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SUMMARY
Lack of targetable antigens is a key limitation for developing successful T cell-based immunotherapies.Mem-
bers of the unfolded protein response (UPR) represent ideal immunotherapy targets because the UPR regu-
lates the ability of cancer cells to resist cell death, sustain proliferation, and metastasize. Glucose-regulated
protein 78 (GRP78) is a key UPR regulator that is overexpressed and translocated to the cell surface of a wide
variety of cancers in response to elevated endoplasmic reticulum (ER) stress. We show that GRP78 is highly
expressed on the cell surface of multiple solid and brain tumors, making cell surface GRP78 a promising
chimeric antigen receptor (CAR) T cell target. We demonstrate that GRP78-CAR T cells can recognize and
kill GRP78+ brain and solid tumors in vitro and in vivo. Additionally, our findings demonstrate that GRP78
is upregulated on CAR T cells upon T cell activation; however, this expression is tumor-cell-line specific
and results in heterogeneous GRP78-CAR T cell therapeutic response.
INTRODUCTION

The anti-tumor activity of chimeric antigen receptor (CAR) T cells

for solid and brain tumors is hampered by several factors

including limited CAR T cell expansion and persistence, the

immunosuppressive tumor microenvironment (TME), and het-

erogeneous expression of a limited array of targetable tumor an-

tigens.1,2 These factors have impacted the limited success of

clinical trials for glioblastoma multiforme (GBM) and solid tu-

mors.3–7 Additionally, on-target/off-cancer toxicities have been

observed in pre-clinical and clinical studies,8,9 highlighting the

need to identify tumor-specific antigens expressed on a broad

range of tumors.

To achieve this, we set out to explore targeting cell surface

glucose-regulated protein 78 (csGRP78) as a CAR T cell target

for solid and brain tumors. GRP78 is a key unfolded protein

response (UPR) regulator that normally resides in the endo-

plasmic reticulum (ER)10 and is overexpressed and translocated

to the cancer cell surface in several malignancies, including solid

tumors, in response to elevated ER stress.11,12 As a common

essential gene (DepMap Portal, Broad Institute), GRP78 is less

likely to be susceptible to antigen loss. In addition, the fact that

the cell surface translocation of GRP78 in tumor cells is driven

by multiple mechanisms13–16 decreases the possibility of im-

mune escape. All these features make GRP78 an extremely

attractive target antigen for solid and brain tumors.
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We have previously demonstrated that GRP78-CAR T cells

have robust anti-tumor activity against acute myeloid leukemia

(AML).17 Here, we successfully target GRP78 on adult GBM

(aGBM), diffuse intrinsic pontine glioma (DIPG), osteosarcoma

(OS), triple-negative breast cancer (TNBC), and Ewing sarcoma

(EWS). We show that the interaction of CAR T cells with different

tumor cells results in varying degrees of T cell activation as deter-

mined by the calcium flux (Ca2+) in GRP78-CAR T cells and inter-

feron g (IFN-g) secretion. Interestingly, the level of T cell activa-

tion did not correlate with GRP78 expression level on tumor cells.

Finally, we demonstrate that GRP78-CAR T cells exhibit different

levels of anti-tumor activity across all tumors tested and that this

activity might be dependent on csGRP78 expression on T cells.

RESULTS

GRP78 is expressed on the cell surface of solid and brain
tumors
It has been previously shown that GRP78 is commonly ex-

pressed inmany cancers.18 Consistent with these data, our anal-

ysis of GRP78 (HSPA5) gene expression in The Cancer Genome

Atlas (TCGA) database shows that the HSPA5 gene is highly ex-

pressed in different cancers (Figure S1A). Expression in healthy

tissues, on the other hand, is variable as judged by mRNA

expression using the Genome Tissue Expression (GTEx) data-

base (Figure S1B) and immunohistochemistry of healthy tissues
s Medicine 4, 101297, November 21, 2023 ª 2023 The Author(s). 1
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Figure 1. GRP78 is expressed on the cell surface of brain and solid tumors

(A) Cell surface GRP78 expression percentage in several pediatric (diffuse intrinsic pontine gliomas [DIPGs], ependymomas [EPNs], medulloblastomas [MBs],

atypical teratoid rhabdoid tumor [ATRT], and high-grade glioma [HGG]) and adult brain tumors (adult glioblastomamultiforme [aGMBs]) and solid tumors (Solid Tus).

(B) Distribution of GRP78 expression levels among the samples tested in (A), presented as log10 transformed fold change of GRP78 geometric mean fluores-

cence intensity (gMFI) and their respective isotypes. Expression levels were defined by quartiles into low-GRP78-expressing cells (Ag-Low), middle-GRP78-

expressing cells (Ag-Mid), and high-GRP78-expressing cells (Ag-Hi).

(C) Distribution of the cell lines tested in (A) regarding their relative GRP78 expression levels defined in (B). Red and green lines define cutoffs at 0.6 and 1,

respectively. n = 3–21. Mean and SEM are shown.
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(Figure S2). However, these analyses do not provide information

about the localization of GRP78, which needs to be expressed

on the cell surface for effective CAR T cell therapy. To evaluate

GRP78 suitability as a CAR T cell target for solid and brain tu-

mors, we first validated its surface expression on a panel of

solid tumors (A673, LM7, MDA-MB-468 [MDA-468 hereafter]),

adult brain tumors (U87, U373, T98G), and pediatric patient-

derived brain tumor cell lines (DIPGs [DIPG7, DIPG9, DIPG29,

DIPG37, DIPG007]; ependymomas [1425, CPITT, ST1, ST2,

EPI, L46SJ]; medulloblastoma [DAOY, HDMBO3, MB002,

D425, D341, D283]; high-grade glioma [HGG42]; and atypical
2 Cell Reports Medicine 4, 101297, November 21, 2023
teratoid rhabdoid tumor [ATRT (BT12)]) using flow cytometry

(Figures 1A and S3A). GRP78 cell surface expression was differ-

entially elevated in all cell lines tested, with the highest expres-

sion on U87 and ependymomas and the lowest on A673 andme-

dulloblastoma cells, except DAOY (Figures 1A and 1C). These

findings correlated with GRP78 gene expression in the St.

Jude Cloud19 and TARGET Childhood Cancer Program (avail-

able at the Genomic Data Commons [https://portal.gdc.

cancer.gov]) databases (Figure S3B), bulk RNA sequencing

(RNA-seq) data of the cell lines used in the study (Figure S3C),

and immunohistochemistry of selected pediatric brain tumors

https://portal.gdc.cancer.gov
https://portal.gdc.cancer.gov
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(Figure S4). Based on csGRP78 expression data, we next estab-

lished a hierarchy of csGRP78 expression in different tumor

cells used in the study: high-csGRP78-expressing cells (ST2,

CPITT, U87, LM7, EPI, 1425), middle-expressing cells (ST1,

L46SJ, DIPG7, DIPG29, DIPG37, DIPG9, DIPG007, T98G,

DAOY, MDA468), and low-expressing cells (BT12, MB002,

A673, HGG42, BT16, U373, D425, HDMBO3, D283, and D341)

(Figures 1B and 1C).

