of mice receiving tested formulations, n =
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7 mice/group. (C-D) Representative microscopic images (C) and quantification (D) of tumor
sections immunostained by Ki-67. Ki-67 positive areas were quantified from each field (n =
10). Scale bar, 50 um. (E) The survival profiles of mice receiving tested formulations, n = 7
mice/group. (F) Body weights of all mice, n = 7 mice/group. All data were analyzed by one-
way ANOVA (B), unpaired t-test (D) or a log-rank (Mantel-Cox) test (E). Error bars denote

SEM, *P < 0.05, **P < 0.01, ***P < 0.001 and ns means no significant difference.
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Fig. S23. Biosafety analysis of surface anchor-engineered OT-I T cell in B16F10-OVA
orthotopic melanoma. (A) Organ weight normalized to body weight (n = 7 mice/group). (B-I)
Markers of liver/kidney injury and serum cytokine levels were measured (n = 7 mice/group).

Error bars denote SEM.
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Fig. S24. Plasma membrane cholesterol level, Ki-67 expression, as well as IFNy, TNFa and
GzmB production of tumor-infiltrating CD8" T cell after a single adoptive pmel-1 T-
Tre/BCN-Lipo-Ava cell transfer in B16F10 orthotopic melanoma tumors. (A-B) Flow
cytometry analysis and quantification of TNFa", IFNy", and GzmB™ tumor-infiltrating CD8" T
cells in B16F10 orthotopic melanoma tumors (n = 6 mice/group). (C-D) Filipin III and Ki-67
levels of tumour-infiltrating CD8" T cells were assessed using flow cytometry (n = 6
mice/group). Data were analyzed by unpaired t-test. Error bars denote SEM, **P < 0.01 and ns

means no significant difference.

30



* saline
A Tcell + T-Tre/ B <ieena
i BCN-Lipo-Ava BCN-Lipo-Ava cell *Teel
saline free Ava ) T cgll ! ! p o T cell + BCN-Lipo-Ava
- 5.58 :83.4  T-Tre/BCN-Lipo-Ava cell
SNy
L}

=]
=1
N
&

IFNy —»

&
o ©o o
| 11

GzmB —»
S
..

ewoue|aw 21dojoyuo

@ -
S o o
M

o]
o
1

IS
o
I

TNFa —»

[:]
o
L

TNFa* of CD8* (%) GzmB* of CD8* (%) IFNy* of CD8* (%
8
[ ]
L ]

F

Fig. S25. IFNy, TNFa and GzmB production of tumor-infiltrating CD8" T cell after a
single adoptive OT-I T-Tre/BCN-Lipo-Ava cell transfer in B16F10-OVA orthotopic
melanoma tumors. (A) Flow cytometry analysis and quantification of TNFa", IFNy", and
GzmB" tumor-infiltrating CD8" T cells in orthotopic melanoma tumors. (B) The quantification
of (A), n = 6 mice/group. All data were analyzed by unpaired t-test. Error bars denote SEM,

**P <0.01, ***P <0.001 and ns means no significant difference.
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Fig. S26. The exhaustion and

32



tumor-infiltrating CD8* T cell after a single adoptive pmel-1 T-Tre/BCN-Lipo-Ava cell
transfer in B16F10 orthotopic melanoma tumors. (A-B) Flow cytometry analysis and
quantification of PD-1", CTLA-4", TIM-3", LAG-3" and TIGIT" adoptive pmel-1 CD8" T cells
in B16F10 orthotopic melanoma tumors (n = 6 mice/group). (C-D) Flow cytometry analysis
and quantification of PD-17, CTLA-4", TIM-3", LAG-3" and TIGIT" tumor-infiltrating CD8"
T cells in BI6F10 orthotopic melanoma tumors (n = 6 mice/group). Data were analyzed by one-

way ANOVA test. Error bars denote SEM, ns means no significant difference.
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Tcell +

Fig. S27. Pathology analysis of pulmonary sections of B16F10-OVA metastatic melanoma.
Local lung sections were photographed using imaged by a Microscope BX53 (Olympus)

microscopy.
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Fig. S28. Biosafety analysis of surface anchor-engineered OT-I T cell in B16F10-OVA
pulmonary metastatic melanoma. (A) Organ weight normalized to body weight. (B-I)
Markers of liver/kidney injury and serum cytokine levels were measured (n = 5 mice/group).

Error bars denote SEM.
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Fig. S29. IFNy, TNFo and GzmB production of tumor-infiltrating CD8* T cell after a
single adoptive OT-1 T-Tre/BCN-Lipo-Ava cell transfer in B16F10-OVA pulmonary
metastatic melanoma. (A) Flow cytometry analysis and quantification of TNFa", IFNy", and
GzmB" tumor-infiltrating CD8" T cells in pulmonary metastatic melanoma. (B) The

quantification of (A), n = 6 mice/group. All data were analyzed by unpaired t-test. Error bars
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Fig. S30. Characteristics of LN-229 glioblastoma cells. (A) Morphology of LN-229 parental
glioblastoma cells and LN-229 neurospheres. Scale bar, 100 um. (B) The expressions of GD2
in LN-229 parental cells and LN-229 neurospheres were analyzed by flow cytometry. 4T1

