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SUMMARY
Clinical evidence suggests that poor persistence of chimeric antigen receptor-T cells (CAR-T) in patients
limits therapeutic efficacy. Here, we designed a CAR with recyclable capability to promote in vivo persis-
tence and to sustain antitumor activity. We showed that the engagement of tumor antigens induced rapid
ubiquitination of CARs, causing CAR downmodulation followed by lysosomal degradation. Blocking CAR
ubiquitination by mutating all lysines in the CAR cytoplasmic domain (CARKR) markedly repressed CAR
downmodulation by inhibiting lysosomal degradation while enhancing recycling of internalized CARs
back to the cell surface. Upon encountering tumor antigens, CARKR-T cells ameliorated the loss of surface
CARs, which promoted their long-term killing capacity. Moreover, CARKR-T cells containing 4-1BB
signaling domains displayed elevated endosomal 4-1BB signaling that enhanced oxidative phosphoryla-
tion and promoted memory T cell differentiation, leading to superior persistence in vivo. Collectively,
our study provides a straightforward strategy to optimize CAR-T antitumor efficacy by redirecting CAR
trafficking.
INTRODUCTION

Chimeric antigen receptor T cell (CAR-T cell) therapy has shown

efficacy in treating hematological malignancies (Maude et al.,

2014; Neelapu et al., 2017; Park et al., 2018; Schuster et al.,

2017). However, as more data of CAR-T clinical trials are

becoming available, current CAR-T therapy has shown some

limitations. Recent studies reported that about 10%–20% of B

cell malignancy patients failed to achieve complete remission

(CR) after the CD19 CAR-T therapy and that approximately

30%–50% of patients who initially achieved complete remission

had relapse of their cancer, mostly within 1 year after infusion of

their CAR-T cells (Maude et al., 2018; Park et al., 2018). Further-

more, most patients with solid tumors have had no significant

benefit from CAR-T therapy (Ahmed et al., 2015; Lamers et al.,

2006; Schmidts andMaus, 2018;Watanabe et al., 2018). Amajor

obstacle to the development of long-term effective CAR-T ther-
456 Immunity 53, 456–470, August 18, 2020 ª 2020 Elsevier Inc.
apy is poor T cell persistence after infusion into patients. CAR-T

cell in vivo persistence significantly correlates with ongoing dis-

ease-free survival in both acute and chronic lymphocytic leuke-

mia (ALL and CLL, respectively) patients (Porter et al., 2015).

Persistence of CAR-T cells plays an important role in mediating

tumor regression, and poor T cell persistence was observed in

several CAR-T trials with limited overall efficacy (Jensen et al.,

2010; Kershaw et al., 2006; Lamers et al., 2005). Therefore, a bet-

ter understanding of the molecular mechanism(s) controlling the

persistence of CAR-T cells should lead to the development of

more effective CAR-T therapy.

A common feature of antigen receptors (e.g., T cell receptor

[TCR]) is ligand-induced downmodulation that is considered a

hallmark of lymphocyte activation and one of the major mecha-

nisms to regulate lymphocyte function (Liu et al., 2000). TCR

downmodulation is mainly regulated by its ubiquitination

induced by antigen stimulation (Wang et al., 2010a). Repressing
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TCR ubiquitination leads to impaired TCR downmodulation as

well as enhanced T cell response and effector function (Nara-

mura et al., 2002; Yang et al., 2016). CAR is a synthetic antigen

receptor targeting T cells to specifically kill tumor cells (Wata-

nabe et al., 2018). Accumulating evidence suggests that CARs

also undergo rapid downmodulation after engaging tumor anti-

gens (Caruso et al., 2015; Davenport et al., 2015; Eyquem

et al., 2017; Hamieh et al., 2019; Walker et al., 2017). However,

the relationship between CAR-T efficacy and the dynamics of

CAR expression after tumor antigen stimulation remains contro-

versial. On the one hand, it is reported that effective internaliza-

tion and re-expression of the CAR following antigen stimulation

empowered by targeting of a CAR to the TCR a constant locus

enhances CAR-T antitumor activity, suggesting that effective

CAR downmodulation may be required for optimal CAR-T func-

tion (Eyquem et al., 2017). On the other hand, it has been sug-

gested that CAR downmodulation might attenuate tumor killing

ability of CAR-T cells following long-term tumor antigen engage-

ment (Davenport et al., 2015). Mackall and colleagues also

demonstrated that tumor antigen-induced CAR downmodula-

tion was a limiting factor of CAR-T functionality and that nearly

complete downmodulation of CAR within tumor microenviron-

ment leads to limited antitumor efficacy in a solid tumor model

(Walker et al., 2017). These results suggest that manipulation

of CAR downmodulation may promote CAR-T efficacy. Thus,

the prevention of CAR downmodulation may lead to more effec-

tive CAR-T therapy.

In this study, the following questions were addressed. (1) After

CAR downmodulation, what is the fate of internalized CARs? (2)

Do CARs undergo ubiquitination after ligand engagement, and

how does this affect CAR downmodulation? (3) Does CAR ubiq-

uitination and/or downmodulation contribute to the antitumor ef-

ficacy of CAR-T therapy? If so, can we design a new type of CAR

by manipulating CAR ubiquitination? We found that tumor anti-

gen encounter triggered rapid CAR ubiquitination, leading to

CAR lysosomal degradation and downmodulation. Moreover,

CAR-T cell persistence and functionality could be optimized by

blocking this process.

RESULTS

Engagement of Tumor Antigens Induces CAR
Downmodulation and Lysosomal Degradation
The CARs employed in our studies contain a single-chain vari-

able fragment (scFv) that recognizes CD19 (unless otherwise

indicated), CD8a stalk, and CD3z signal transduction domain

(19z CAR). Some CARs also include a costimulatory domain

derived from either CD28 (1928z CAR) or 4-1BB (19BBz CAR)

(Figure S1A). To investigate the mechanism that regulates CAR

surface expression upon tumor antigen engagement, we first

co-cultured primary 19z CAR-T cells with K562 myelogenous

leukemia cells with ectopic expression of its tumor antigen,

CD19, or a control antigen, mesothelin. Surface CAR expression

on primary T cells was decreased by 80% after encountering tu-

mor antigen, but not control antigen (Figure 1A, left). Similar re-

sults were also observed on 19z CAR-expressing Jurkat T cells

(Figure 1A, middle, and Figure S1B). We further tested whether

CAR downmodulation occurred in the tumor microenvironment

in vivo. CD19+ K562 cells were subcutaneously xenografted in
NOD scid Il2rg�/� (NSG) mice, and primary 19z CAR-T cells

were injected into these tumor-bearing mice. Consistent with

the in vitro result, we observed marked downregulation of CAR

expression on tumor-infiltrated CAR-T cells compared with

that on CAR-T cells in the spleen from the same mice (Figure 1A,

right). These results suggest that local antigen encounter in the

tumor induces efficient downmodulation of surface CAR

expression.

To further test whether the loss of CAR expression can revert

back to the initial expression level once tumor antigen is

removed, we first co-incubated CD19 CAR-T cells with CD19+

tumor cells for 12 h, which resulted in a significant loss of surface

CAR expression. We then sorted and replated these CAR-T cells

in the presence or absence of CD19+ tumor cells. We found that

surface CAR expression was fully recovered after an additional

24 h culture in media, whereas surface CAR expression re-

mained low in those T cells incubated again with CD19+ tumor

cells (Figure S1C). These results demonstrate that the downmo-

dulation of CAR expression depends on the presence of tumor

antigen.

Previous studies have suggested that TCR:CD3 complexes

are downmodulated and targeted to lysosomes for degradation

after antigen engagement (Liu et al., 2000; Wang et al., 2010a).

To investigate whether downmodulated CARs are also degraded

in lysosomes, we first assessed the protein amount of the CAR

by using immunoblotting and intracellular staining. The total

amount of CAR was significantly reduced after activation (Fig-

ures 1B and 1C). To determine the fate of internalized CAR, the

stimulated CAR-T cells were treated with MG132, a 26S protea-

some inhibitor, or NH4Cl, which block lysosomal acidification

and function. The treatment of MG132 resulted in an increased

amount of total ubiquitinated protein in cells, whereas the treat-

ment of NH4Cl caused accumulation of p62 protein, an auto-

phagy-lysosome adaptor protein, suggesting the effective inhibi-

tion of proteasomal and lysosomal degradation, respectively

(Figure S1D). We found that lysosomal inhibition, but not protea-

somal inhibition, largely blocked the degradation of CAR (Fig-

ure 1C). We further analyzed the intracellular location of the

CAR by confocal microscopy using a GFP-fused CAR and the

lysosome tracker. We observed that a substantial proportion of

intracellular CARs appeared to colocalize with lysosomes in

the activated CAR-T cells, but not resting CAR-T cells (Figures

1D and S1E). Taken together, these data suggest that CARs

are downmodulated and targeted for lysosomal degradation af-

ter tumor antigen encounter.

CAR-T Activation Induces Rapid Ubiquitination of CAR,
and Blocking of CAR Ubiquitination Redirects Its
Trafficking
Ubiquitination of receptors is involved in ligand-induced receptor

downmodulation and degradation (Acconcia et al., 2009; Ha-

glund and Dikic, 2005; Hicke and Dunn, 2003; Hicke and Riez-

man, 1996). Our previous study has demonstrated that ubiquiti-

nation of TCR:CD3 complex in immature T cells triggers TCR

downmodulation (Wang et al., 2010a). Therefore, we speculated

that CAR activation after tumor antigen engagement may trigger

ubiquitination of CAR. To test this possibility, 19z CAR-T cells

were co-incubated with CD19+ target cells for 60 min, and the

amount of CAR ubiquitination was assessed at different time
Immunity 53, 456–470, August 18, 2020 457
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Figure 1. Engagement of Tumor Antigens Induces CAR Downmodulation and Lysosomal Degradation

(A) FACS analysis of surface CAR expression level. 19z CAR-expressing human T cells (left) or Jurkat cells (middle) were co-incubated with CD19+ K562 cells or

Meso+ K562 cells overnight. 2 weeks after transferring into tumor-bearing mice, the CAR-T cells were isolated from the spleen and the tumor for FACS analysis

(right). See also Figure S1.