GRP78-CAR T cells target GRP78+ brain and solid tumor
cells and secrete cytokines in vitro

To evaluate GRP78 antigen specificity, we transduced activated

T cells either with a second-generation GRP78-specific CAR

(GRP78)17 or a non-signaling control CAR (Ctrl) lacking the cos-

timulatory and intracellular signaling domains (Figure S5A). CAR

expression was confirmed using flow cytometry, and both CAR

constructs were efficiently expressed on the T cell surface

(range: 70.1–95.3) (Figure S5B). There was no difference in the

proportion of CD4/CD8 or the memory phenotype of GRP78-

CAR T cells when compared with Ctrl-CAR or non-transduced

(NT) cells (Figure S5C).

We then evaluated the function of the CAR T cells against

GRP78-expressing tumor lines by assessing (1) cytolytic poten-

tial, (2) proliferative capacity, and (3) cytokine secretion. To eval-

uate the cytolytic potential of GRP78-CAR T cells, we performed

a 24-h MTS-based cytotoxicity assay against U87, U373, T98G,

MDA-468, DIPG7, DIPG9, DIPG29, DIPG37, and DIPG007. U87

and MDA-468 cells were effectively killed at the lowest effector-

to-target (E:T) ratio of 0.5:1, whereas A673 cells only exhibited a

partial response (Figure 2A), consistent with their high and low

relative levels of GRP78 surface expression (Figure 1C). DIPG

cell killing by GRP78-CAR T cells was much more variable.

GRP78-CAR T cells failed to kill DIPG7, despite having GRP78

expression in the middle range (40%–50%) (Figure S6A). Next,

to demonstrate the proliferative capacity of GRP78-CAR

T cells in response to chronic antigen exposure, we performed

a repeat stimulation assay.20 GRP78-CAR T cells killed tumor

cells and expanded for up to 4 successive stimulations in the

presence of U87 cells (Figure 2B), while A673, MDA-468 (Fig-

ure 2B), and DIPGs (Figure S6B) failed to expand post-first or

-second stimulations. We also observed significant CAR T cell

expansion and sequential killing for up to 5 stimulations upon

exposure to other brain tumor cell lines, U373 and T98G

(Figures S6A and S6B).

Upon chronic antigen exposure to U87 cells, CAR T cells en-

riched for CD8 and effector memory phenotypes (CCR7�,

CD45RA�), with high levels of PD-1, LAG-3, and TIM-3

(Figures S7A–S7D), suggesting that U87 cells highly activate

CAR T cells. In the presence of DIPGs, PD-1, LAG-3, and

TIM-3 were not upregulated after the first stimulation

(Figures S7E and S7F), which correlated with their impairment

to proliferate when compared with U87 cells (Figures S7G

and S7H).

To further evaluate effector function of GRP78-CAR T cells, we

measured cytokine secretion upon antigen stimulation. We

collected supernatants 24-h post-first CAR T cell and tumor

cell (U87, MDA-468, A673, DIPG7, DIPG29, DIPG37, and

DIP007) co-cultures and examined the levels of Th1/Tc1 (IFN-
g, tumor necrosis factor a [TNF-a], granulocyte macrophage col-

ony-stimulating factor [GM-CSF], interleukin-2 [IL-2]), Th2/Tc2

(IL-4, IL-5, IL-6, IL-10, IL-13), and other cytokines (RANTES,

IP-10) using multiplex cytokine array. GRP78-CAR T cells pro-

duced high levels of Th1/Tc1 cytokines, with U87 cells eliciting

the most robust response, followed by MDA-468 cells

(Figures 2D, 2E, and S8). In comparison, IFN-g, GM-CSF, and

IL-2 levels were significantly lower in response to DIPGs and

A673 cells (Figures 2E and S8). A673 and DIPGs co-cultures re-

sulted in high levels of the pro-inflammatory cytokine IP-10,

which was not seen in response to U87 or MDA-468 cells

(Figures 2E and S8).

GRP78-CAR T cells show potent anti-tumor activity in
multiple in vivo models
To interrogate the in vivo safety and potency of GRP78-CAR

T cells, we tested GRP78-CAR T cells in non-tumor-bearing

mice and against several xenograft models, respectively. We

first evaluated the safety of GRP78-CAR T cells. We show that

our human GRP78-CAR T cells can recognize murine GRP78

(Figure S9; Hebbar et al.17), providing the rationale to test safety

in non-tumor-bearing NSG animals. We injected 107 GRP78-

CAR T cells co-transduced with GFP.ffluc intravenously (i.v.)

into non-tumor-bearing NSG mice, and we tracked their expan-

sion by bioluminescence for 1 week (Figure S10A). Our results

show a transient increase of Ctrl- and GRP78-CAR T cells on

day 1 with no statistically significant difference between the

groups (Figures S10B–S10D), demonstrating successful T cell

injection. CAR T cells started contracting on day 2 and were un-

detectable by day 6–8. There were no changes in animal weight,

and pathology analysis of vital organs did not find any damage

post-CAR T cell treatment (Figures S10C–S10E), suggesting

that GRP78-CAR T cells are safe.

We next evaluated the therapeutic benefit of GRP78-CAR

T cells in different tumor models that express high, middle, and

low levels of csGRP78. First, we evaluated the in vivo anti-tumor

response against an orthotopic GBMmodel (U87, high csGRP78

expression). On day 0, U87.GFP.ffluc cells (3 3 104) were im-

planted intracranially (i.c.) in the brain cortex, followed by a single

i.c. dose of 23 106 GRP78- or Ctrl-CAR T cells 7 days later (Fig-

ure 3A). GRP78-CAR treatment resulted in sustained disease

control in all animals in the treatment group (Figures 3B, 3C,

and S11A).

Next, we tested the in vivo efficacy against an OS (LM7, high

csGRP78 expression) model. 1 3 106 LM7.GFP.ffluc was in-

jected intraperitoneally (i.p.), and 7 days later, mice received

a single i.p. dose of 5 3 105 GRP78- or Ctrl-CAR T cells (Fig-

ure 3D). 4 out of 5 mice treated with GRP78 reached complete

remission within the first 3 weeks of treatment (Figures 3E, 3F,

and S11B), and 2 out of 5 mice demonstrated long-term

(>100 days) complete response resulting in a significant overall

survival.

Then, we tested the in vivo efficacy against the orthotopic

TNBC model (MDA-468, middle csGRP78 expression). MDA-

468.GFP.ffluc cells (5 3 105) were injected into the mammary

fat pad of NSG mice, and on day 7, mice received a single i.v.

dose of 3 3 106 GRP78- or Ctrl-CAR T cells (Figure 3G).