breast cancer cells and B16F 10 melanoma cells were set as controls.
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Fig. S31. Characteristics of anti-GD2 CAR-T cells. (A) Schematic of the GD2.CD28.4-
1BB.z-CAR used in functional experiments. V, variable heavy chain; Vi, variable light chain.
(B) Lentiviral transduction efficiency of GD2 CAR in human pan CD3" T cells determined by
fluorescence imaging at different time points after transduction. The GFP green signals
indicated positive GD2 CAR-T cells. Scale bar, 200 um. (C) 3D z-stack of GD2 CAR-T cell
cluster was imaged by ZEISS confocal and analyzed by Arivis 3D imaging system after the
transduction of GD2 CAR for 2 days. The Hoechst 33342 blue signals indicated DNA staining,
while the GFP green signals indicated positive GD2 CAR-T cells. (D) Lentiviral transduction

efficiency of GD2 CAR in human pan CD3" T cells determined by flow cytometry.
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Fig. S32. Surface-anchoring of CAR-T cells by liposomal Ava enhanced TCR clustering
and immunological synapse formation. (A) Confocal microscopy images of CAR-T cells
after anchoring with Rhodamine B-labeled liposomes (BCN-Lipo-RhoB, red). CAR-T cell
nuclei were stained by Hoechst 33342 (blue). Scale bar, 10 um, n = 2 independent experiments.
(B) Hydrophobic anchored CAR-T cells were incubated with fluorescent liposome (BCN-Lipo-
RhoB) and then analyzed by flow cytometry, n = 3 independent samples per group. (C) Imaging
of TCR clustering of CAR T-Tre/BCN-Lipo-Ava cell after stimulation with anti-CD3/CD28

antibodies. The TCRa was labeled with Alexa Fluor 647 (red) and cell nuclei were stained by

Hoechst 33342 (blue). Scale bar, 5 pm, n = 2 independent experiments.
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Table S1. The number of liposomes anchored on the surface of T cell.

N before DSPE-PEG-Tre N after DSPE-PEG-Tre N before DSPE-PEG N after DSPE-PEG N liposome per T cell

7.80x108+0.18x10%  4.45x10%8+0.28x10%  7.96x10% + 1.39x10%  7.36x108 + 1.39x108 274 +£38

Data were presented mean + SD, n = 3 independent samples per group. Detailed calculation was summarized

in preparation and characterization of T-Tre/BCN-Lipo-Ava cell of Materials and Methods.
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Supporting Methods
1. Synthesis of cell membrane anchoring module (DSPE-PEGsk-Tre)
1.1 Synthesis of 4-(6-(pyrimidin-2-yl)-1,4-dihydro-1,2,4,5-tetrazin-3-yl) benzo-icacid (Tre-

2H-COOH)
CN CN
A\ ) HN-N  N=
N
HOOC CN ) S—
C NaHs O CC N-NH \N>

Tre-2H-COOH

To a solution of 2-cyanopyrimidine (935 mg, 8.9 mmol) in ethanol (30 mL) was added 4-
cyanobenzoic acid (1.96 g, 13.3 mmol). Upon all the 4-cyanobenzoic acid has dissolved,
hydrazine hydrate (5.5 mL) was added slowly, and the brown mixture turned red immediately.
The reaction mixture was allowed to reflux for 10 hours. After the reaction was cooled down to
room temperature, the mixture was filtered to remove the filtrate. Then, drying the filter cake.
520 mg of henna powder of 4-(6-(pyrimidin-2-yl)-1,4-dihydro-1,2,4,5-tetrazin-3-yl) benzoic

acid was obtained. Yield: 20.7%.

1.2 Synthesis of 4-(6-(pyrimidin-2-yl)-1,2,4,5-tetrazin-3-yl) benzoic acid (Tre-COOH)

HN-N  N= _
NaNO N=N  N=

HOOC‘©—<\ 4 —_— HOOC@—(
e N}/ an )

Tre-2H-COOH Tre-COOH

In a 50 mL round bottom flask, Tre-2H-COOH (520 mg, 1.8 mmol) in Acetic acid glacial
(10 mL) and NaNO; (2.76 g, 40 mmol) was added slowly. The mixture was stirred for 0.5 h and
filtered it under the negative pressure before we collected the filter cake. 10 mL DMF was added
to dissolve the crude product in the filter cake. The suspension was filtered, concentrated under

reduced pressure and purified via silica gel flash chromatography (CH2Cl,/MeOH = 10:1) to
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give 200 mg Tre-COOH as prunosus solid. Yield: 38.7%. Structure confirmed by 'H-NMR and
HRMS. 'H-NMR (300 MHz, DMSO-ds), du (TMS, ppm) : 9.20 (2H, d, ] = 4.8 Hz), 8.70 (2H,
d,J=8.3Hz),8.25(2H,d,J=9.9 Hz), 7.83 (1H, t, ] =4.8 Hz). HRMS: m/z calcd for C13HsNsO»

(M-H): 279.0636 was found 279.0643.