(B) Immunoblot analysis of total CAR protein level during CAR-T cell activation.

(C) FACS analysis of total CAR level. CAR-T cells were co-incubated with CD19+ K562 cells in the presence of MG132 or NH4Cl. Total CAR level was measured

using intracellular FACS analysis. Black line represents unstimulated CAR-T cells.

(D) Representative images of CAR (fused with GFP) and lysosomes (stained with LysoTracker). Scale bars, 2.5 mm. See also Figure S1.

All experiments were independently repeated at least three times.
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points. We found that tumor antigen stimulation triggered rapid

ubiquitination of the CAR, which was already detectable at

2min of stimulation, peaked at 5–10min, and decreased to basal

level within 60 min (Figure 2A). We next tested whether blocking

this CAR ubiquitination would affect CAR downmodulation and
458 Immunity 53, 456–470, August 18, 2020
degradation. Our previous study has shown that all intracellular

lysines of CD3 chains are required to mediate TCR:CD3 ubiqui-

tination after T cell activation (Wang et al., 2010a). Consistently,

our mass spectrometry analysis revealed that most of the intra-

cellular lysine residues of either a 19BBz CAR or a 1928z CAR
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Figure 2. Tumor Antigens Trigger Ubiquitination of the CAR, and Blocking of CAR Ubiquitination Redirects Its Trafficking

(A) Immunoblot analysis of CAR ubiquitination. Jurkat cells expressing 19z CAR were co-incubated with CD19+ K562 cells for indicated time. CAR proteins were

immunoprecipitated by anti-Myc beads and separated by SDS–PAGE, and western blots were probed with anti-Ubiquitin antibody (Ab) and anti-Myc Ab. The

protein levels of ZAP-70, CAR, and GAPDH in the whole-cell lysate were analyzed by western blot.

(B) Immunoblot analysis of CAR ubiquitination in 19BBzWT CAR-T cells and 19BBzKR CAR-T cells. See also Figure S2.

(C) FACS analysis of surface CAR expression level on 19BBzWT CAR-T cells and 19BBzKR CAR-T cells.

(D) FACS-based CAR degradation analysis in primary CAR-T cells. Total CAR level was examined using intracellular FACS analysis, and mean fluorescence

intensity was obtained to calculate percentage of degradation.

(E) Immunoblot analysis of total CAR protein level in activatedCAR-T cells. Primary CAR-T cells were co-incubated with CD19+ K562 cells for indicated time in the

presence of 10 mg/mL CHX. Total CAR level was detected by immunoblotting analysis. Representative western blot (left) and quantification of CAR level

normalized by GFP level (right, n = 3) were shown.

(F) FACS analysis of surface CAR expression level. 19BBzWT and 19BBzKRCAR-T cells were co-incubated with CD19+ K562 cells for indicated time. CHX (100 mM)

was added into the culture medium 12 h post activation. The surface CAR level was normalized to the basal CAR expression level. See also Figure S2.

(G) FACS analysis of CAR internalization rate. CAR-T cells were treated with BFA (10 mg/mL) in 37�C for indicated time. The surface CAR level was thenmeasured

by FACS analysis, and the level of internalized CAR was normalized to basal CAR expression level.

(H) FACS analysis of recycling of internalized CAR. After co-incubating with target cells for 12 h, CAR-T cells were treated with proteinase K (0.1 mg/mL) to remove

noninternalizedCARoncell surfaceand then replated inmediumwithCHX (100mM). The increaseof surfaceCARexpression levelwasmonitoredbyFACSevery 12h.

All experiments were independently repeated at least three times. Error bars represent ± SEM (*p < 0.05, ***p < 0.001).
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were ubiquitinated in resting CAR-T cells, and the ubiquitination

level was further enhanced after CAR activation in both CAR-ex-

pressing Jurkat T cells and primary CAR-T cells (Tables S1 and

S2). To block CAR ubiquitination, we generated a new version
of CAR (CARKR), in which all cytoplasmic lysines were mutated

to arginines. As expected, activation-induced CAR ubiquitina-

tion was completely blocked in CARKR-T cells after antigen stim-

ulation (Figures 2B and S2A). Surface expression of CARKR was
Immunity 53, 456–470, August 18, 2020 459
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moderately reduced compared with wild-type CAR (CARWT)

(Figure 2C), although both CARs were expressed at similar pro-

tein levels (Figures S2B and S2C). Of note, similar surface

expression reduction was also reported in the case of TCR (Thien

et al., 2003; Wang et al., 2010a).

We then tested whether CAR ubiquitination affected CAR

degradation in the setting of CAR incorporating 4-1BB costimu-

lation domain. Interestingly, the total level of CARKR remained

largely unchanged after CAR activation, whereas over 30% of

CARWT was degraded 1 h post CAR-T cell activation (Figure 2D).

To exclude the possibility that CARKRmight produce more newly

synthesized CAR protein instead of inhibiting the turnover of the

CAR protein, we treated the CAR-T cells with cycloheximide

(CHX), a protein synthetic inhibitor, during CAR-T activation.

While the CARWT exhibited a half-life of 6 h, CARKR remained

about 75% of initial protein amount even after 9 h of CHX treat-

ment (Figure 2E). Given the result that the activation-induced

degradation of the CARKR was substantially reduced, we further

compared the dynamics of surface expression of CARWT and

CARKR. We found that the CAR downmodulation was signifi-

cantly inhibited in CARKR-T cells compared with CARWT-T cells

(Figures 2F and S2D). This was not due tomore CARmRNA tran-

scribed or more newly synthesized CAR protein produced in

CARKR-T cells than CARWT-T cells (Figures S2E and 2F). To

test whether CAR ubiquitination regulates CAR surface expres-

sion independent of the type of CAR, we measured the kinetics

of CAR downmodulation in setting of 28z CAR-specific targeting

GD2 antigen (GD2-28z) (Figure S1A). Although different types of

CAR exhibited distinct CAR downmodulation kinetics, the down-

modulation of both CARKRs were substantially inhibited

compared with CARWT (Figure S2F). These results demonstrated

that CAR ubiquitination regulated CAR downmodulation and this

regulation in an independent manner of scFvs and costimulatory

domains of the CAR constructs.

The inhibition of CAR downmodulation in CARKR-T cells (Fig-

ure 2F) could be due to impaired CAR internalization or

enhanced recycling of the internalized CAR back to the cell sur-

face. To distinguish these two possibilities, we first assessed the

internalization rate of both CARWT and CARKR in CAR-T cells.

The internalization assay of CAR was performed as previously

described (Liu et al., 2000). Brefeldin A (BFA) can induce fusion

of early endosomes with the trans-Golgi network (TGN), and

this property was exploited to study the internalization of CAR.

BFA treatment resulted in the reduction of surface CAR expres-

sion, suggesting that CARs are continuously internalized from
Figure 3. 19BBz CARKR-T Outperforms CARWT-T In Vivo, Achieving Co
(A) In vitro cytotoxicity assay of CAR-T cells against CD19+ K562 cells. Killing effic

level at the end of in vitro cytotoxicity assay (right). n = 3, representative of three

(B) Representative bioluminescence images of tumor growth over time.

(C) Tumor burden was quantified as the total photon count from luciferase intensit

per group.

(D) Representative images of CAR-T cells infiltrating in the tumor sites. 12 days af

were harvested. Representative images of CAR-T cells infiltrating in the tumor

quantitated by counting, and the average numbers of infiltrated CAR-T cells pe

Nucleus stained with Hoechst (blue), CD19+ K562-mCherry (red), and CAR-GFP

(E) In vitro proliferation assay of 19BBzWT and 19BBzKR CAR-T cells. Cumulative

CD19+ K562 cells. Arrows indicate time points of stimulating CAR-T cells with tu

(F) Number of CAR-T cells in the spleen of tumor-bearing mice at indicated post

Error bars represent ± SEM (*p < 0.05, **p = < 0.01, ****p < 0.0001).
cell membrane. Importantly, we found that both CARWT-T cells

and CARKR-T cells internalized their CARs at a comparable

rate (Figure 2G). To further examine whether the internalized

CARs return to cell surface in activated CAR-T cells and whether

CARKR promotes this process, we first co-incubated the CD19

CAR-T cells with CD19+ tumor cells for 12 h to ensure an efficient

CAR downmodulation. Activated CAR-T cells were then treated

with proteinase K, which efficiently removed the noninternalized

CAR proteins on the cell surface (Figure S2G). These cells were

cultured at 37�C again in the presence of CHX that blocks new

synthesized CAR protein, and the recovery of surface CAR

expression were measured at various time points. We found

that there were markedly more internalized CARKR recycled

back to the cell surface than CARWT (Figure 2H). Collectively,

these data suggest that CAR ubiquitination regulates CAR

downmodulation by preventing internalized CAR from being re-

cycled back to the T cell surface and promoting their lysosomal

degradation.
CARKR-T Outperforms CARWT-T In Vivo, Achieving
Complete Tumor Eradication
We next sought to compare the cytotoxicity of CARWT-T and