GRP78-CAR T cell-treated mice achieved complete remission
Cell Reports Medicine 4, 101297, November 21, 2023 3
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Figure 2. GRP78-CAR T cells recognize GRP78+ glioblastoma multiforme and solid tumor cells in vitro

(A) MTS-based cytotoxicity assay of GRP78-CAR T cells or Ctrl-CAR T cells against U87, MDA-468, and A673 cells at two different E:T ratios (n = 3, two-way

ANOVA, Tukey’s test, ***p = 0.0002 and ****p < 0.0001).

(B) Serial stimulation assay using effector T cells (GRP78-CARor Ctrl-CAR T cells) against U87 (n = 6), MDA-468 (n = 5), and A673 (n = 5) target cells at 2:1 E:T ratio.

Fresh target cells were added every 72–96 h.

(C) Representation of maximal number of stimulations at which CAR T cells were able to expand and kill fresh GRP78+ tumor cells in (B).

(D) Summary plots of cytokine production by GRP78-CAR T cells or Ctrl-CAR T cells in the supernatant when cultured with U87, MDA-468, and A673 cells at 2:1

E:T ratio after 24-h stimulation. Cytokines were measured by using MILLIPLEX cytokine assay (n = 3–5, one-way ANOVA, Sidak multiple comparison test,

*p < 0.05 and **p < 0.005).

(E) Representation of values for selected cytokines (IFN-g, GM-CSF, IL-2, IP-10) from (D) (n = 3–5, one-way ANOVA, Sidak multiple comparison test, *p < 0.05,

**p < 0.005, ***p < 0.001, and ****p < 0.0001). Mean and SEM are shown.

4 Cell Reports Medicine 4, 101297, November 21, 2023
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Figure 3. GRP78-CAR T cells show potent

anti-tumor activity against solid and brain tu-

mor xenograft models

(A) Schematic of the in vivo experimental design for

GBM intracranial implant model. U87 cells (33 104)

were implanted intracranially (i.c.) into in the brain

cortex, followed by a single i.c. dose of 2 3 106

GRP78- or Ctrl-CAR T cells 7 days post-tumor in-

jection.

(B) Total flux from tumor cells in all mice treatedwith

CAR T cells. The tumors were measured weekly

using bioluminescence imaging.

(C) Kaplan-Meier survival analysis of mice treated

with CAR T cells (log-rank [Mantel-Cox] test, n = 9–

10, ****p < 0.0001).

(D) Schematic of the in vivo experimental design for

osteosarcoma intraperitoneal (i.p.) model. LM7

cells (1 3 106) were implanted i.p. followed by a

single i.p. dose of 5 3 105 GRP78- or Ctrl-CAR

T cells 7 days post-tumor injection.

(E) The tumors were measured weekly using biolu-

minescence imaging.

(F) Kaplan-Meier survival analysis of mice treated

with CAR T cells (log-rank [Mantel-Cox] test, n = 5,

*p = 0.016).

(G) Schematic of the in vivo experimental design for

TNBC orthotopic xenograft model. MDA-468 cells

(0.5 3 106) were injected orthotopically into the

mammary fat pads of NSG mice. 3 3 106 T cells

were given intravenously (i.v.) on day 7 after tumor

injection.

(H) Total flux from tumor cells in all mice treatedwith

CAR T cells. The tumors were measured twice

weekly using bioluminescence imaging.

(I) Kaplan-Meier survival analysis (log-rank [Mantel-

Cox] test, n = 5, **p = 0.0017).

(J) Schematic of the in vivo experimental design for

EWS xenograft model. 5 3 105 A673 (EWS) cells

were injected subcutaneously (s.c.) into the flanks

of NSG mice. The tumors were measured twice

weekly using caliper measurements. 33 106 T cells

were given i.v. on day 7 after tumor injection.

(K) Tumor volume (mm3) as determined by caliper

measurements (n = 5, p < 0.05).

(L) Kaplan-Meier survival analysis (log rank [Mantel-

Cox] test, n = 5, **p = 0.0012).
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within 2 weeks of T cell injection and remained tumor free for

�3 months until the end of the experiment. Mice treated with

Ctrl-CAR T cells had disease progression (Figures 3H, 3I, and

S11C). We then tested a second mid-csGRP78-expressing

model, DIPG007. DIPG007.YFP.ffluc cells (1 3 106) were im-

planted i.c. in the brain cortex, followed by a single i.c. dose of

2 3 106 GRP78- or Ctrl-CAR T cells 7 days later (Figure S12A).

In this model, the anti-tumor response was transient with no dif-

ference in the overall survival when compared with control

(Figures S12B–S12D).

Lastly, we tested the in vivo efficacy of GRP78-CAR T cells

against low-csGRP78-expressing tumor cells A673 (EWS). In

the subcutaneous (s.c.) EWS xenograft model, mice were in-

jectedwith 53 105 A673 cells s.c. on day 0 and received one sin-

gle i.v. dose of 33 106 GRP78-CAR T cells on day 7 (Figure 3J).

Mice treated with GRP78-CAR T cells had reduced tumor vol-

umes compared with treatment groups and resulted in delayed
tumor growth (Figures 3K and 3L). However, none of the animals

treated achieved complete remission.

Intracellular Ca2+ signaling does not correlate with
GRP78-CAR T cell response
Although csGRP78 is expressed in all of the cell lines tested in

this study, there were significant differences in the CAR T cell ef-

ficacy against each tumor cell line in terms of expansion, cyto-

kine secretion, and tumor killing in vitro and in vivo. We posited

that varied antigen densities on different tumors elicited changes

in the activation potential of GRP78-CAR T cells. To demonstrate

these changes, we used live-cell imaging to measure intracel-

lular Ca2+ flux as an indicator of CAR T cell activation. Ctrl-

CAR and GRP78-CAR T cells were labeled with Cal-520AM, a

fluorescent calcium-sensitive dye. During the interaction with

antigen-presenting tumor cells, CAR T cells undergo change of

green fluorescence intensity, which indicates the levels of
Cell Reports Medicine 4, 101297, November 21, 2023 5
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Figure 4. Activation potential of GRP78-

CAR T cells is cell-line dependent

(A) Representative time lapse images of GRP78-

or Ctrl-CAR T cells interacting with U87,MDA-468,

or A673 tumor cells acquired by spinning disc

confocal live-cell imaging. CAR T cells were

labeled with CellTrace violet (blue) and CAL520

(green), and tumor cells were labeled with

CellTracker Red-CMTPX (red). Scale bar: 10 mm.

(B) Quantification of calcium flux in CAR T cells

upon tumor cell interaction shown in (A).