1.3 Synthesis of N?-(tert-butoxycarbonyl)-/N°-(4-(6-(pyrimidin-2-yl)-1,2,4,5-tetrazin-3-

yl)benzoyl)lysine (Lys-Boc-Tre)

i
O)LNH
=N N=N A i ){
(» —4 />—®—COOH Boc-Lys-OH =N N=N o) 0" “NH
N  N-N W PP
N  N-N NH COOH

Tre-COOH

Lys-Boc-Tre

In a 100 mL round bottom flask, a solution of 80.00 mg (0.29 mmol) of Tre-COOH, 35.68
mg (0.31 mmol) of N-hydroxysuccinimide, 59.43 mg (031 mmol) of 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride in 30 mL of CHCl; stirred for 3 h.
To a solution of Boc-Lys-OH-HCI (126.42 mg, 0.26 mmol) in CHCl; (30 mL) was added
DIPEA (136.24 uL, 0.78 mmol) with stirring for 3 h. Then, the mixture of Boc-Lys-OH-HCI
and DIPEA in CHCIl; was added to the solution of Tre-COOH, N-hydroxysuccinimide and 1-
(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride in CHClIs, then stirred overnight
at room temperature. The reaction mixture washed with 1% citric acid (2x80 mL) and brine
(2x80 mL). The organic layer was dried over Na>SO4 and the solvent evaporated. The product
was purified by flash chromatography (chloroform / MeOH = 25:1) and isolated as a prunosus
solid (90 mg, 61.9 %). Structure confirmed by 'H-NMR. 'H-NMR (300 MHz, CDCl3), u (TMS,
ppm) : 9.12 (2H, d, ] = 4.8 Hz), 8.78 (2H, d, ] = 8.5 Hz), 8.06 (2H, d, J = 8.5 Hz), 7.63 (1H, t,
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J=4.8Hz),4.20 (1H, t, ] = 4.6 Hz), 3.47-3.43 (2H, m), 1.76-1.65 (4H, m), 1.52-1.48 (2H, m),

1.40 (9H, s).

1.4 Synthesis of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-/N-(polyeth-ylene
glycol)-5000-N?-(tert-butoxycarbonyl)-N°-(4-(6-(pyrimidin-2-yl)-1,2,4,5-te-trazine-3-yl)

benzoyl) lysine (DSPE-PEGsk-Lys-Boc-Tre)

" o /I()L
oo 2
N- COOH DSPE-PEGs,-NH,

Lys-Boc-Tre
o]
cﬁHss)J\o/Y\o—g—o o
Ci7Has- 0O OH _\_NH OT\NJ\I/\/\/NH F_N\ }\I A\
Y \H/\IJ\ nH = =
0 o] HN\(O o] N=N N

o\{/
DSPE-PEGs-Lys-Boc-Tre

To a solution of DSPE-PEGsi-NH> (50.00 mg, 0.01 mmol) in DMF (5 mL), were added
benzotriazole-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (11.45 mg, 0.022
mmol), Triethylamine (4.09 pL, 3.03 mmol) and Lys-Boc-Tre (10.52 mg, 0.02 mmol) with
stirring overnight at room temperature. The reaction mixture was transferred to a dialysis bag
(MWCO = 3500 Da). After dialysis for 48 h with DMSO, deionized water for further dialysis
for 48 h. A purple-red cotton-like product (DSPE-PEGsk-Lys-Boc-Tre, 31.7 mg) was obtained
by lyophilization. Yield: 60.8%. Structure confirmed by 'H-NMR. 'H-NMR (300 MHz,
DMSO-ds), ou (TMS, ppm) : 9.21 (2H, d, J=4.4 Hz), 9.11 (2H,d, J=5.2 Hz), 8.67 (2H, d, ] =
8.7 Hz), 8.16 (2H, m), 7.84 (1H, t, J = 5.1 Hz), 6.87 (2H, s), 4.58-4.25 (5H, m), 4.19-4.14 (7H,
m), 4.68-4.02 (6H, m), 3.75-3.69 (16H, m), 3.50-3.49 (452H, m), 2.72 (4H, m), 2.26-2.25(9H,
m), 1.77-1.76 (1H, m), 1.55-1.49 (9H, m), 1.36 (9H, s), 1.22-1.01 (45H, m), 0.84 (6H, t, ] =6.2
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Hz).

1.5 Synthesis of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-/V-(polyethylene
glycol)-5000-N°-(4-(6-(pyrimidin-2-yl)-1,2,4,5-tetraazin-3-yl) benzoyl) lysine acid (DSPE-

PEGsk-Tre)

o}

PN
Cishss”™ "0y T0-P-0 0 -
R e e e e S i n W e el
H N=N =

o) o] HN

(o]
0#/
DSPE-PEGg-Lys-Boc-Tre

DSPE-PEGs,-Tre

To a solution of 31.70 mg of DSPE-PEGsk-Lys-Boc-Tre in deionized water (5 mL), were
added 136.24 pL of TFA with stirring overnight. The reaction mixture was transferred to a
dialysis bag (MWCO = 3500 Da). After dialysis for 48 h with deionized water, a purple-red
cotton-like product (DSPE-PEGsk-Lys-Tre, 20 mg) was obtained by lyophilization. Structure
confirmed by '"H-NMR.!H-NMR (300 MHz, DMSO-ds), du (TMS, ppm) : 9.21 (2H, d), 8.68
(1H, d), 8.19 (2H, d), 7.51 (2H, d), 5.11-5.19 (4H, m), 4.57-4.52 (7H, m), 4.10-3.99 (9H, m),
3.77-3.68 (8H, m), 3.53-3.46 (475H, m), 2.32-2.19 (5H, m), 1.56-1.40 (7H, m), 1.25-1.20 (45H,

m), 0.85 (6H, t).