CARKR-T cells in vitro. In a standard 12 h cytotoxicity assay,

19BBzCARWT-T and 19BBzCARKR-T cells showed nearly equiv-

alent tumor-killing ability (Figures S3A and S3B). The indistin-

guishable cytotoxicity was extended in their similar cytokine

secretion capacity in both CD4 andCD8CAR-T cells, suggesting

that CARKR did not increase the risk of cytokine release syn-

drome (Figures S3C and S3D). Since a previous study has sug-

gested that downmodulation of CAR may result in the impaired

cytotoxicity of CAR-T cells in a long-term assay of killing (Daven-

port et al., 2015), we extended the time of the cytotoxicity assay

to 3 days. In this prolonged cytotoxicity assay, CARKR-T cells

were more effective killers than CARWT-T cells, especially at

low effector-to-target ratios (less than 1:1), which is mimicking

the condition of high tumor burden in vivo (Figure 3A, left). As ex-

pected, the downmodulation of CARKRwas largely inhibited (Fig-

ure 3A, right). In addition, to rule out the possibility that the better

killing capacity of the CARKR-T cells results from its moderately

reduced basal surface expression, we sorted both CARWT-T

and CARKR-T cell population with an equivalent basal surface

CAR expression (Figure S3E). These sorted CARKR-T cells again

showed more efficient killing capacity than the sorted CARWT-T

cells in a 3-day tumor-killing assay (Figure S3F). Taken together,
mplete Tumor Eradication
iency was analyzed by FACS (left). FACS analysis of the remaining surface CAR

donors.

y of eachmouse by IVIS imaging. Each line represents onemouse, n = 7–9mice

ter the transfer of CAR-T cells, the tumor samples in the right flank of NSGmice

sites are shown (left), GFP+ CAR-T cells infiltrated in the tumor sections was

r reported field were calculated in random areas of the tumor samples (right).

(green) are shown. Scale bars, 10 mm. Representative of at least three mice.

cell counts of the CAR-T cells during serial stimulations by adding irradiated

mor cells. Representative of three donors.

-infusion time. Each point represents one mouse, n = 5–11 mice per group.

Immunity 53, 456–470, August 18, 2020 461



ll
Article
these data suggest that CARKR-T cells are more effective long-

term killers than CARWT-T cells.

We next investigated the therapeutic efficacy of 19BBz

CARKR-T cells in an in vivo tumor model in which Luci-Red+

CD19+K562 tumor cells were subcutaneously injected into the

flank of NSG mice (Zhao et al., 2015). Tumor growth was moni-

tored by quantitative imaging system every week. In contrast

to the finding that most mice in CARWT-T-treated groups eventu-

ally succumbed to tumor, CARKR-T cells achieved durable and

complete tumor eradication in all treated mice (Figures 3B and

3C). In accordance with this observation, CARKR promoted

higher CAR-T cell accumulation at the tumor site relative to

CARWT (Figure 3D). We further compared the cytotoxicity of

two types of 19BBz CAR-T cells ex vivo by isolating CAR-T cells

from spleens of tumor-bearing mice. Consistent with in vitro

observation, CARKR-T cells showed more efficient killing capac-

ity than CARWT-T cells at low effector-to-target ratios (Fig-

ure S3G). Several studies support the notion that a proper lower

CD4/CD8 ratio of adoptive T cells predicts better antitumor

response (Radvanyi et al., 2012; Zhao et al., 2015). In our model,

we indeed observed an increased CD8/CD4 ratio of CARKR-T

cells after infusion (Figure S4A), which may be due to the fact

that CARKR preferentially promotes the expansion of CD8+

CAR-T cells (Figures S4B and S4C). Taken together, these

data demonstrated that 19BBz CARKR-T cells outperformed

the 19BBz CARWT-T cells in vivo.

Since robust expansion and long-term persistence of CAR-T

cells play an important role in effective tumor clearance, we next

compared the proliferative capacity of CARWT-T and CARKR-T

cells in vitro. 19BBz CAR-T cells were expanded in response to

three weekly stimulation with irradiated CD19+ target cells. Inter-

estingly, CARKR-T cells exhibited more robust proliferation than

CARWT-T cells (Figure 3E). To further assess the proliferation

and persistence of CAR-T cells in vivo, splenic CAR-T cells in

the tumor-bearing mice were enumerated 10, 20, and 40 days

post CAR-T infusion (Figure 3F). As was seen in the in vitro prolif-

eration assay, CARKR-T cells displayed superior initial expansion

10 days post infusion compared with CARWT-T cells (Figure 3F).

Interestingly, the number of CARWT-T cells reached the peak on

day 20 and diminished 40 days post T cell infusion. In contrast,

CARKR-T cells displayed greater persistence, and there were

over 100-fold more CARKR-T cells than CARWT-T cells on day

40. Consistently, the percentage of CARKR positive T cells was

significantly more enriched than CARWT positive T cells in T cell

population within spleen, blood, and tumor sites after infusion

(Figure S4D). To further test whether the superior persistence of

CARKR-T cells confers a long-lasting tumor protection,we re-chal-

lengedmice that had previously cleared their primary tumor with a

second intravenous injection of tumor cells. CARKR-T cells, but

not CARWT-T cells, completely protected mice against re-chal-

lenged tumor and survive for at least 120 days since the initial in-

jection of tumor (Figure S4E). In summary, these data suggest that

blocking CAR ubiquitination promotes in vivo persistence and

antitumor activity of 19BBz CAR-T cells.

Incorporating 4-1BB Motif, CARKR Promotes CAR-T Cell
Differentiation toward Memory T Cells
Previous studies have shown that differentiation states of T cells

determine their proliferative and survival capacities, which
462 Immunity 53, 456–470, August 18, 2020
strongly correlate with antitumor potency of adoptive transferred

T cells (Berger et al., 2008; Fraietta et al., 2018; Gattinoni et al.,

2011). We therefore examined the differentiation states of

CAR-T cells in vivo by using CD62L and CD45RA as the differen-

tiation markers. We found that, compared with 19BBz CARWT-T

cells, 19BBz CARKR-T cells exhibited a higher percentage of

central memory cells (CD62L+CD45RA�, Tcm [T central mem-

ory]) and a decrease in the proportion of terminally differentiated

effector cells (CD62L�CD45RA+, Teff [T effector] cell) in both

CD8 T cells (Figures 4A and 4B) and CD4 T cells (Figure S5A)

in the spleen as well as in T cells from the blood (Figure S5B).

In addition, we assessed the expression of CD27 and

CD45RO, which are also associated with Tcm cells. Consistent

with the phenotype in spleen and blood, a higher proportion of

Tcm cells (CD27+CD45RO+) was observed in tumor-infiltrated

CARKR-T cells compared with CARWT-T cells (Figures 4C and

4D). We also examined the differentiation characteristics of

in vitro-expanded CARWT-T and CARKR-T cells in response to

stimulation with irradiated target cells. CARKR-T cells accumu-

lated a higher fraction of Tcm cells than CARWT-T cells in both

CD8 T cell subset (Figure 4E) and CD4 T cell subset (Figure S5C),

agreeing with our in vivo results. Taken together, these data

demonstrated that CARKR enhanced the accumulation of the

central memory T cell populations.

CARKR Promotes 4-1BB-TRAF Interaction in
Accumulated CAR-4-1BB Signaling Endosomes and
Enhances Downstream NF-kB and mTOR Activities
Previous study has suggested that 4-1BB is a potent costimula-

tory signaling that promotes T cell proliferation and memory cell

formation (Watts et al., 2011). In addition, 4-1BBmotif in the CAR

architecture promoted the outgrowth of CD8+ central memory

T cells and enhanced CAR-T cell persistence (Kawalekar et al.,

2016). Therefore, we hypothesize that the 4-1BB signaling may

be specifically amplified in 19BBz CARKR-T cells. The 4-1BB

signal is mediated by engaging TRAF family proteins as scaffold

proteins to recruit downstream molecules to activate the canon-

ical nuclear factor kB (NF-kB), p38-MAPK, and mammalian

target of rapamycin (mTOR) pathways (Kim et al., 2009; Menk

et al., 2018; Teijeira et al., 2018; Zapata et al., 2018). Among

the TRAF family proteins, TRAF2 is reported to play a key role

in 4-1BB signaling in both T cells and CAR-T cell (Li et al.,

2018; Saoulli et al., 1998). It has been demonstrated that 4-

1BB agonist antibody stimulation triggers 4-1BB internalization,

and interestingly, endocytosed 4-1BBmolecules within the early

endosomes recruit TRAF2 molecules that coat the cytoplasmic

side of their surface. These 4-1BB containing early endosomes

remain as an active signaling complex, constituting signaling en-

dosomes (Martinez-Forero et al., 2013; Zapata et al., 2018). To

compare the recruitment of TRAF2 to CARWT and CARKR, we

conductedmicroscopy analysis to study the interaction between

19BBz CAR receptor and TRAF2 protein in CAR-expressing

Jurkat cells. After tumor antigen stimulation, CARs were internal-

ized toward EEA1-marked early endosomal vesicles. Impor-

tantly, we found that most CAR-containing endosomes colocal-

ized with TRAF2 proteins, indicating the internalized endosomal

19BBzCAR receptors recruited cytosolic TRAF2 to constitute an

active signaling complex (Figure 5A). Due to the impaired lyso-

somal degradation of internalized of CARKR (Figure 2E), about
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Figure 4. 19BBz CARKR Promotes CAR-T Cell Differentiation toward Memory T Cells

(A) Representative CD62L/CD45RA-expressing profile in CD8+ CAR-T cells from the spleen of tumor-bearing mice. Data are representative of 11mice per group.