(C) Quantification of total calcium flux as area

under the curve (AUC) (n = 2–3, cells = 17–65; one-

way ANOVA, Tukey’s test, ****p < 0.0001 and

*p < 0.05). Mean and SEM are shown.

(D) Stratification of calcium flux response

(Ca2+AUC) by the relative expression of GRP78 on

the cell surface of tumor cells.
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intracellular Ca2+ mobilization. As expected, only the functional

GRP78-CAR T cells were able to trigger Ca2+ flux (Figure 4A).

GRP78-CAR T cells interacting with high-GRP78-expressing

cell lines (U87, CPITT, LM7) were able to sustain the Ca2+ flux

for longer time periods (<40 min), whereas CAR T cells interact-

ing with middle-csGRP78-expressing cells (DIPG37, DIPG007,

DIPG7, MDA-468) failed to maintain calcium influx for an equiv-

alent amount of time (>20 min). Low cell surface csGRP78-ex-

pressing tumor cells, such as A673 and HDMB03, failed to acti-

vate GRP78-CAR T cells (Figures 4A, 4B, and S13). An area

under the curve (AUC) analysis revealed that GRP78-CAR

T cells interacting with DAOY or U87 resulted in the most sus-

tained intracellular Ca2+ mobilization, followed by ependymoma

(CPITT), LM7, and 468 (Figures 4C and S13). Plotting Ca2+ flux

vs. low, middle, and high csGRP78 expression shows no corre-

lation between the antigen level and the calcium response

(Figures 4D and S14A). We also measured the IFN-g secretion

after 24-h co-culture against the same tumor cell lines we used

for imaging studies. Consistent with our imaging findings, our re-

sults show that IFN-g secretion follows the same pattern as the

Ca2+ flux (Figure S14B) and that there is no correlation between

IFN-g secretion and csGRP78 expression levels on tumor cells

(Figure S14C).
6 Cell Reports Medicine 4, 101297, November 21, 2023
Tumor cells control GRP78
expression on CAR T cells
We previously showed that csGRP78 is

expressed on activated T cells (Hebbar

et al.17; Figures S15A and S15B); howev-

er, this was tested with plate-bound anti-

CD3/CD28 activation and not with tumor-

bound antigen. Thus, we next decided to

evaluate whether GRP78 is expressed on

T cells in a tumor-dependent manner,

which might be contributing to the varia-

tion in CAR T cell activity. We tested

here the level of csGRP78 expression

on T cells post-co-culture with different

csGRP78-expressing tumor cells. 24

hours after co-culture setup, we collected
CAR T cells and determined csGRP78 expression via flow cy-

tometry. Interestingly, co-cultures with non-functional Ctrl-CAR

T cells and tumor cells already show some csGRP78 expression

on T cells, and the level of csGRP78 was tumor-cell-line specific

(Figures 5A and 5B). Co-culture with GRP78-CAR T cells and tu-

mor cells showed even higher csGRP78 expression on T cells

(Figures 5A and 5B); however, there was no correlation between

csGRP78 expression on tumor cells and on T cells (Figure 5C).

These findings suggest that csGRP78 expression on T cells is

controlled by both T cell activation and tumor-cell-specific

factor(s).

Given the fact that GRP78 is expressed on activated T cells,

this can lead to GRP78-CAR T cell fratricide, or self-killing. To

test this, we activated NT T cells in vitro to induce the expression

of csGRP78 at the T cell surface and then co-cultured them with

either Ctrl- or GRP78-CAR T cells. We then evaluated the ability

of the GRP78-CAR T cells to kill the activated NT T cells. Our re-

sults show that activated T cells can be recognized and killed by

GRP78-CAR T cells but not by Ctrl-CAR T cells (Figures S15C

and S15D). Together, these findings suggest that GRP78-CAR

T cell interaction with tumor cells leads to upregulation of

csGRP78 on CAR T cells, giving rise to fratricidal CAR T activity,

and that this might be the reason that these CAR T cells have
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Figure 5. Tumor cells control GRP78 expression on CAR T cells

(A) Representative histogram plots of GRP78 expression on T cells after co-culture with tumor cells for 24 h, evaluated by flow cytometry. Lines define isotype

control, and gMFIs are listed for each sample.

(B) Quantification of normalized GRP78 expression levels on T cells in (A) (n = 3). Mean and SEM are shown.

(C) Linear correlation of GRP78 expression on T cells (after co-culture with tumor cells) vs. GRP78 expression on tumor cells.
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limited anti-tumor response in vivo in tumors expressing low to

middle levels of GRP78, such as DIPGs and EWS.

Overcoming limited GRP78-CAR T cell response
To overcome the limited in vivo anti-tumor response of GRP78-

CAR T cells against DIPGs (Figure S12), we first decided to in-

crease the T cell dose (Figure S16A). The higher T cell dose

improved the tumor control and overall survival, but all tumors

relapsed 2 weeks after the treatment (Figures S16B and S16D),

suggesting that further optimizations are needed.We next tested

the knockout (KO) of RAS P21 protein activator 2 (RASA2) in

GRP78-CAR T cells. We have previously shown that KO of

RASA2 can improve CAR T cell response in instances where

target antigen is expressed at low levels.21 We generated

RASA2 KO GRP78-CAR T cells and tested their activity in vivo-

against DIPG (Figure S16E). We found that RASA2 KO GRP78-

CAR T cells were highly effective in controlling tumor

burden when compared with Ctrl KO GRP78-CAR T cells
(Figures S16F–S16H). These results suggest that KO of RASA2

improved GRP78-CAR T cell activity when targeting tumors

with low GRP78 expression.

It is important to note that generating RASA2 KO GRP78-CAR

T cells via electroporation (regardless of guide RNAs [AAVS1 or

RASA2] used) highly affected GRP78-CAR T cell viability. This

was most likely due to the increased GRP78 expression on

T cells owing to electroporation-induced stress,22 which most

likely led to an increase of GRP78-CAR T cell fratricidal activity.

To overcome this, we used 50 nM dasatinib23 after 3 days of

transduction to transiently inhibit CAR T cell activation and pre-

serve CAR T cell viability and expansion. The implication of this

observation is addressed in the discussion.

DISCUSSION

Here, we demonstrate that csGRP78 is expressed in solid and

brain tumors, making GRP78 an attractive target for T cell
Cell Reports Medicine 4, 101297, November 21, 2023 7
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therapies. We show that GRP78-CAR T cells have potent anti-tu-

mor activity against solid and brain tumor cells in vitro and in vivo.

We also demonstrate that GRP78 is expressed on activated

T cells and that its expression is not dependent on antigen den-

sity but is rather tumor-cell-type dependent.