1.6 Synthesis of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(polye-thylene
glycol)-5000-N%-(4-(6-(pyrimidin-2-yl)-1,2,4,5-tetraazin-3-yl) benzoyl) ly-sine acid-FITC
(DSPE-PEGsk-Tre-FITC)
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DSPE-PEGg,-Tre

X g .
> CiHas o/\O(\o- -0 -
O

S o
17 35\[( WO?H - _

DSPE-PEGs-Tre-FITC

To a solution of 10 mg FITC in DMSO (1 mL), were added DSPE-PEGsi-Tre (2 mg/mL)
in PBS (5 mL, pH = 8.5) with stirring overnight. The reaction mixture was transferred to a
dialysis bag (MWCO = 3500 Da). The reaction mixture was transferred to a dialysis bag
(MWCO = 3500 Da). After dialysis for 48 h with DMSO, deionized water for further dialysis
for 48 h. A yellow and green cotton-like product (DSPE-PEGsk-Tre-FITC, 9.2 mg) was obtained

by lyophilization. Structure confirmed by 'H-NMR.

1.7 Synthesis of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(polye-thylene

glycol) -5000-FITC (DSPE-PEGsi-FITC)
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C17H35/\O(\ OH NH
N7 o Nk,

O  DSPE-PEGs-NH, O

o
I

= CiHgs o/\[/\o—P—o\m

]
C17H35T0 OH NH WOKNE

0 © “NH

DSPE-PEGs,-FITC ‘
COOH
o8s
o o OH
To a solution of 10 mg FITC in DMSO (1 mL), were added DSPE-PEGs,-NH> (2 mg/mL)
in PBS (5 mL, pH = 8.5) with stirring overnight. The reaction mixture was transferred to a
dialysis bag (MWCO = 3500 Da). The reaction mixture was transferred to a dialysis bag
(MWCO = 3500 Da). After dialysis for 48 h with DMSO, deionized water for further dialysis
for 48 h. A yellow and green cotton-like product (DSPE-PEGsk-Tre-FITC, 8.5 mg) was obtained
by lyophilization. Structure confirmed by 'H-NMR. 'H-NMR (300 MHz, DMSO-ds), du (TMS,
ppm) :7.46 (3H, m), 6.25 (6H, m), 5.45-5.39 (4H, m), 4.61-4.53 (4H, m), 4.05-4.01 (6H, m),

3.75-3.50 (426H, m), 2.28-2.24 (4H, m), 1.24-1.11 (55H, m), 1.02 (6H, 1).

2. Synthesis of lipid click module (DSPE-BCN)

2.1 Synthesis of ethyl bicyclo [6.1.0] non-4-ene-9-carboxylate (1)

Rhy(OAC),

e
DAAE
o7 o™
1

To a solution of 1,5-Cyclooctadiene (30 mL, 26.40 g, 0.24 mol) in CH>Cl, (100 mL), were

added rhodium (II) acetate dimer and ethyl diazoacetate (DAAE)/CH>Cl> (4.3 mL/20 mL, 0.04
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mol, 4.6 g) with stirring for 24 h at room temperature. Then, the reaction mixture was poured
into 600 mL heptane/ethyl acetate (200:1) with stirring for 1 h. After the suspension was filtered,
concentrated under reduced pressure and purified via silica gel flash chromatography (PE:EA
=50:1) 5.6 g of colorless oily liquid of 1 was obtained. Yield: 72.16%. Structure confirmed by
'"H-NMR. 'H-NMR (300 MHz, CDCls), éu (TMS, ppm) : 5.65-5.54 (2H, m, -CH=CH-), 4.14-
4.07 (2H, q, -O-CH;-CH3), 2.53-2.46 (2H, m, =CH-CH2-CH>»-), 2.25-2.13 (2H, m, =CH-CHa>-
CH>-), 2.09-1.98 (2H, m, -CH-CH»-CH>-), 1.87-1.78 (2H, m, -CH,-CH(CHCOO)-CH-, -CH>-
CH(CHCOO)-CH-), 1.72-1.66 (1H, t, -OC-CH(CH)-CH-), 1.44-1.32 (2H, m, -CH;-CH>-CH-),

1.27-1.22 (3H, t, -OCH,CHs).

2.2 Synthesis of bicyclo [6.1.0] non-4-en-9-ylmethanol (2)

LiAIH,
_—
Et,0
c” o™ OH
1 2

In a 125 mL round bottom flask, a solution of 1 (3.7 g, 19.05 mmol), LiAIH4 (1.09 g, 28.59
mmol) in 50 mL of Et;O stirred for 4 h at room temperature. The reaction mixture diluted with
Et2O and washed with brine (2x80 mL). The organic layer was dried over Na>SO4. Then, the
solvent evaporated to obtain crude product (2.78 g, 96%). Structure confirmed by 'H-NMR.
"H-NMR (300 MHz, CDCl3), éu (TMS, ppm) : 5.69-5.58 (2H, m, -CH=CH-), 3.48 (2H, d, HO-
CH»-CH-), 2.33-2.24 (2H, m, =CH-CH»>-CH>»-), 2.22-2.12 (2H, m, =CH-CH>-CH>-), 2.09-2.01
(2H, m, -CH-CH2-CHz-), 1.47-1.35 (2H, m, -CH-CH:-CH»-), 0.83-0.72 (2H, m, -CHa-