(B) FACS analysis of CD8+ CAR-T cells in the spleen of tumor-bearing mice. Central memory cells (CD62L+CD45RA�) and terminal effector cells

(CD62L�CD45RA+) are shown. Each point represents one mouse, n = 11–13 mice per group. See also Figure S5.

(C) Representative FACS plot of expression of CD27 and CD45RO on CAR-T cells isolated from the tumor sites 14 days post infusion.

(D) Percentage of CD27+CD45RO+ CAR-T cells in the tumor sites. n = 4 mice per group.

(E) FACS analysis of CD8+ CAR-T cells stimulated with the irradiated CD19+ K562 cells. Each point represents one independent experiment, n = 11. See also

Figure S5.

Error bars represent ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001).
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2.5-fold more signaling endosomes were accumulated in

CARKR-T cells compared with CARWT-T cells (Figures 5A and

5B). To further confirm this result, we biochemically purified

and analyzed the early endosomes from CAR-T cells. We found

that early endosomes from 19BBz CAR-T cells, but not 1928z

CAR-T cells, contained TRAF2 proteins, suggesting that

TRAF2 is specifically recruited to 4-1BB domain of CAR (Figures

5C and S6A). Immunoblotting analysis of Rab5 protein, a marker

of early endosomes, indicated that comparable amounts of en-

dosomes were isolated from CARWT-T cells and CARKR-T cells.

However, there were more CARs and TRAF2 proteins in the en-

dosomes fromCARKR-T cells than fromCARWT-T cells, suggest-

ing that blocking ubiquitination of 19BBz CAR resulted in more

CAR-TRAF2 signaling endosomes (Figure 5C).

To further study the signaling characteristics of CARKR, we

compared the downstream binding partners of CARWT and

CARKR. 19BBz CARs were immunoprecipitated from both resting
and activated primary CAR-T cells, and the interactions between

CARs and their potential binding partners were measured (Fig-

ure 5D). There are two types of signaling proteins that can interact

with CAR containing 4-1BB motif: CD3z-ITAM binding partners

(e.g., ZAP-70) and 4-1BB binding partners (such as TRAF2 or

THEMIS, a protein that was recently reported to be recruited to

4-1BB after CAR-T activation) (Sun et al., 2020). We found that

comparable amount of ZAP-70 was recruited to both CARWT

and CARKR after CAR-T cell activation. Consistently, the phos-

phorylation level of LAT, a substrate of ZAP-70 kinase, was similar

in activated CARWT-T cells and CARKR-T cells. While no detect-

able p85 protein (a CD28 binding partner) was associated with

either CARWT or CARKR, there weremore 4-1BB binding partners,

TRAF2 and THEMIS, interacting with CARKR than with CARWT.

This result is consistent with our data in Figures 5A and 5B, which

show that there are significantly more CAR-TRAF2 containing

signaling endosomes in CARKR-T cells.
Immunity 53, 456–470, August 18, 2020 463
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Figure 5. Accumulated CAR-4-1BB Signaling Endosomes in CARKR-T Cells Promote 4-1BB-TRAF Interaction and 4-1BB Signaling

(A) Imaging analysis of CAR, TRAF2, and EEA1 in CAR-T cells 60min after stimulation. Hoechst (blue), CAR-fused EGFP (green), TRAF2-fusedmCherry (pink), and

EEA1 (red). Scale bars, 2 mm.

(B) Number of the puncta, in which CAR, TRAF2, and EEA1were colocalized in (A). Data of at least 20 randomly chosen individual cells are shown and represented

as mean ± SEM (****p < 0.0001).

(C) Immunoblot analysis of CAR and TRAF2 protein levels in the endosomes isolated from CAR-T cells. Immunoblotting analysis of Rab5 and a-Tubulin was

performed to examine the purity of exaction of the early endosomes. WCL, whole cell lysate; EE, early endosome.

(D) BBz CARs were immunoprecipitated from both resting and activated CAR-T cell lysates, separated by SDS–PAGE. Western blots were probed with anti-

bodies against the indicated signaling proteins.

(E) FACS analysis of NF-kB phosphorylation level in CAR-T cells.

All data above acquired from at least three independent experiments.
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We further studied whether the increased signaling endo-

somes and enhanced CAR-TRAF2 interaction could amplify 4-

1BB signaling. Given that one of the major pathways activated

by 4-1BB is the NF-kB pathway, we checked the phosphoryla-

tion of NF-kB and the expression level of antiapoptotic protein

Bcl-xL and Bfl1, downstream targets of canonical NF-kB signal
464 Immunity 53, 456–470, August 18, 2020
pathway (Lee et al., 2002; Wortzman et al., 2013). Indeed,

19BBzKR CAR-T cells showed increased phosphorylation level

of NF-kB and enhanced transcriptional level of Bcl-xL and Bfl1

6–24 h after activation (Figures 5E and S6B). Furthermore, since

there are several studies suggesting that mTOR activities are

also associated with 4-1BB signaling (Kim et al., 2009; Teijeira
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et al., 2018), we compared mTOR activities in CARWT-T and

CARKR-T cells. Phosphorylation levels of two mTOR substrates,

S6 and 4E-BP1, were quantitated by intracellular fluorescence-

activated cell sorting (FACS) staining as indicators of mTOR ac-

tivities (Figure S6C). We found that, like NF-kB signaling

pathway, mTOR activities were also enhanced in CARKR-T cells

compared with CARWT-T cells. In contrast, both CARWT-T cells

and CARKR-T cells upregulated similar level of CD69, an activa-

tion marker induced by CD3z-ITAM signaling, following tumor

antigen stimulation (Figure S6D), suggesting that the signaling

amplification effect in CARKR-T cells ismore limited to the signals

downstream of 4-1BB. Similarly, endosomal signaling is re-

ported to be only associated with 4-1BB signaling, but not other

costimulatory motifs (e.g., CD28), the CARs containing other

costimulatory domainmay not benefit from the increase of endo-

somal CAR. To test this possibility, we examined the differentia-

tion characteristics of in vitro-expanded CARWT-T and CARKR-T

cells in the setting of second-generation CAR containing the

CD28 costimulation domain. Indeed, compared to 1928z

CARWT-T cells, 1928zCARKR-T cells showed no evidence of pro-

moting Tcm cell formation in neither CD4 nor CD8 T cell subsets

(Figure S6E). These data demonstrate that CARKR do not pro-

mote the memory T cell differentiation of CAR-T cells containing

CD28 costimulation domain.

Overall, our data support the notion that blocking ubiquitina-

tion of CAR containing 4-1BB costimulation domain increases

CAR-TRAF2 containing signaling endosomes and sustains 4-

1BB-induced NF-kB and mTOR signaling.

19BBz CARKR-T Cells Show Enhanced Mitochondrial
Oxidative Phosphorylation and Biogenesis
Cellular metabolism has been appreciated to play a key role in

regulating T cell differentiation and effector function after T cell

activation (MacIver et al., 2013; Pearce and Pearce, 2013; Wang

and Green, 2012). Enhanced mitochondrial fatty acid oxidation

(FAO) promoted CD8+memory T cell development after infection

(Pearce et al., 2009; van der Windt et al., 2012). Moreover, it is re-

ported that the 4-1BB signaling augments oxidative phosphoryla-

tion (OXPHOS), which promotes Tcm cell differentiation in CAR-T

cells (Kawalekar et al., 2016). To compare the metabolism of

CARWT-T andCARKR-T cells, wemeasured the oxygen consump-

tion rate (OCR). 19BBz CAR-T cells were examined after stimula-

tionwith irradiated targetcells for14days.WefoundCARKR-Tcells

possessed significantly higher basal and maximal OCR than

CARWT-T cells, suggesting a bias toward OXPHOS (Figures 6A

and 6B). Sufficient mitochondrial spare respiratory capacity

(SRC) is critical for stablememoryT cell formationbyproviding en-

ergy under stressed conditions (Nicholls, 2009; Yadava and Nich-

olls, 2007). We consistently observed that CARKR-T cells gener-
Figure 6. 19BBz CARKR-T Cells Show Enhanced Mitochondrial Oxidati

(A) The oxygen consumption rates (OCRs) of CAR-T cells after stimulation of irra

(B) Basal OCR levels, maximum respiratory levels, and spare respiratory capacit

(C) FACS analysis of mitochondrial mass in the CAR-T cells by using MitoTracke

(D) Confocal image of CAR-T cells stained with Hoechst (blue) and MitoTracker

(E) Western blot analysis of mitochondrial associated proteins in the CAR-T cells

(F) Mitochondrial membrane potential analysis of CAR-T cells. Representative of

(G) ROS level in CAR-T cells stimulated with target cells for indicated time.

All data acquired from at least three independent experiments and represented
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ated a higher SRC level than CARWT-T cells (Figure 6B). We also

observed that ECAR, an indicator of glycolysis, was also moder-

ately increased in 19BBz CARKR-T cells, which is consistent with

previous study showing that 4-1BB signaling can activate both

glucose and fatty acid metabolism in T cells (Choi et al., 2017).

Yet, the fold of increased SRC is much higher than the fold of

ECAR upregulation in CARKR-T cells (Figure S6F), suggesting a

bias toward OXPHOS in CARKR-T cells. These results are consis-

tent with the metabolic characteristics of long-lived memory

T cells, which suggests that CARKR promotes Tcm cell differentia-

tion of CAR-T cells incorporating 4-1BB costimulation domain via

augmented OXPHOS flux.

Since the SRC is dependent onmitochondrial FAO, which posi-

tively correlates with mitochondrial mass (van der Windt et al.,

2012), we checked whether 19BBz CARKR-T cells maintain

more mitochondrial mass. By performing both flow cytometry

analysis and confocal microscopy imaging using MitoTracker

staining, we found an increased mitochondrial mass of CARKR-T

cells compared with CARWT-T cells (Figures 6C,6D, and S6G).