Previously, our group designed a second-generation GRP78-

CAR endowed with a peptide-based antigen recognition domain

and successfully targeted GRP78 on the surface of AML.17 Addi-

tionally, a recent report showed that GRP78-CAR T cells are

effective against adult GBM in vitro and in vivo.24 Building on

these findings, we have identified GRP78 as a target antigen

that is selectively overexpressed on the surface of many solid

and brain tumors. Here, we determined surface GRP78 expres-

sion using flow cytometry in a panel of diverse tumor types

including GBM, DIPGs, ependymomas (EPNs), medulloblas-

tomas (MBs), OS, HGG, ATRT, TNBC, and EWS. We show that

GRP78-CAR T cells specifically recognize and kill tumor cells

in vitrowhen csGRP78 is expressed at mid to high levels. In vivo,

we found that only high-level-GRP78-expressing cells consis-

tently responded to CAR T cell treatment. Low- and mid-level-

GRP78-expressing cell lines had mixed response to GRP78-

CAR T cell treatment. Interestingly, we found that GRP78 is

expressed on CAR T cells not only after T cell activation but

also upon interaction with tumor cells. Tumor cells that induced

the highest GRP78 expression on CAR T cells showed minimal

response to GRP78-CAR T cell treatment, such as DIPG. These

new findings align with prior literature indicating GRP78’s biolog-

ical role in T cell signaling and effector function.24

Our data show that CAR T cells express higher levels of

csGRP78 after exposure to DIPG cells compared with other

cell types. Given that DIPGs are known to be highly immunosup-

pressive,25 we hypothesize that the interaction between GRP78-

CAR T and DIPG cells leads to ER stress in T cells, potentially

through tumor-derived extracellular vesicles (TEVs), reactive ox-

ygen species (ROS), or lactic acid, as has been shown for solid

tumors.26–31 This leads to upregulation of GRP78 in CAR

T cells and concomitant translocation of GRP78 to the cell sur-

face, ultimately leading to GRP78-CAR T cell fratricide and

dampened T cell effector function against DIPGs. However,

additional studies are needed to validate this hypothesis and

will be the focus of follow-up publications. We also observed

increased csGRP78 expression upon electroporation of T cells.

ER stress has been previously observed from electroporation

procedures,22 which explains the upregulation of csGRP78 in

electroporated T cells. Following transduction with the GRP78-

CAR, this leads to low T cell viability and highly reduced expan-

sion of gene-edited/electroporated GRP78-CAR T cells. Taken

together, our and published data suggest that an ER-stress-

induced increase in GRP78 surface translocation is a major in-

hibitor of T cell effector function. More in-depth mechanistic

studies are warranted to better understand the extent of the

impact and how it can be overcome for GRP78-CAR T cells.

While we show that GRP78-CAR T cells have potent anti-tu-

mor activity against multiple solid and brain tumors, GRP78

expression on healthy tissues and activated T cells pose on-

target/off-tumor toxicity concerns that could potentially limit

GRP78-CAR utility. However, given recent advances in the pro-

duction of next-generation CAR T cells, there are alternative op-
8 Cell Reports Medicine 4, 101297, November 21, 2023
tions where targeting GRP78 can be beneficial for CAR T cells.

For example, GRP78 could be targeted as part of a dual-target-

ing approach where the second antigen is used to enhance CAR

T cell activation rather than cytolytic effect. More specifically,

GRP78 could be considered a target for the CAR.BiTE32 or

switch receptor approaches.33 For the latter, the extracellular

portion of a receptor recognizes widely expressed molecules

or surface proteins, but the intracellular region is engineered to

provide a co-stimulatory signal to improve T cell activation. For

example, the extracellular anti-GRP78 peptide and the trans-

membrane domain of the GRP78-CAR could be fused with

only the intracellular 4-1BB signaling domain. When co-trans-

duced with a different cytolytic signaling CAR, this strategy

would induce better T cell activation in instances where the cyto-

lytic CAR target is expressed at low levels, GRP78 is expressed

at middle to high levels, and T cell anti-tumor response is incom-

plete with just the cytolytic CAR alone. Thus, while using GRP78

as a direct CAR T cell target might not be ideal for all solid and

brain tumors, it is an ideal target for engineering next-generation,

improved CAR T cells.

In conclusion, GRP78-CAR T cells have potent anti-tumor ac-

tivity in both brain and solid tumors. GRP78 is a unique target

that provides a feasible option for single, combinatorial, or other

alternative approaches to CAR T cell therapy. We further

conclude that GRP78 expression on T cells may play a crucial

role in T cell biology and anti-tumor function, and investigating

this further will be the focus of future work.

Limitations of the study
Our study findings underline the importance of gaining amore in-

depth understanding of the effect of csGRP78 upregulation on

T cell biology and CAR T cell effector function. In addition, the

mechanism by which GRP78 is translocated to T cell surface is

still not clear. While we speculate, based on our findings and

published data, that ER stress plays a role in GRP78 cell surface

translocation, further mechanistic studies are needed. We have

also not yet determined the csGRP78 expression threshold on

T cells at which GRP78-CAR will recognize a target. This infor-

mation will be useful in optimizing GRP78-CAR T cell function

and in developing mechanisms by which T cell fratricide can

be circumvented. Finally, the current study is only focused on

testing a second-generation GRP78-CAR with CD28.z signaling.

Therefore, the role of other co-stimulatory domains, such as

41BBL or OX40, in csGRP78 expression on T cells and the

anti-tumor efficacy of GRP78-CAR T cells remain unanswered.

While we recognize that our current work does not address these

issues, they will be incorporated into future efforts.
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krenciute@stjude.org).

Materials availability
Plasmids and cell lines used in this study can be made available under an appropriate materials transfer agreement (MTA). No other

unique reagents were generated.

Data and code availability
d Data generated in this study is available from the lead contact upon request

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
The following cell lines were purchased from American Type Culture Collection (ATCC, Manassas, VA): 293T (female fetus), U373

(adult male), U87(adult male), DAOY (pediatric male), A673 (adult female), D425 (pediatric female), D341 (pediatric male), D283 (pe-

diatric male) andMDA-MB-468 (MDA-468) (pediatric female). LM7 (pediatric female), osteosarcoma cells were kindly provided by Dr.

Eugenie Kleinerman (MD Anderson Cancer Center). DIPG and HGG cell lines (DIPG7 [pediatric female], DIPG37 [pediatric male],

DIPG007 [pediatric male], and HGG42 [pediatric male]) were kindly provided by Dr. Suzanne Baker (St. Jude Children’s Research

Hospital). Medulloblastoma cell lines (HDMB0336 [originally from Dr. Till Milde] [pediatric male]), MB002 [pediatric male]) were kindly

provided by Dr. Martine F. Roussel (St. Jude Children’s Research Hospital). Ependymoma cell lines (1425 [pediatric male], CPITT

[pediatric male], ST1 [pediatric female], EPI [pediatric female], ST2 [pediatric female], and L46SJ [pediatric male]) were kindly pro-

vided by Dr. Stephen Mack (St. Jude Children’s Research Hospital). ATRT cell line (BT12 [pediatric female]) was kindly provided

by Dr. Anang A. Shelat (St. Jude Children’s Research Hospital). All cell lines were authenticated using the ATCC’s or Hartwell center

(St. Jude Children’s Research Hospital) human STR profiling cell authentication service and routinely checked forMycoplasma by the

MycoAlert Mycoplasma Detection Kit (Lonza, Cat: LT07-318).