CH(CH»)-CH-, -CH2-CH(CH>)-CH-), 0.70-0.62 (1H, t, -CH> -CH(CH)-CH-).
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2.3 Synthesis of (4,5-dibromobicyclo [6.1.0] nonan-9-yl) methanol (3)

Br Br
PVPHP
CH,Cl,
OH OH
2 3

In a 100 mL round bottom flask, a solution of 2 (2.78 g, 18.27 mmol), pyridinium
tribromide (PVPHP, 8.59 g, 21.93 mmol) in 50 mL of CHxCl, stirred for 10 h at room
temperature. The reaction mixture washed with 1% citric acid (2x80 mL) and brine (2x80 mL).
The organic layer was dried over Na;SO4 and the solvent evaporated. The product was purified
by flash chromatography (PE: EA = 10:1) and isolated as a white solid (2.4 mg, 42.4%).
Structure confirmed by 'H-NMR. 'H-NMR (300 MHz, CDCls), 6u (TMS, ppm) : 4.79-4.75 (2H,
m, -CHBrCHBr-), 3.46 (2H, d, HO-CH>-CH-), 2.65-2.50 (2H, m, BrCH-CH-CH>-), 2.05-1.99
(2H, m, BrCH-CH>-CH»-), 1.44-1.28 (4H, m, -CH-CH2-CH»-), 0.89-0.78 (2H, m, -CH2-

CH(CH,)-CH-, -CH,-CH(CH,)-CH-), 0.64-0.60 (1H, m, OHCH,-CH(CH)-CH-).

2.4 Synthesis of bicyclo [6.1.0] non-4-yn-9-ylmethanol (BCN)

Br Br
t-BuOK

OH
OH
3 BCN

In a 100 mL three necked bottle, a solution of 3 (3 g, 9.60 mmol), potassium tert-butoxide
(7.12 g, 63.45 mmol) in 50 mL of dry THF stirred for 4 h at room temperature After the
suspension was filtered, concentrated under reduced pressure and purified via silica gel flash
chromatography (PE/EA =30:1) 550 mg of white powder was obtained. Yield: 38.2%. Structure

confirmed by '"H-NMR. 'H-NMR (300 MHz, CDCl3), du (TMS, ppm): 3.58 (2H, d, HOCH,-),
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2.35-2.08 (4H, m, =C-CH2-CHz-), 1.52-1.27 (4H, m, -CH2-CH2-CH-), 0.77-0.69 (3H, m,

OHCH,-CH(CH)-CH-).

2.5 Synthesis of bicyclo [6.1.0] non-4-yn-9-ylmethyl (4-nitrophenyl) carbonate (BCN-Phe-

NO»)

o
s
———————
0
OH o)Lo’Qj}'\Ioz

BCN BCN-Phe-NO,
To a solution of BCN (350 g, 2.33 mmol) in CH2Cl; (30 mL), were added 4-Nitrophenyl
chloroformate (1.17 g, 5.82 mmol)) and Py (0.64 g, 8.15 mmol) with stirring for 6 h at room
temperature. After the CH>Cl> was removed, the product was purified by flash chromatography

(PE: EA=7:1) and isolated as a white powder (520 mg, 71.1%).

2.6 Synthesis of N2-(((9H-fluoren-9-yl) methoxy) carbonyl)-Ne-((bicyclo[6.1.0]- -non-4-yn-

9-ylmethoxy) carbonyl) lysine (BCN-Lys-Fmoc-OH)

Lys-Fmoc-OH
o DMF DIPEA o COOH
oJ\o’Qi%NO2 O)Lu/\/\)\NH*Fmoc
BCN-Phe-NO, BCN-Lys-Fmoc-OH

To a solution of BCN-Phe-NO; (360 mg, 1.14 mmol) in DMF (5 mL), were added Lys-
Fmoc-OH-HCI (612 mg, 1.26 mmol) and DIPEA (0.65 mL, 3.77 mmol) with stirring for 4 h at
room temperature. The reaction mixture washed with 1% citric acid (2x80 mL) and brine (2x80

mL). The organic layer was dried over Na;SO4 and the solvent evaporated. The product was

purified by flash chromatography (CH2Clo: MeOH = 40:1) and isolated as a white solid (320
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mg, 51.6%). Structure confirmed by 'H-NMR. 'H-NMR (500 MHz, CDCls), éu (TMS, ppm) :
7.75 2H, d, J = 7.4 Hz), 7.58 (2H, m), 7.38 (2H, t, ] = 7.4 Hz), 7.28 (2H, t, ] = 7.4 Hz), 4.39-
4.15 (6H, m), 3.17 (2H, m), 2.32-2.12 (2H, m), 1.99-1.85 (2H, m), 1.76-1.68 (2H, m), 1.60-

1.52 (4H, m), 1.42 (2H, m), 1.33-1.25 (3H, m), 1.06-0.86 (2H, m).