Furthermore, we observed that mitochondria in 19BBz CARKR-T

cells were maintained as a fused network (Figure S6G), a meta-

bolic hallmark of memory T cells (Buck et al., 2016). These results

support our finding that 19BBz CARKR-T cells promoted memory

cell formation. In accordance with the increased mitochondrial

content, we found that activated CARKR-T cells generated more

mRNA of MT-CO1, which is encoded by the mitochondrial

genome, and TFAM, amitochondrial gene encoded by the nuclear

genome, than CARWT-T cells (Figure S6H). NRF1 and NRF2, two

mitochondrial-function-associated transcription factors, also

showed significantly increased expression in stimulated CARKR-

T cells, which strongly support its enhanced OXPHOS flux (Fig-

ure S6H). We also found that the protein expression levels of

TFAM, NDUFB8 (a subunit of complex I), and the mitochondrial

import receptor Tom20were increased in activated CARKR-T cells

compared to activated CARWT-T cells (Figure 6E). In addition, we

measuredmitochondrial membrane potential (Figure 6F) andROS

induction upon CAR-T activation (Figure 6G). Our results revealed

that CARKR-T cells had higher mitochondrial membrane potential

and generatedmore activation-induced ROS than CARWT-T cells.

Together, these results demonstrate that 19BBz CARKR-T cells

exhibited enhancedmitochondrial biogenesis and function, which

contribute to their promotedmemory T cell differentiation andpro-

longed T cell persistence.

DISCUSSION

CAR-T therapy is apromising approach in cancer immunotherapy,

but itmay be limited by the poor in vivo expansion and persistence

of CAR-T cells after infusion. Herein, we investigated whether
ve Phosphorylation and Biogenesis

diated target cells.

y (SRC) measured 14 days after stimulation with irradiated target cells.

r.

(red). Scale bars,10 mm. See also Figure S6.

.

four donors.

as mean ± SEM (*p < 0.05, **p < 0.01).
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CAR-T cell persistence and functionality could be optimized by re-

directing the trafficking of CAR molecules. We reveal that tumor

antigen triggers rapid ubiquitination of the CAR, which targets

internalization of the CAR for lysosomal degradation and results

inCARdownmodulation.BlockingCARubiquitinationvia substitu-

tion of all cytoplasmic lysines with arginines resulted in inhibiting

lysosomal degradation ofCAR,which led to inefficientCARdown-

modulation. Therefore, we named this type of CAR as a recyclable

CAR.RecyclableCARhas two important features. First, the down-

modulation of the recyclable CAR following ligation of tumor anti-

gens is significantly inhibited, which likely leads to more effective

long-term tumor killing. Second, recyclable BBz CAR-T cells

contain more signaling endosomes that amplify 4-1BB signal

transduction and facilitate the metabolic reprograming of the

CAR-T cells toward oxidative phosphorylation. Therefore, recy-

clable BBz CAR-T cells show enhanced memory T cell develop-

ment and improved in vivo persistence. Overall, our study has

demonstrated that the recyclableCAR-Tcells havea superior anti-

tumor activity, whichmay offer a straightforward and universal so-

lution to enhancing persistence and functionality of CAR-T cells

containing 4-1BB signaling domains.

Following ligand encounter, receptors initiate the signal trans-

duction at the cell surface. However, it has been demonstrated

that a number of receptors such as EGFR, NGF, and 4-1BB are

able to signal via their endosomal pools inside of the cell (Bakker

et al., 2017; Howe et al., 2001; Martinez-Forero et al., 2013). 4-

1BB is a costimulatory receptor on T lymphocytes (Kwon and

Weissman, 1989) and stimulation of 4-1BB receptor with agonist

antibody elicits a potent antitumor function in vivo (Halstead

et al., 2002). Interestingly, it has been demonstrated that 4-1BB

agonist monoclonal antibodies (mAbs) trigger 4-1BB internaliza-

tion to an endosomal compartment and endocytosed 4-1BB-con-

taining vesicles recruit TRAF2, which form an active signaling

complex to further activate downstream signaling. Whereas it is

appreciated that multiple receptor systems use ‘‘signaling endo-

somes,’’ it is not clear whether signaling endosomes participate

in CAR-T signaling. Here, we show that, after engagement of tu-

mor antigen, the second-generation CAR containing 4-1BB costi-

mulatory domain is internalized to early endosomes. Importantly,

our results suggest that these CAR endosomes might function as

an active signaling complex in T cells. First, TRAF2, a crucial

player of 4-1BB signaling, is recruited to these BBz CAR contain-

ing endosomes in a 4-1BB domain-dependent manner. Second,

our study demonstrated that the turnover of CAR signaling

endosomes is controlled by CAR ubiquitination. Blocking CAR

ubiquitination significantly increased the number of signaling

endosomes. We also showed that the number of signaling endo-

somes containing 19BBz CAR positively correlates with the

strength of 4-1BB downstream signaling. Collectively, these

results suggest that 19BBz CAR signaling can be propagated in

endosomes. How 4-1BB CAR signaling endosome function is

regulated is an interesting question for future investigation, which

may help optimize CAR-T function.

In contrast to amplification of 4-1BB signaling, the signaling

events downstream of CD3z-ITAM, such as the recruitment of

ZAP-70 to CARs, phosphorylation of LAT, and upregulation of

CD69, are largely not altered in CARKR-T cells. Why does the

recyclable CAR design selectively enhance 4-1BB signaling ac-

tivities, but not CD3z-ITAM signaling? There are at least two pos-
sibilities. First, it may be because the signaling endosome is a

unique feature of 4-1BB signaling. The internalized 4-1BB con-

taining early endosomes remain as an active signaling complex

that actively recruit the effector TRAF2 proteins (Martinez-Forero

et al., 2013; Zapata et al., 2018). Yet, there is no evidence that

endosomal CD3z-ITAM could efficiently recruit its effector pro-

tein ZAP-70. The recruitment of ZAP-70 to CD3-ITAM is essential

for TCR signal transduction and therefore is tightly regulated,

e.g., requiring Lck that phosphorylates ZAP-70 to stabilize the

interaction between ZAP-70 and ITAM (Klammt et al., 2015).

Upon T cell activation, surface TCR is rapidly downmodulated,

but Lck proteins are strictly retained at the cell surface in acti-

vated T cells (Compeer et al., 2018). Thus, we speculated that

the endosomal CD3z-ITAM may not efficiently recruit its effector

protein ZAP-70 due to a lack of Lck proteins in these internalized

endosomes. Second, it is recently reported that the 4-1BB

domain of BBzCAR can actively recruit THEMIS-SHP1 complex,

in which the phosphatase SHP1 counteracts the effect of LCK, a

proximal kinase of TCR signaling (Sun et al., 2020; Wang et al.,

2010b). We indeed observed that, upon CAR-T activation,

more THEMIS proteins were recruited to CARKR than CARWT.

Therefore, it is possible that, although the blocking CAR ubiqui-

tination may sustain CAR signaling in general, the 4-1BB-associ-

ated THEMIS-SHP1 complex acts as a safety check to prevent

overactivation of CD3z-ITAM signaling.

In addition to observing inefficient downmodulation and

increased endosomal CARKR level after CAR-T activation, coun-

terintuitively, we also saw a reduction of surface CAR expression

in the resting CARKR-T cells compared with CARWT-T cells. Inter-

estingly, similar observations were also reported in the case of

TCR. When ubiquitination of TCR:CD3 complex was blocked by

mutating all intracellular lysines of CD3 chains to arginines, the

surface TCR expression on resting mature T cells has an approx-

imately 40% reduction compared to wild-type TCR (Wang et al.,

2010a). Moreover, deficiency of Cbl, a major E3 ligase of the

TCR:CD3 complex, or a loss-of-functionmutant ofCbl also results

in a similar reduction of surface TCR expression on restingmature

T cells (Thien et al., 2003). Consistent with the comparable mRNA

levels of CARWT andCARKR, bothCARswere expressed at similar

protein amounts. Considering the reduced surface CAR level on

CARKR-T cells, we conclude that there is more cytosolic fraction

of CARKR than that of CARWT. These results suggested that newly

synthesized CARKR may not traffic to the cell membrane as effi-

ciently as CARWT. Since we have observed a constitutive but

low ubiquitination of CAR in resting CAR-T cells, it is intuitive to

speculate that basal CAR ubiquitination in resting T cells is

involved in regulating the transport of CAR to the plasma mem-

brane. Alternatively, this phenotype may be caused by increased

CAR signaling strength due to enhanced CAR endosomal

signaling, which may induce an unknown feedback mechanism

to repress the surface CAR expression. The underlying mecha-

nism(s) by which CARKR displayed a lower CAR surface expres-

sion are currently under investigation.

Previous studies suggested that CAR expression positively cor-

relates with tonic signaling, which can induce T cell exhaustion

and limit the potency of CAR T cells (Long et al., 2015). Is it

possible that superior antitumor efficacy of the BBzCARKR-T cells

simply results from its lower surface expression? In another

words, does lower surface expression of BBzCAR lead into better
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antitumor function in vivo? A recent study addressed this question

by replacing the EF-1a promoter of BBz CAR, with a truncated

promoter from the Phosphoglycerate kinase (PGK) promoter.