Cell line cultures
U373, BT-12, A673 and MDA-468 cells were maintained in RPMI-1640 (ThermoFisher, Cat: 21870076). U87 and DAOY cell line was

maintained in EMEM media (ATCC, Cat: 30–2003). LM7 and 293T were maintained in Dulbecco’s Modified Eagle Medium (DMEM)

(GE Life Sciences, Cat: SH30081.01). All culture media listed above were supplemented with 10% Fetal Bovine Serum (FBS) (GE Life

Sciences, Cat: SH30071.03) andGlutaMAX (2mmol/L) (Gibco, Cat: 35050061). DIPG andHGGcell lines were cultured in Tumor Stem

Media as described in.35 Medulloblastoma (MB) cell lines were cultured in different culture media depending on the cell line: For

HDMB03, D425, MB002, the media used was Neurobasal media (Thermofisher, Cat: 21103049) supplemented with 2 mmol/L

GlutaMAX, 1X B27 (Thermofisher, Cat: 12587010), 0.00004%Heparin (Stemcell technologies, Cat: 7980), 20 ng/mL EGF (Peprotech,

Cat: AF-100-15), and 20 ng/mL FGF-b (Peprotech, Cat:AF-100-15). For D341, the media used was EMEM supplemented with 20%

FBS and 2mmol/L GlutaMAX. For D283, the media used was EMEM supplemented with 10% FBS and 0.5 mmol/L GlutaMAX. Epen-

dymomas (EPN) cell lines were cultured in Neurobasal media supplemented with 1mM Sodium Pyruvate (Thermofisher, Cat:

11360070), 2 mmol/L GlutaMAX, 1X B27, 1X N2 (Thermofisher, Cat: 17502048), 10 ng/mL EGF, and 10 ng/mL FGF-b. All cell lines

were grown in humidified incubators at 37�C and 5% CO2. LM7 and U87 cells were modified to express GFP-firefly luciferase

(GFP.ffluc), MDA-468 cells were modified to express RFP-firefly luciferase (RFP.ffluc) by retroviral transduction as described.40

DIPG007 cells were modified to express YFP-firefly luciferase (YFP.ffluc) by lentiviral transduction.

Primary human T cell culture and activation
This study was conducted with approval from the St. Jude Children’s Research Hospital Institutional Review Board (IRB). T-cells

were acquired from peripheral blood mononuclear cells (PBMCs) obtained from healthy donor de-identified apheresis products

through a deidentified product protocol (23–1294 and NR17-114) and used in accordance with the Helsinki Declaration.

Peripheral blood mononuclear cells (PBMCs) were isolated using Lymphoprep (Abbott Laboratories, Cat: 07811) gradient centri-

fugation method. On day 0, PBMCs were stimulated on non–tissue culture–treated 24-well plates (Corning, Cat: 3738), which were

precoated with CD3 and CD28 antibodies (aCD3/aCD28; Miltenyi Biotec, Cat: 130-093-337 [CD3: OKT3] and 130-093-386 [CD28:

15E8]). rhIL-7 (10 ng/mL; PeproTech, Cat: 200-7) and rhIL-15 (5 ng/mL; PeproTech, Cat: 200-15) were added to cultures on day 1.

T cells were maintained in RPMI-1640 supplemented with 10% FBS, GlutaMAX (2 mmol/L), and rhIL-7 (10 ng/mL), rhIL-15 (5 ng/mL)

cytokines were added every 3–4 days.
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Animals
All animal experiments followedprotocols (#627–100520 and #623–100650) approved by the St. Jude Institutional Animal Care andUse

Committee (IACUC). Mice were euthanized when they met physical euthanasia criteria (tumor size, significant weight loss, signs of

distress), orwhen recommendedbySt. Judeveterinary staff. For in vivoexperiments,NSGmicewere treatedwithCARTcells generated

from one to two different healthy donors. All experiments were performed using 10–12 weeks old male NOD.Cg-PrkdcscidIL2Rgtm1wjl/

SzJlnv (NSG) mice. Female mice were excluded from the study because they did not meet weight and age criteria required for survival

surgeries established and approved by IACUC. Cages of mice were randomly assigned to treatment groups. The technicians injecting

and imaging themicewerenotblinded to thenamesof treatmentgroups,but theywereunawareof theirmeaningorexpected results.The

bioluminescence-defined endpoint (total flux greater than 1x1010 photons/second) or tumor volume endpoint (3000-4000mm3) were

selected to maximize animal welfare as larger tumor burdens were associated with clinical signs of pain and distress.

Brain tumor model
U87.GFP.ffluc or DIPG007.YFP.ffluc cells were implanted intracranially into NSGmice. For intracranial implantation, micewere anes-

thetized and placed in a stereotactic rodent surgery platform. The scalp was cut using surgical scissors, and a cranial window was

made in the skull, over the right cortical hemisphere, by using a dental drill. A sterile, cold Hamilton syringe containing 3X104

U87.GFP.ffluc cells suspended in 5uL Matrigel (Corning, Cat: 356234) was placed in the stereotactic apparatus. The needle of the

syringe was brought into contact with the surface of the brain, slowly inserted 2.5mm into the cortex, raised 0.5mm, and then the

cells were injected over 1 min. The syringe was left in place for 45 s to prevent backflow. Wound clips were used to close the surgical

site. 2x106 or 5x106 GRP78-CAR T cells were injected 7 days later in the same location in 2 or 5uL of PBS, respectively. Tumor burden

was assessed weekly using bioluminescent in vivo imaging system (PerkinElmer, IVIS) until the humane endpoint was reached, and

mice were euthanized.

Osteosarcoma model
1x10e6 LM7.eGFP.ffLuc cells were injected intraperitoneally on day 0. 5x105 GRP78-CAR T cells were injected 7 days later in the

same location. Tumor burden was assessed weekly using bioluminescent in vivo imaging system (IVIS) until the humane endpoint

was reached, and mice were euthanized.

TNBC model
5x105 MDA-MB-468.RFP.ffluc cells, suspended in PBS/Matrigel (1:1), were injected into the mammary fat pad. On day 7, mice

received a single iv dose of 3x106 CAR T cells by tail vein injection. Tumor growth was monitored by weekly IVIS imaging, until

the humane endpoint was reached, and mice were euthanized.