2.7 Synthesis of 1-((2-2-(((9H-fluoren-9-yl)methoxy)carbonyl)amino)-6-(((-
bicyclo[6.1.0]non-4-yn-9-ylmethoxy) carbonyl) amino) hexanamido) ethoxy) (hydroxy)

phosphoryl) oxy)ethane-1,2-diyl distearate (BCN-Lys-Fmoc-DSPE)

DSPE  NHS
——— Fmoc .. a
)OL coon EDCI CHCIy JoL NH .
/\/\)\ HN 17H35
07N NH—Fmoc © HN/\/Q\W No-b-o_L_ol_cCotis
H ° 3 b

BCN-Lys-Fmoc-OH BCN-Lys-Fmoc-DSPE °

In a 50 mL round bottom flask, a solution of 100 mg (0.18 mmol) of BCN-Lys-Fmoc-OH,
26.00 mg (0.12 mmol) of N-hydroxysuccinimide (NHS), 45 mg (0.12 mmol) of 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI) in 20 mL of CHCl; stirred
for 1 h. To a solution of DSPE (137 mg, 0.202 mmol) in CHCI3 (30 mL) was added DIPEA
(106 pL, 0.30 mmol) with stiring for 1 h. Then, the mixture of DSPE and DIPEA in CHCIl; was
added to the solution of BCN-Lys-Fmoc-OH, NHS and EDCI in CHCl3, then stirred overnight
at room temperature. The reaction mixture washed with 1% citric acid (2x80 mL) and brine
(2x80 mL). The organic layer was dried over Na>SO4 and the solvent evaporated. The product
was purified by flash chromatography (CH2Cl2: MeOH = 10:1) and isolated as a light pink
powder (200 mg, 88.5%). Structure confirmed by 'H-NMR and MS. 'H-NMR (300 MHz,

CDCls), 3u (TMS, ppm) : 7.72 (2H, d), 7.56 (2H, m), 7.35 (2H, t), 7.26 (2H, t), 5.18 (2H, m),
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430 (3H, m), 4.15 (2H, m), 3.91 (4H, m), 3.64 (1H, m), 3.09 (2H, m), 2.33-1.99 (12H, m),
1.54-1.39 (10H, m), 1.25-1.23 (52H, m), 0.88 (6H, t), 0.70-0.56 (3H, m). MS: m/z calcd for

[C73H116N3013P] (M-H) 1272.8 found 1272.8, (M+H,0-H) 1290.9 found 1290.9.

2.8 Synthesis of 1-(((2-(2-amino-6-(((bicyclo[6.1.0]non-4-yn-9-ylmethoxy)ca-
rbonyl)amino)hexanamido)ethoxy)(hydroxy)phosphoryl)oxy)ethane-1,2-diyldistearate

(DSPE-BCN)

o] NH )k DEA
OJLHN/\/\/HTHNK ‘?H O Cq7H3s
0-P-0 O.__CyHys DCM
o o} il

BCN-Lys-Fmoc-DSPE

o]

)L /\A/J\WHN\_ OH OJLCWH:*»S
o-p-o_L_ TCWH%

o
DSPE-BCN

In a 50 mL round bottom flask, a solution of 100 mg of BCN-Lys-Fmoc-DSPE, DEA in
10 mL of CH>Cl; stirred overnight. After the CH>Cl> was removed, the product was purified by
flash chromatography (CH>Cl>: MeOH = 10:1) and isolated as a white powder (50 mg, 61.3%).
Structure confirmed by 'H-NMR and MS. '"H-NMR (300 MHz, CDCls), 5u (TMS, ppm) : 5.42
(1H, m), 5.11 (1H, m), 4.40-4.26 (1H, m), 4.09-4.03 (1H, m), 3.90-3.77 (6H, m), 3.67-3.54 (2H,
m), 3.07 (2H, m), 2.32-2.09 (8H, m), 1.78 (4H, m), 1.50-1.28 (8H, m), 1.28-1.17 (58H, m), 0.80
(6H, t), 0.61-0.55 (3H, m). MS: m/z caled for [CssH106N3011P] (M-H)™ 1050.8 found 1050.8,

(M+H>0-H) 1068.8 found 1068.8.

3. Preparation and characterization of liposomes. BCN-Lipo-Ava was prepared by using a
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film dispersion method. Briefly, 120 mg natural soybean phosphatidylcholine (SPC), 20 mg
DSPE-BCN, 15 mg cholesterol and 3 mg Ava (Selleck) were dissolved in 5 mL of the mixture
of CHCIz and MeOH (3:2, v:v). After the organic solvents were removed by the rotary
evaporation at 40°C, a thin lipid film was formed and was further dried under vacuum overnight
to remove any traces of remaining organic solvents. The lipid film was then hydrated in 5 mL
of the distilled water at 37°C for 30 min. Then the liposomes (BCN-Lipo-Ava) were obtained
dispersion using ultrasonic cell disruptor and extrusion through polycarbonate membrane filters
with a pore size of 0.22 pm.

For the preparation of BCN-Lipo-RhoB, RhoB-Lipo, BCN-Lipo and RhoB-tagged BCN-
Lipo-Ava, SPC (120 mg), DSPE-BCN (20 mg), cholesterol (15 mg) and DHPE-Rhodamine (25
pL, 5 mg/mL) or SPC (120 mg), cholesterol (15 mg) and DHPE-Rhodamine (25 pL, 5 mg/mL)
or SPC (120 mg), DSPE-BCN (20 mg), cholesterol (15 mg) or SPC (120 mg), DSPE-BCN (20
mg), cholesterol (15 mg), DHPE-Rhodamine (25 pL, 5 mg/mL) and Ava (3 mg) were dissolved
in 5 mL of the mixture of CHCl3 and MeOH (3:2, v:v). Then different liposomes were obtained
by using the similar method as BCN-Lipo-Ava.