Although displaying 50%–60% lower cell-surface CAR expres-

sion levels than wild-type BBz CAR-T cells, these modified

CAR-T cells significantly diminished their antitumor function in a

xenograft pancreatic tumor model (Guedan et al., 2018). Similarly,

Walker et al. tuned CAR expression level by using titrated retro-

virus at different multiplicities of infection. In setting of ALK-BBz

CAR and 19BBz CAR, downstream NFAT activation and cytokine

production of low CAR-expressing cells was largely impaired

compared to high CAR-expressing cells (Walker et al., 2017).

Importantly, we also demonstrated that the better tumor-killing

capacity of CARKR-T cells is not due to the reduction of its initial

surface CAR expression level on resting CAR-T cells. These re-

sults suggest that lower BBz CAR expression is not generally

beneficial, and therefore, the superior antitumor efficacy BBz

CARKR is unlikely caused by its lower surface expression.

The in vitro-transcribed (IVT) mRNA approach is frequently

used for the development, testing, and application of CAR-T

therapy (Foster et al., 2019). Because of its inherent safety,

several clinical trials of mRNA CAR-T are ongoing. However,

rapid loss of expression of CAR is the major obstacle to limit

its efficacy. Here, we show that recyclable CAR dramatically pro-

longed half-life of CAR protein following tumor antigen stimula-

tion compared with CARWT, which may offer a potential solution

to optimize pharmacokinetic properties of RNA CAR.

In summary, we demonstrate that, as many other immune re-

ceptors, synthetic CAR surface expression is also dynamically

regulated during the CAR-T activation. Our study suggests that

manipulation of CAR trafficking within T cells is a useful strategy

to optimize CAR-T antitumor function. Overall, our study sug-

gests that the recyclable CAR-T cells have better long-term

killing, improved persistence, and augmented antitumor func-

tion, which provides a solid rationale to test recyclable CAR-T

cells in human trials.

Limitations of the Study
Here, we showed that the recyclable CAR-T cells displayed

enhanced in vivo persistence using CAR-T cells that are gener-

ated by lentiviral transduction. It needs to be further tested

whether the recyclable CAR design would benefit the CAR-T

cells that are produced by other methods (e.g., retroviral trans-

duction or IVT). This study also used an immunocompromised

mouse model with xenografted human tumor cell line, which

can’t fully mimic the complex immune environment within cancer

patients. The optimal antitumor benefit of recyclable CAR needs

to be further tested in clinical trials.
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Antibodies

Anti-human CD3-PE/Cy7 (UCHT1) eBioscience Cat# 25-0038-42; RRID: AB_1582253

Anti-human CD3-APC (HIT3a) Biolegend Cat# 300412; RRID: AB_314066

Anti-human CD4-BV605 (RPA-T4) Biolegend Cat# 300556; RRID: AB_2564391

Anti-human CD8a-PerCP/Cy5.5 (RPA-T8) Biolegend Cat# 301032; RRID: AB_893422

Anti-human CD27-Alexa Fluor 647 (O323) Biolegend Cat# 302812; RRID: AB_493082

Anti-human CD45RA-PE/Cy7 (HI100) Biolegend Cat# 304125; RRID: AB_10709440

Anti-human CD45RO-PE/Cy7 (UCHL1) Biolegend Cat# 304230; RRID: AB_11203900

Anti-human CD62L-PE (DREG-56) Biolegend Cat# 304806; RRID: AB_314466

Anti-human CD69-PE (FN50) Biolegend Cat# 310906; RRID: AB_314841

Anti-human CD19-PE (HIB19) Biolegend Cat# 302254; RRID: AB_2564142

Anti-human PD-1-APC (NAT105) Biolegend Cat# 367405; RRID: AB_2566066

Anti-human PD-1-PE (eBioJ105) eBioscience Cat# 12-2799-42; RRID: AB_11042478

Anti-human LAG-3-PE/Cy7 (3DS233H) eBioscience Cat# 12-2239-42; RRID: AB_2572597

Anti-human Tim-3-PerCP/Cy5.5 (F38-2E2) Biolegend Cat# 345016; RRID: AB_2561934

Anti-human IL-2-PE (MQ1-17H12) Biolegend Cat# 500307; RRID: AB_315094

Anti-human IFN-g-Alexa Fluor 647 (4S.B3) Biolegend Cat# 502516; RRID: AB_493031

Anti-human Granzyme B-Alexa Fluor

647 (GB11)

Biolegend Cat# 515406; RRID: AB_2566333

Anti-human Ganglioside GD2-PE (14G2a) Biolegend Cat# 357303; RRID: AB_2561884

Anti-MYC-Alexa Fluor 647 (9B11) Cell Signaling Technology Cat# 2233; RRID: AB_823474

Anti-MYC-HRP (9B11) Cell Signaling Technology Cat# 2040; RRID: AB_2148465

Anti-NFkB pSer536 (93H1) Cell Signaling Technology Cat# 3033; RRID: AB_331284

Anti-S6 pSer235/236 (D57.2.2E) Cell Signaling Technology Cat# 4858; RRID: AB_916156

Anti-4E-BP1 pThr37/46 (236B4) Cell Signaling Technology Cat# 2855; RRID: AB_560835

Anti-LAT (E3U6J) Cell Signaling Technology Cat# 45533

Anti-LAT pY191 Cell Signaling Technology Cat# 3584; RRID: AB_2157728

Anti-p85 (19H8) Cell Signaling Technology Cat# 4257; RRID: AB_659889

Anti-TRAF2 (C192) Cell Signaling Technology Cat# 4724; RRID: AB_2209845

Anti-TFAM (D5C8) Cell Signaling Technology Cat# 8076; RRID: AB_10949110

Anti-ZAP70 (99F2) Cell Signaling Technology Cat# 2705; RRID: AB_2273231

Anti-a-tubulin (DM1A) Abcam Cat# ab40742; RRID: AB_880625

Anti-Rab5 (C8B1) Cell Signaling Technology Cat# 3547; RRID: AB_2300649

Anti-THEMIS Cell Signaling Technology Cat# 4482; RRID: AB_11217437

Anti-Tom20 (F-10) Santa Cruz Cat# sc-17764; RRID: AB_628381

Anti-GFP (7G9) Abmart Cat# M20004; RRID: AB_2619674

Anti-NDUFB8 (20E9DH10C12) Abcam Cat# ab110242; RRID: AB_10859122

Anti-GAPDH-HRP (6C5) Abcam Cat# ab105428; RRID: AB_10860607

Anti-Ubiquitin-HRP (P4D1) Biolegend Cat# 646303; RRID: AB_2629597

Anti-p62 (3/P62 LCK LIGAND) BD Bioscience Cat# 610832; RRID: AB_398151

Anti-EEA1 BD Bioscience Cat# 610456; RRID: AB_397829

Biological Samples

Human Peripheral blood mononuclear cell SAILY BIO Cat# SLB-HP100B

(Continued on next page)
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Chemicals, Peptides, and Recombinant Proteins

Recombinant human IL-2 Novoprotein Cat# GMP-CD66

TranslT-LT1 Mirus Bio Cat# 2300

Human T-Activator CD3/CD28 Dynabeads Life Technologies Cat# 11132D

MitoSOX Red Mitochondrial Superoxide

indicator

Invitrogen Cat# M36008

Paraformaldehyde Meilunbio Cat# MA0192

Brefeldin A Biolegend Cat# 420601

MYC Agarose beads Sigma-Aldrich Cat# A7470

N-ethylmaleimide Sigma-Aldrich Cat# E3876

Protease Inhibitor Cocktail Thermo Scientific Cat# A32953

LysoTracker Red Invitrogen Cat# L7528

MitoTracker Orange Invitrogen Cat# M7510

MG132 Selleck Cat# S2619

NH4Cl Sigma-Aldrich Cat# 254134

Cycloheximide Cell Signaling Technology Cat# 2112

Proteinase K Yeasen Cat# 10401ES60

PrimerScript RT Master Mix TaKaRa Cat# 10236505

TB Green Premix Ex Taq TaKaRa Cat# 10236504

OCT compound SAKURA Cat# 4583

Critical Commercial Assays

Gibson Assembly Master Mix New England Biolabs Cat# E2611

Human T Cell Enrichment Kit Stem Cell Technology Cat# 19051

Mitochondrial Membrane Potential

Assay Kit

Cell Signaling Technology Cat# 13296

Zombie Violet Fixable viability Kit Biolegend Cat# 423114

CellTrace Violet Cell Proliferation Kit Invitrogen Cat# C34557

RNeasy Mini Kit QIAGEN Cat# 74104

Experimental Models: Cell Lines

Lenti-X 293T cells TakaRa Cat# 632180

Jurkat E6.1 T cells Arthur Weiss N/A

K562 myelogenous leukemia cells ATCC Cat# CCL-243

EL4 lymphoma cells ATCC Cat# TIB-39

Meso+K562 This paper N/A

CD19+K562 This paper N/A

Luci+Red+CD19+K562 This paper N/A

Experimental Models: Organisms/Strains

Mouse: NOD/SCID/Il2rg-null (B-NSG) mice Biocytogen Cat# 110586

Oligonucleotides

Bcl-xL qPCR; F: 50-
GAGCTGGTGGTTGACTTTCTC; R: 50-
TCCATCTCCGATTCAGTCCCT

This paper N/A

Bfl1 qPCR; F: 50-
TACAGGCTGGCTCAGGACTA; R: 50-
CGCAACATTTTGTAGCACTC

This paper N/A

TFAM qPCR; F: 50-
GATGCTTATAGGGCGGAGTG; R: 50-
AGCTTTTCCTGCGGTGAATC

This paper N/A
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MT-CO1 qPCR; F: 50-
ATACCAAACGCCCCTCTTCG; R: 50-
TGTTGAGGTTGCGGTCTG