Ewing sarcoma model
5x105 A673 cells, suspended in PBS: Matrigel (1:1), were injected sc. On day 7, mice received a single iv dose of 3x106 or 1x107 CAR

T cells by tail vein injection. A673 tumor growth was monitored by caliper measurements twice weekly. Mice were euthanized at pre-

defined endpoints or when they met euthanasia criteria in accordance with SJCRH’s Animal Resource Center.

METHOD DETAILS

Constructs and sequences
Generation of GRP78-CAR viral vector has been previously described.17 Briefly, we synthesized cDNAs (GeneArt, ThermoFisher Sci-

entific) encoding the IgG heavy chain leader sequence and one copy of the GRP78-specific peptide CTVALPGGYVRVC)46 These

were subcloned into a pSFG retroviral vector that encoded a mutant IgG4 hinge, a CD28 transmembrane domain, a

CD28.CD3zsignaling domain, a T2A ribosomal skip sequence and truncated CD19 (tCD19) to enable detection of transduced cells.

The control CAR (Ctrl-CAR) was generated by deleting the CD28.CD3z signaling domain from the GRP78-CAR. The sequence of all

cloned constructs was confirmed by sequencing performed by Hartwell Center DNA Sequencing Core at St. Jude Children’s

Research Hospital with Big Dye Terminator (v3.1) Chemistry on Applied Biosystems 3730XL DNA Analyzers (Thermo Fisher Scien-

tific, Cat: 4337454).

Retrovirus production and transduction
The generation of the RD114-pseudotyped retroviral particles has been previously described.40 Briefly, retroviral particles were

generated by transient transfection of HEK293T cells which were seeded at 1–2million cells per 10cm dish 2 days before transfection

and cultured in DMEM with 10% FBS. Cells were transfected with the CAR retroviral plasmid, retroviral packaging plasmids Peq-

Pam3-E and a plasmid encoding the RD114 envelope protein using the GeneJuice transfection reagent per manufacturer’s protocol

(Novagen, Cat: 70967). 48h viral supernatants were collected, spun down at 400g for 5 min and filtered using 0.45mm filter to remove

the cell debris. Viral supernatants were then snap-frozen and stored at �80�C until further use.

For T cell transduction, 500ul of viral supernatants were spun down on RetroNectin (Clontech, Cat: T100B) coated 24-well non-

tissue culture plate at 2000g for 90min. After the spin, viral supernatants were removed and activated T cells (day 2) were plated
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at 2.5x105 cells/well in 2 mL of RPMI 1640 supplemented with 10% FBS, 1% GlutaMAX, 10 ng/mL IL-7, and 5 ng/mL IL-15 T cell

media (T cell media). 48h later, CAR transduced T cells were transferred from the RetroNectin-coated plate to a tissue culture plate

and expanded in T cell media. CAR expression was determined 4 to 5 days post-transduction.

CRISPR-Cas9 knock-out genetic editing
Activated T cells were electroporated with Streptococcus pyogenes Cas9-sgRNA RNP complexes targeting RASA2 or AAVS1 (Ctrl),

and 24 h later cells were transduced on RetroNectin-coated plates. RNPs were precomplexed at an sgRNA:Cas9 ratio of 4.5:1, pre-

pared by adding 3 mL of 60 mM sgRNA (Synthego) to 1 mL of 40 mMCas9 (MacroLab, University of California, Berkeley) and frozen for

later use. For gene KO, 13 10e6 T cells were resuspended in 17 mL of P3 Primary cell buffer (Lonza, Cat: V4XP-3032) and added to

3 mL of RNP. 20 mL of cells + RNP were nucleofected by using EH-115 program in the Lonza 4D-nucleofector (Lonza). One electro-

poration reaction was collected in one well of a 48-well tissue culture–treated plate containing RPMI 1640 supplemented with 20%

FBS, GlutaMAX, IL-7 (10 ng/mL), and IL-15 (5 ng/mL) for 72 h. After recovery, the medium was switched to RPMI 1640 containing

10% FBS and GlutaMAX. The cells were then expanded for 10 to 12 days with IL-7 and IL-15 added every 2 to 3 days at the

same concentrations indicated above. Dasatinib (30 nM) (LC Labs, Cat: D-3307) was added to the culture medium 3 days after trans-

duction and replenished every 48–72 h. Dasatinib was removed prior to in vitro and in vivo functional studies.

Flow cytometry
All flow cytometry data were acquired with a BD FACSCanto II instrument and analyzed using FlowJo software (FlowJo, Ashland,

OR). Samples were washed with and stained in DPBS (Lonza, Basel, Switzerland) with 1% FBS (GE Life Sciences, Cat:

SH30071.03). For all samples, matched isotypes or known negative controls, e.g., non-transduced (NT) T cells, served as gating con-

trols. Invitrogen LIVE/DEAD Fixable Aqua Dead Cell Stain kit (Fisher Scientific, Cat: L34957) was used as a viability dye. For GRP78

expression cells were stained with a GRP78-specific peptide with an N-terminal Biotin tag (Biotin-Ahx-CTVALPGGYVRVC) was

custom synthesized by Genscript (Piscataway, NJ) and used at 3 mM working concentration in combination with Streptavidin PE

at 1:100 dilution. Cells were washed twice and then resuspended for flow cytometry analysis. The GRP78-CAR and Ctrl-CAR

were detected with CD19-APC (BD Biosciences, Cat: 555415). T cell phenotype was assessed with: CD8-PerCP (Biolegend, Cat:

344708), CD45RA-APC (Biolegend, Cat: 304112), CCR7-FITC (Biolegend, Cat: 353216), CD4-PE/Cy7 (Biolegend, Cat: 344612).

T cell exhaustion/activation was measured with: PD-1-PE (Biolegend, Cat: 329905), TIM-3-PE/Cy7 (Biolegend, Cat: 345013), and

LAG-3-FITC (Biolegend, Cat:369307). All staining was performed for 15 min at room temperature in the dark.

Immunohistochemistry
Commercially available tissue arrays (US Biomax, Cat: FDA999w3 and FDA331) were used to assess the HSPA5 (GRP78) expression

in normal tissues. And De-identified 5 mm formalin-fixed paraffin-embedded (FFPE) sections of ZFTA fusion-positive ependymoma,

pontine H3 K27M-mutant diffuse midline glioma, and group 3medulloblastoma patient samples. All tissue samples were processed,

sectioned at 4-mmontomounted on positive charged glass slides (Thermofisher, Cat: 22-037-246), and stained with hematoxylin and

eosin (HE).

Staining for HSPA5 (GRP78) was done using a polyclonal HSPA5 antibody (Atlas antibodies, Cat: HPA038845) according to the

established staining protocol (Comparative Pathology Core, St. Jude). Routine hematoxylin and eosin-stained sections were used

to verify the presence of tumors before subjecting the FFPE sections to immunohistochemistry. An isotype control (Agilent DAKO,

Cat: X090302) was used to confirm the specificity of immunoreactivity. A board-certified pathologists (HTS, JC) blindly interpreted

tissue histology and conducted visual assessments of immunohistochemical stains for tissue microarrays.