The concentration of Ava in BCN-Lipo-Ava was determined using high performance
liquid chromatography (HPLC-LC-2010A HT, SHIMADZU, Japan). The mobile phase was a
mixture of acetonitrile and 0.05% aceticacid water (85:15, v:v). A Diamonsil ®C18 column
(4.6x250 mm, 5 um) was employed for the separation of analysis at a flow rate of 1 mL/min.
The detection wavelength was set at 210 nm and the column temperature was 40°C.

The particle size was measured by a dynamic light scattering (DLS) analyzer
(Brookhaven). The encapsulation efficiency (EE) was calculated by the following formula: EE%
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= W/Wy X 100%, where W and Wy are the amounts of drugs in the liposomes after and before
passing over polycarbonate membrane filters, respectively. The drug-loading capacity (DL) was
calculated by the following formula: DLY% = W drug/ Wiipiax 100%, where Warg and Wiipiq are the
amounts of drugs and lipids in the resulting liposomes, respectively.

The morphology of BCN-Lipo-Ava was characterized by transmission electron
microscopy (TEM). After dripping the aqueous solution of the appropriate amount of the lipid
body into the copper mesh, liposomes were stained with 0.5% phosphorus tungstate. After
drying, the morphology of liposomes was imaged under transmission electron microscopy
(TEM).

The stability of BCN-Lipo-Ava in vitro was investigated by detecting the change of
particle size in 50% FBS or PBS. Briefly, the BCN-Lipo-Ava was diluted 10 times with 50%
FBS or PBS, respectively. After incubation on shaker at 37°C for different time (O h, 1 h, 2 h, 4
h, 8 h, 12 h and 24 h), the particle size of BCN-Lipo-Ava was determined on each time point

by a dynamic light scattering (DLS) analyzer (Brookhaven).

4. The efficiency analysis of click-reaction. The DSPE-PEGsk-Tre (1 mM) was dissolved in
CHCI3 and the UV spectrophotometer is used for wavelength scanning. After adding the DSPE-
BCN solution (10 mM in CHCI3), which is fully mixed and reacts at room temperature for 10
minutes, wavelength scanning is performed using ultraviolet spectrophotometer to obtain the
absorption curve. For the efficiency analysis of click reaction on surface of BCN-Lipo-Ava, the
mole ratios and incubation time of DSPE-PEGsk-Tre and BCN-Lipo-Ava were explored using

ultraviolet spectrophotometry. Briefly, DSPE-BCN within BCN-Lipo-Ava and DSPE-PEGsk-
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Tre were incubated at different ratios of 0.5:1, 1:1 and 2:1 at room temperature for 0.5 h, 2 h or
12 h, respectively. The characteristic ultraviolet absorbing peak of Tre group at 540 nm was
used to determine the efficiency of click reaction between the cell membrane anchoring module

and the lipid click module.

5. Proteomics analysis. T-Tre/BCN-Lipo and unconjugated T cells were collected and
disrupted using 300 pL 1% SDS lysis buffer supplemented with benzonase and protease
inhibitor cocktail, and the cell debris was removed by centrifugation at 16, 000 g for 30 min.
Cellular proteins were quantified using BCA assay. The proteins were diluted to 0.75 pg/pL
with total volume reaching 281 pL. The proteins were reduced by 2 mM DTT for 30 min at .t
and alkylated by 20 mM IDDA for 30 min at r.t in dark under rotator stirring. Each sample was
divided equally into two tubes and precipitated with 600 pL methanol or 150 pL chloroform
and 450 pL ddH2O. The precipitate was washed twice with 1 mL methanol by centrifugation at
13, 000 g for 15 min. 100 uL 8M Urea was added to each tube to dissolve the proteins, and two
tubes of identical samples were combined. For proteomics analysis, the proteins were digested
with protease: protein ratio of 1:200 at r.t for 3-4 h. 10% TFA of 1/10 sample volume was added
to adjust the pH to < 3. The samples were then desalted by HLB-c18-1cc column, eluted by 1
mL (50% ACN, 0.1% FA) and lyophilized. The lyophilized sample was resuspended with 150
puL pH 8.03 200 mM HEPES solution under vortex and fractionated into twelve fractions by a
BP-HRP-HPLC system. Each elution fraction was injected into Orbitrap Fusion™ Lumos™
(Thermo) for mass spectrometry. Gene Ontology (GO) enrichment analysis of expressed
proteins was determined using the Cytoscape plugin BINGO (3.0.4). Proteins related biological
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process of TCR signaling (GO: 0050852), T cell activation (GO: 0042110), T cell proliferation
(GO: 0042129), and immune effector process (GO: 0002252) were sorted out and shown on the

volcano plot.

6. Quantitative real-time PCR. The naive CD8" T cells were anchored with BCN-Lipo-Ava
or incubated with 1 uM free Ava for 12 h. Then CD8" T cells, CD8" T cells plus free ava and
T-Tre/BCN-Lipo-Ava cells were stimulated with anti-CD3 and anti-CD28 for different time.
Total RNA was isolated from three groups of cells using the TransZol reagent (Transgene,
Beijing, China) following the manufacturer’s protocol. Total RNA (1 pg) was reverse
transcribed to cDNA using a first-strand cDNA Synthesis Kit (TaKaRa). Real-time PCR was
performed using the StepOnePlus TM real time PCR system (Applied Biosystems) and AceQ
gPCR SYBR Green Master Mix (Vazyme). Quantification was performed according to the
manufacturer’s instructions, and the expression of target genes was normalized to the
housekeeping gene Gapdh or 36B4. The real-time PCR was performed using gene specific

primers as previously described.