This paper N/A

NRF1 qPCR; F: 50-
AGGAACACGGAGTGACCC; R: 50-
TATGCTCGGTGTAAGTAGCC

This paper N/A

NRF2 qPCR; F: 50-
TCCCAGCAGGACATGGATTTG; R: 50-
TGTGGGCAACCTGGGAGTAG

This paper N/A

CAR qPC; F: 50-
TCCTGCCCCTACCATTGCTA; R: 50-
CAGTACAGCGTAATCACCAG

This paper N/A

18S rRNA qPCR; F: 50-
CAGCCACCCGAGATTGAGCA; R: 50-
TAGTAGCGACGGGCGGTGTG

This paper N/A

Recombinant DNA

pHR_PGK Addgen Cat# 79120

pCMVdR8.92 Addgen Cat# 8455

pMD2.G Addgen Cat# 12259

pHR_hCD19 This paper N/A

pHR_hMeso This paper N/A

pHR_luciferase This paper N/A

pHR_TRAF2-mCherry This paper N/A

CAR.19zWT This paper N/A

CAR.19zKR This paper N/A

CAR.19BBzWT This paper N/A

CAR.19BBzKR This paper N/A

CAR.1928zWT This paper N/A

CAR.1928zKR This paper N/A

CAR.GD2BBzWT This paper N/A

CAR.GD2BBzKR This paper N/A

CAR.GD2-28zWT This paper N/A

CAR.GD2-28zKR This paper N/A

Software and Algorithms

FlowJo v10 Tree Star https://www.flowjo.com/

Amersham Imager 600 analysis software GE N/A

ImageJ NIH https://imagej.nih.gov/ij/download.html

Living Image v4.5.2 (IVIS imaging) Perkin Elmer N/A

GraphPad Prism 8 GraphPad https://www.graphpad.com
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Lead Contact
Further information and requests for resources and reagents may be directed to and will be fulfilled by the Lead Contact, Haopeng

Wang (wanghp@shanghaitech.edu.cn).

Materials Availability
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Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability
The published article includes all datasets analyzed during this study.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cell culture
Lenti-X293Tcells (TaKaRa#632180)wereused toproduce lentivirus in this study. Jurkat T cells (agift fromA.WeissatUCSF)were stably

transfectedwithCAR-expressing lentivirus for in vitroassays.K562myelogenous leukemiacells (ATCC#CCL-243)were lentivirally trans-

duced with the full length human CD19 gene (CD19+K562) as the target cells for the CD19 CAR-T cells. Meanwhile, K562 cells were en-

gineered tostably expresshumanmesothelinprotein (Meso+K562)as thecontrol cell line.EL4 lymphomacells (ATCC#TIB-39)wereused

as the target cells for the GD2 CAR-T cells. CD19+K562 cells were further stably transduced with mCherry and luciferase (Luci+Red+-

CD19+K562) for in vivo tumor model of the CAR-T cells. Lenti-X 293T cells were cultured in DMEM medium supplemented with 10%

FBS, 100 U/mL penicillin and 100 mg/mL streptomycin. Suspension cells were cultured in RPMI-1640 medium supplemented with

10%FBS, 100 U/mL penicillin and 100 mg/mL streptomycin. Bothmedium and all supplements were purchased from ThermoScientific.

All engineeredcell linesweresortedwithFACSAria II (BDbioscience) andexaminedbyPCR toensure freeofmycoplasmacontamination.

Mouse studies
To generate the in vivo tumor model, we used 5- to 8-week-old male and female NOD/SCID/Il2rg null (B-NSG) mice (from Beijing

Biocytogen). NSG mice were housed in the Animal Facility at the National Facility for Protein Science in Shanghai. All mouse exper-

iments were conducted in accordance with Shanghai Institutional Animal Care and Use Committee (IACUC) guidelines and under an

approved IACUC protocol of ShanghaiTech University.

METHOD DETAILS

Constructs of chimeric antigen receptors
CARs targeting human CD19 or GD2were used in this study. Briefly, the CAR comprised a scFv fragment, FMC63 or 14 g2a, specific

for human CD19 and GD2 antigen respectively (Nicholson et al., 1997; Rossig et al., 2001) preceded by a CD8a signal peptide (Uni-

prot: P01732-1, aa 1-21) with a myc-tag (EQKLISEEDL) and followed by the CD8a hinge-transmembrane region (Uniprot: P01732-1,

aa 138-206) and a human CD3z intracellular domain (Uniprot: P20963-1, aa 52-164) with or without the cytoplasmic region of human

4-1BB (Uniprot: Q07011, aa 214-255) or CD28 (Uniprot: P10747-1, aa 180-220) costimulatory domain. CARs were cloned into a

modified pHR-PGK vector (Addgene #79120) via Gibson assembly cloning (NEB #E2611L), in which the PGK promoter was replaced

by the hEF1a promoter and an IRES-EGFP cassette was introduced into the constructs as a reporter. In certain cases, CARs were

fused with EGFP directly for imaging detection.

Human T cell culture and lentiviral transduction
Human PBMCs were isolated from peripheral blood of healthy donors by density gradient centrifugation with Human T Cell Enrich-

ment Kit (Stem Cell Technology #19051). Human T cells were cultured in RPMI-1640 medium supplemented with 10% FBS, 100 U/

mL penicillin, 100 mg/mL streptomycin, and 100 U/mL recombinant hIL-2 (novoprotein). Lenti-X 293T cells were transfected with CAR

expression vector plasmid and viral packaging plasmids, pCMVdR8.92 (Addgene #8455) and pMD2.G (Addgene #12259) via

TranslT-LT1 transfection reagent (Mirus #2300). 60 h post transfection, viral supernatant was harvested, concentrated by ultracen-

trifugation and frozen in aliquots at –80�C before use. Human T cells were stimulated with Human T-Activator CD3/CD28 Dynabeads

(Life Technologies #11132D) at a bead-to-cell ratio of 3:1 for 24 h before viral infection. T cells were exposed to virus for 18 h then

replaced with fresh medium. Dynabeads were removed after stimulation for 5 days. Medium and IL-2 were refreshed every 2-3 days.

Flow cytometry
For surface staining, cells were incubated with antibodies at 4�C for 25 min in FACS buffer (PBS + 2% FBS). For mitochondrial mem-

brane potential staining, cells were incubated with 200 nM mitochondrial specific dye TMRE (CST #13296) at 37�C for 15 min. For

staining of activation induced ROS, CAR-T cells were incubated with target cells at 37�C for indicated time, then mitochondrial

specific ROS dyeMitoSOX (Invitrogen #M36008, 5 mMfinal concentration) was added to themedium 15min before harvest. For intra-

cellular staining, cells were first fixed with 4%paraformaldehyde (Meilunbio #MA0192) at room temperature for 15min, then permea-

bilized with pre-coldMethanol and incubated on ice for 50min. The following staining was conducted at room temperature for 60min

in dark. Live/dead staining was performed using Zombie Violet Fixable viability Kit (Biolegend #423114) prior to fixation. For intracel-

lular cytokine detection, CAR-T cells were co-cultured with target cells in the presence of Brefeldin A (Biolegend #420601) for the last

6 h. FACS data were acquired through BD LSRFortessa (BD bioscience) and analyzed by FlowJo software (Tree Star). The FACS

antibody information were summarized in the Key Resources Table.

Immunoprecipitation and western blotting
Immunoprecipitation and immunoblotting of the CAR was performed using anti-Myc Agarose beads (Sigma #A7470) and anti-Myc

mAb (Clone#: 9B11), respectively. For detection of CAR ubiquitination, cells were lysed with lysis buffer containing 50 mM Tris-HCl

(pH 7.5), 1% Triton X-100, 200mM NaCl, 1mM EDTA, 0.2% SDS, 10mM N-ethylmaleimide (Sigma #E3876), and Protease Inhibitor

Cocktail (Thermo Scientific #A32953). To isolate the endosomes of T cells, plasma membrane was mechanically broken via a 22-G

needle in a homogenization buffer containing 250 mM sucrose, 3 mM imidazole, Protease Inhibitor Cocktail, 1mM Na3VO4, 1mM
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EDTA, and 0.03 mM CHX. The homogenized cells were first centrifuged at 2000 g for 10 min at 4�C to remove nuclear pellet. The

supernatant was then fractionated by gradient centrifugation in sucrose solutions with a series of density, the bottom solution con-

taining supernatant with 41% sucrose, overlaid sequentially with 35%, 25% sucrose solution andwith homogenization buffer to fill up

the rest of the ultracentrifuge tube. After centrifuge at 210000 g for 2 h at 4�C, endosomes were harvest from the interphase between

35% and 25% sucrose solution.

Antibodies against the following proteins were used: Ubiquitin (Clone#: P4D1), p62 (Clone#: 3/P62 LCK LIGAND), TRAF2 (Clone#:

C192), THEMIS (CST #4482), p85 (Clone#: 19H8), LAT (Clone#: E2U6J), LAT pY191 (CST #3584), NDUFB8 (Clone#: 20E9DH10C12),

TFAM (Clone#: D5C8), Tom20 (Clone#: F-10), GAPDH (Clone#: 6C5), a-tubulin (Clone#: DM1A), ZAP-70 (Clone#: 99F2), GFP (Clone#:

7G9). Rab5 (Clone#: C8B1) was used as a loading control of endosome fraction. Chemiluminescence was performed using Amer-

sham Imager 600 (GE). Protein quantification was achieved by using Amersham Imager 600 analysis software (GE) and normalized

to loading control.