After visual review histology slides were scanned to a 20x scalable whole slide image using a PANNORAMIC 250 Flash III slide

scanner (3DHISTECH, Ltd.). The HALO image analysis program and the Multiplex IHC v2.3.4 algorithm (Indica Labs) was used to

assess any differences in expression across normal human tissues, human gliomas, and humanDIPG xenografts. HSPA5 expression

was ubiquitous in all normal human tissues with variable staining patterns binned as blush/background (0+), weak (1+), moderate

(2+), or strong/overstained (3+) in the algorithm based on visual assessments of staining intensity determined by the pathologists.

Immunoreactivity was localized to the membrane and/or cytoplasm of all immune-positive cells in all sampled human adult and pe-

diatric tissues.

Gene expression analysis
The gene expression data of Pediatric solid and brain tumors are from St. Jude cloud19 and TARGET Childhood Cancer Program

(Available at the Genomic Data Commons [https://portal.gdc.cancer.gov]). The gene expression data of adult tumors are from

The Cancer Genome Atlas Program (TCGA) Research Network (https://www.cancer.gov/tcga). The gene expression data of normal

tissue are from the Genome-Tissue Expression (GTEx) Portal (dbGaP accession number phs000424.v8.p2). The feature counts files

from St. Jude cloud were used to generate the transcripts per million (TPM) value of gene expression through the tool cgp-convert-

counts (https://github.com/cancerit/cgp-convert-counts) with default parameters. For the other cohorts, the TPM quantifications

were obtained from the downloaded file available in the portal. Totally, 17,382 GTEx normal samples, 2,410 pediatric tumor samples

(2,030 from St. Jude cloud and 380 from TARGET), and 9,094 adult tumor samples were used to quantify gene expression.
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For gene expression analysis in cell lines, the RNA was extracted using the Rneasy Plus Mini Kit (Qiagen, Hilden, Germany). RNA

samples were then sent for sequencing at the Hartwell Center (St. Jude). Sequencing quality was assessed by FastQC,41 trimming by

Trimgalore,42 andmapping/quantification by Kallisto43 using the Homo Sapiens Ensembl transcriptome v96. TPMswere obtained by

loading the samples onto Rstudio,44 by using txi-import package.45

Repeated stimulation assay
Ctrl and GRP78-CAR T cells were co-cultured with tumor cells at an effector to target ratio of 2:1. Three-Four days later, T cells were

counted and replatedwith fresh tumor cells at the same 2:1 ratio. The T cells continued to be counted and stimulated with fresh tumor

cells on a weekly basis until the T cells stopped killing tumor cells.

Cytokine production
At 24 h post first stimulation, culture supernatants were collected, and cytokine production was assessed by a 13-plex human cyto-

kine quantification kit (Millipore Sigma, Cat: HCYTOMAG-60K). Analysis was performed using a Luminex FlexMap 3D instrument and

software (Luminex Corporation). For IFN-g, quantitative ELISA kits were used according to the manufacturer’s protocol (R&D Sys-

tems, Cat: SMIF00).

Cytotoxicity assay
A CellTiter96 AQueous One Solution Cell Proliferation Assay (Promega, Cat: G3580) was utilized to assess CAR T cell cytotoxicity as

previously described.47 Briefly, tumor cells were incubated with varying amounts of CAR T cells to assess cytotoxicity at a range of

E:T ratios. Twenty-four hours later, the media and T cells were removed, and the remaining tumor cells were quantified with the

CellTiter96 AQueous One Solution Reagent containing a tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-

phenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an electron coupling reagent (phenazine ethosulfate; PES). Media only

and tumor only served as controls to assess percent cytotoxicity. Absorbance was measured at 492nm by using an Infinite200 Pro

MPlex plate reader (Tecan, Männedorf, Switzerland). The percentage of live tumor cells was calculated suing the following formula:

[(Absorbance of sample- Absorbance of media only)/(Absorbance of tumor only-Absorbance of media only)]x100.

Live cell imaging
1.5x105 tumor cells were seeded onto m-slide 8 well chambers (Ibidi, Cat: 80807) and incubated overnight at 37�C and 5% CO2. Tu-

mor cells were labeled with CellTracker Red CMTPX (1:1000) (Invitrogen, Cat: C34552) for 30min and then washed andmaintained in

culture media until image acquisition. 2x106 CAR T cells were resuspended in 1mL of PBS and labeled with CAL520 (1:500) (ATTbio-

quest, Cat: 21130) and CellTrace Violet (1:1000) (Thermofisher, Cat: C34557) for 1 h and then washed and maintained in T cell media

until image acquisition. At a time of image acquisition, 3x105 CAR T cells were added to each well preloaded with tumor cells, and the

image acquisition was initiated once T cells were detected in the visual field. Images were acquired in a spinning disc confocal mi-

croscope (Zeiss Axio Observer with CSU-X spinning disc), using a 633 objective. The acquisition parameters were a 4D image

(60 min of acquisition with 1 min of frame, and 20mm of height with a Z-step of 1mm).

The processing and analysis were performed with FIJI (ImageJ) software.48 Cell tracking49 and Ca2+ influx were performed using

Trackmate plugin as described in.50 All tumor and CAR T cell interactions were recorded over time, and Ca2+ influx wasmeasured as

the maximum fluorescence emitted by CAL520 signal which was normalized by its value before the first peak of calcium influx upon

tumor interaction. Total Ca2+ influx was quantified as the area under curve. (AUC) of Ca2+ influx registry until 30 min of interaction.

Bioluminescence imaging
Mice were imaged by the St. Jude Center for In Vivo Imaging and Therapeutics (CIVIT). Mice were injected i.p. with 150 ng/kg of

D-luciferin 5-10 min before imaging, anesthetized with isofluorane (1.5–2% delivered in 100%O2 at 1L/min), and imaged with Xeno-

gen IVIS-200 imaging system (Xenogen, Alameda, CA). Quantification of tumor burden was performed using Living Image software

(PerkinElmer). A region of interest (head for U87 and DIPG007, total body for A673, MDA-468 and LM7) was drawn around each

mouse, and total flux was recorded in units of photons/second.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Statistical analyses were performed using GraphPad Prism 9.0 (Graphpad Software Inc, La Jolla, CA). Statistical analyses were only

performed when the number of replicates was at least three. For comparisons of two groups, a paired or unpaired t-test was used.

Two-tailed t-tests were performed in all instances unless otherwise specified in the figure legend. For comparisons of three or more

groups, a one- or two-way analysis of variance (ANOVA) was used followed by either Dunnett’s, Sidak’s or Tukey’s multiple compar-

isons test. Survival data were analyzed using a log rank (Mantel-Cox) test. For all experiments, p values less than 0.05 were consid-

ered significant.
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