7. T cell metabolism. The naive CD8" T cells were anchored with BCN-Lipo-Ava or incubated
with 1 uM free Ava for 12 h. Then 1 x10° cells of each group were seeded in XFe96 FluxPak
plate (Seahorse Bioscience, North Billerica, MA) pre-coated with Cell-Tak (Corning). Oxygen
consumption rates (OCR) and extracellular acidification rate (ECAR) were measured using XF
Cell Mito Stress Test Kit and XF Glycolysis Stress Test Kit (Seahorse Bioscience, North

Billerica, MA) on the XF96 Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica,
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MA) according to the manufacturer’s instructions.

8. Measurement of cell viability with CCKS8 assay. B16F10, LN-229 or PC-3 cells (5 x 10%)
in 100 uL media containing Ava or DMSO were cultured for 24, 48 or 72 h. CCKS8 (Keygen
Biotech, China) reagent (20 pulL) was added into each well. After 2-3 h incubation, the
absorbance at 490 nm was measured. The effect of avasimibe on cell viability was obtained by
normalizing the absorbance of Ava-treated cells with that of the DMSO-treated cells. The

viability value of DMSO-treated cells was set as a control.

9. Modulation of cholesterol levels of plasma membrane by adding or depleting cholesterol.
T-Tre/BCN-Lipo-Ava cells, unconjugated T cells or free Ava plus unconjugated T cells were
first incubated at 37°C for 12 h. To reduce the cholesterol level of the plasma membrane, the
cells were treated with MBCD (Sigma) for 5 min. To increase the cholesterol level, the cells
were treated with MPBCD-coated cholesterol (Chol) (Sigma) for 15 min. Then the cells were
stimulated with 5 pug/mL plate-bound anti-CD3 and anti-CD28 antibodies for 24 h at 37°C.
After that, the cells were collected and stained with APC-Cy7 anti-mouse CD8a (BD
PharmingenTM). Next, cells were fixed with 4% PFA and punched through 0.2% Triton-X100.
Then the cells were stained with FITC anti-mouse granzyme B (Biolegend), APC anti-mouse
IFNy (Biolegend) or PE anti-mouse TNFo (Biolegend), respectively. The percentage of
granzyme B, IFNy" and TNFo" cells in CD8" T cells were analyzed and quantified by flow

cytometry.

56



10. Plasma membrane cholesterol level of T-Tre/BCN-Lipo-Ava cell over time. T-Tre/BCN-
Lipo-Ava cells, Ava pretreated T cells and unconjugated T cells were incubated at 37°C for 12
h. After incubation, the cells were collected at 0, 2, 4, 8, 12, 24 h and were stained with Filipin

I1I to quantify the level of plasma membrane cholesterol of T cells by flow cytometry.

11. Biodistribution of pmel-1 T-Tre/BCN-Lipo-Ava cell in tumor over time. To prove the
targeting and stability of adoptive surface anchor-engineered pmel-1 CD8* T cell in orthotopic
melanoma model, B16F10 cells (1 %10°) were injected intradermally in the flank of C57BL/6J
mice on day 0. Mice were lymphodepleted by 2 mg/kg cyclophosphamide and 2 mg/kg
fludarabine 6 day after tumor cell inoculation. pmel-1 CD8* T cells (1 < 107), Ava pretreated
pmel-1 T cell (1 x107), pmel-1 T cell plus unconjugated BCN-Lipo-Ava (1 x10") or pmel-1
T-Tre/BCN-Lipo-Ava cell (1 <107) were administered by i.v. injection at day 8. After injected
for 2, 4, 8, 12, 24, 48 and 72 h, the tumor-infiltrating CD8* T cells were isolated from tumor
and were stained with APC-Cy7-anti-CD8a and PE anti-mouse Thyl.1 by flow cytometry
analysis to obtain the percentage of pmel-1 T cells in tumor-infiltrating CD8* T cells over time.
Additionally, Ava pretreated pmel-1 T cell (2 mg/kg for Ava), pmel-1 T cell plus unconjugated
BCN-Lipo-Ava (2 mg/kg for Ava) or pmel-1 T-Tre/BCN-Lipo-Ava cell (2 mg/kg for Ava)
were administered by i.v. injection at day 8. After injection for 2, 4, 8, 12, 24, 48 and 72 h,
tumors were collected and homogenized in saline. For analysis of Ava quantity, the homogenate
(0.2 mL) was mixed with acetonitrile (0.8 mL), followed by vortex for 5 min and centrifugate
at 12000 rpm for 10 min. Then, 200 pA supernatant was transferred to a glass LC vital and

quantified by HPLC to determine the concentration of Ava in tumor.
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12. Flow cytometry analysis of GD2 expression. Cells were detached from the culture plates
(adherent cells were trypsinized and washed two times with PBS) and were incubated with anti-
GD2 antibody (14G2a, sc-53831, Santa Cruz Biotechnology) for 1 h and then washed in PBS.
After that, the cells were incubated with Alexa Fluor 647-labeled anti-mouse IgG (1:1000)
(Thermo) for 30 min, and then twice washed in PBS. All procedures were performed at 4°C.
The samples were immediately analyzed using Attune NxT flow cytometer (Thermo). The data

was analyzed using FlowJo software.
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