Immunofluorescence
For the tumor infiltrating CAR-T cells detection, a fraction of tumor tissues were fixed in 4% paraformaldehyde, then dehydrated in

30% sucrose and embedded in OCT compound (SAKURA #4583) followed by cryosection generation on a cryostat (Leica). Images

were collected using 203 objective of the TCS SP8 STEDmicroscope (Leica). The imaging of lysosome andmitochondrial in CAR-T

cells was performed in living cells using LysoTracker Red (Invitrogen #L7528) and MitoTracker Orange (Invitrogen #M7510). For

imaging analysis of CAR-EGFP and lysosomes, CAR-T cells were first co-incubated with CD19+ K562 cells for 30 min. For imaging

analysis of CAR-EGFP and mCherry-TRAF2 within the early endosomes, CAR-T cells were fixed using 4% paraformaldehyde and

permeabilized with 0.1% Triton X-100 in PBS containing 1%BSA. Early endosomewas labeled using anti-EEA1 antibody (BDBiosci-

ence #610456). Images of cell samples were acquired by A1R-si (Nikon) or TCS SP8 STED microscope with 60 3 and 63 3 oil im-

mersion objective. Captured images were analyzed with ImageJ software (NIH).

CAR downmodulation assay
For the short-term (within one h) assays, CAR-T cells and target cells were co-incubated in a 96-well PCR plate at the ratio of 1:3 on

ice. The samples were spun down for 1 min at 4�C to force the contact of two types of cells. The reaction was performed in a 37�C
water bath and endedwith 4%paraformaldehyde fixation. For the long-term (up to 3 days) test, two types of cells were co-cultured in

a 24-well plate at 37�C and harvested at indicated time points for FACS analysis. The surface level of CAR was detected by staining

anti-Myc tag antibody.

CAR degradation assay
The degradation test within one hwas conducted using the same process as in short termCARdownmodulation assay except further

permeabilization for intracellular staining. FACS basedCARdegradation pathway test was performed in 96 U-bottomwell plate at the

E:T ratio of 1:3 for 8 h.MG132 (Selleck #S2619) or NH4Cl (Sigma #254134) was added into the co-culturemedium at indicated dosage

to inhibit the proteasome or lysosome function. CAR-T cells and target cells were co-cultured in 48-well cell culture plate at the E:T

ratio of 1:1 and harvested at indicated time points to make lysate for western blot based degradation analysis,. In some cases, 25 mg/

mL Cycloheximide (CST #2112) was added to inhibit de novo CAR synthesis.

CAR internalization and recovery assay
Internalization assay. CAR-T cells were pre-cold on ice for 30 min and resuspended in ice-cold RPMI-1640 medium with or without

10 mg/mL Brefeldin A. Then, CAR-T cells were plate in 37�C for indicated time. Finally, 4% paraformaldehyde was added to stop re-

action and fixed the CAR level for flow cytometry analysis.

Recovery assay. CAR-T cells were co-incubatedwith CD19+ K562 cells in 96 U-bottomwell plate at the E:T ratio of 1:2 for 12 h. Then

cells were washed with PBS twice and resuspended in 0.1mg/mL proteinase K (Yeasen #10401ES60) at 37�C for 3 min. Cells were

washed twice with medium and replated in medium with 100 mMCHX. Cell surface CAR was monitored by flow cytometry every 12 h.

FACS-based in vitro killing assay
Briefly, the CD19+ mCherry+K562 cells and MESO+ mCherry- K562 cells were mixed at a ratio of 1:1 then co-incubated with CAR-T

cells or non-transduced T cells at indicated E:T ratios. Control samples containing onlymixed K562 cells were conducted to set FACS

gating for intact living K562 cells. T cells were also stained with CD3ε to distinguish fromK562 cells population. A ratio of the surviving

mCherry+ K562 cells and mCherry– K562 cells was calculated to evaluate the cytotoxicity of CAR-T cells. In short term killing assay,

cells were seeded in 96 U-bottom well plate without IL-2 supplement overnight. For long time comparison, cells were co-cultured in

24-well plate with 50 U/mL IL-2 addition for 3 days.

In vitro proliferation assay
To start, 13 106 CAR-T cells were co-cultured with 33 105 irradiated CD19+K562 cells in 24-well plates. Every 8-10 days, irradiated

target cells were addedwith the same cell ratio as before to sustain stimulation of CAR-T cells. CAR-T cell number was counted every

2 days and complete human T cell medium was refreshed to reached a concentration of 1 3 106 T cells per ml meanwhile. For the

FACS based proliferation assay, CAR-T cells were rested in medium without IL-2 for 24 h. The rest CAR-T cells (1 3 106 cells) were
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then stained with 5 mM CellTrace Violet according to the protocol of CellTrace Violet Cell Proliferation Kit (Invitrogen) and coculture

with irradiated CD19+ K562 cells for 4 days. The fluorescent intensity of pre-labeled dye was detected by flow cytometry and pro-

liferation index of CAR-T cells was quantified using FlowJo software.

Metabolic analysis
After stimulated with irradiated target cells for 14 days, mitochondrial function of CAR-T cells was assessed with the extracellular flux

analyzer XF24 (Seahorse Bioscience). CAR-T cells were suspended in XF assay medium containing 2 mM L-glutamine, 5.5 mM

glucose, and 1 mM sodium pyruvate then seeded at 1.53 105 cells per well. CAR-T cells were adhered to poly-L-lysine coated plate

after incubation in standard culture conditions for 30min, thenswitched to aCO2-free incubator during instrument calibration. Cellular

OCRs were measured under basal conditions following treatment with 1 mM oligomycin, 2 mM FCCP, and 40 nM rotenone with 1 mM

antimycin A (Seahorse Bioscience).

Real-time PCR
CAR-T cells were stimulated with CD19+K562 cells for indicated time then sorted for RNA extraction. Total RNA was extracted using

the RNeasy Mini Kit (QIAGEN #74104) and reverse transcribed into cDNA using PrimerScript RT Master Mix (TaKaRa #10236505).

Real-time PCR reactions were performedwith TBGreen Premix Ex Taq (TaKaRa #10236504) by three times paralleled replicates on a

QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems) based on the manufacture instructions. The expression level of

each indicated gene was normalized to the housekeeping gene, Ribosomal 18S. The qPCR primer sequences were summarized

in the Key Resources Table.

Mass spectrometry
CAR-T cells were co-cultured with CD19+K562 cells for 5 min before lysed as the reaction sample. In ths control samples, CAR-T cells

and CD19+K562 cells were separately lysed and thenmixed together. The protein lysates were immunoprecipitated by anti-Myc beads

then separated by SDS–PAGE. The gel bands of CAR protein were cut for in-gel digestion. Briefly, the gel fragments were washed with

50mMammoniumbicarbonate and shrunkwith 50%acetonitrile, 25mMammoniumbicarbonate. The proteins in the gel were reduced

by treating DTT and alkylated by using iodoacetamide, respectively. Then, the gel was digested with trypsin in 37�C overnight. The re-

sulted peptideswere elutedwith 25mMammoniumbicarbonate and 5% formic acid, 50%acetonitrile, respectively. The eluted peptide

samples were lyophilized to dryness and then desalted with C18 StageTip before LC-MS/MS analysis.

The obtained peptide samples were analyzed by an Orbitrap Fusion mass spectrometer coupled with an Easy-nLC 1000 (Thermo

Fisher Scientific) ultrahigh pressure liquid chromatography pump. The LC separation system consisted of a trap column (100 mm i.d.

3 4 cm) and an analytical columnwith integrated spray tip (75 mm i.d.3 20 cm) both packed with 3 mm/120 Å ReproSil-Pur C18 resins

(provided by Dr. Maisch GmbH, Ammerbuch, Germany). The buffers used for separation were 0.1% (v/v) FA in water and 0.1% (v/v)

FA in ACN. Half of the obtained samples were first loaded onto the trap column and then separated by the analytical column at a flow

rate of 300 nL/min with 80 min gradient. Full MS scans were performed in the Orbitrap mass analyzer over m/z range of 350�1550

with a mass resolution of 120000. The MS/MS spectra were acquired in data-dependent mode with a Top Speed method (3 s). Tan-

dem MS was performed in the ion trap mass analyzer using an isolation window of 1.6 Da by quadrupole mass analyzer and HCD

fragmentation with normalized collision energy of 30.

The raw files were compared against the Human fasta database by MaxQuant (version 1.5.5.1). The oxidation (M), deamidation

(NQ), and Glygly (K) were selected as the variable modifications for the ubiquitination peptide identification while the carbamido-

methyl as the fixed modification. The maximum missed cleavage for trypsin digestion was set to 2. Label-free quantification (LFQ)

and match between runs were set. Other parameters were set as default.

Xenograft Mouse Models
13 106 CD19+ K562 FFluc cells were subcutaneously injected into the right flank of NSGmice, followed 4 days later by adoptive cell

transfer of 53 105 non-transduced T cells or T cells expressing CARWT or CARKR. Tumor growth wasmonitored by bioluminescence

imaging using the IVIS spectrum imaging system (Perkin Elmer) every week. Quantitative image data was acquired through Living

Image Software (Perkin Elmer).

Mitochondrial Function Analysis
For mitochondrial membrane potential analysis, CAR-T cells were stained with mitochondrial specific dye TMRE (200 nM) at 37�C for

15min and then analyzed by FACS. For measuring ROS level in CAR-T cells, CAR-T cells were stimulated with target cells for indi-

cated time, and then stained with mitochondrial specific ROS dye MitoSOX (5 mM) at 37�C for 15min followed by FACS analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significancewasdeterminedby two tailedStudent’s t test. P value < 0.05was considered statistically significant. All error bars

of experimental data are presented as SEM. Statistical analysis and curve fitting was performed with Prism 8 software (GraphPad).
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