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I M M U N O L O G Y

TOP CAR with TMIGD2 as a safe and effective 
costimulatory domain in CAR cells treating human 
solid tumors
Christopher D. Nishimura1,2, Devin Corrigan1,2, Xiang Yu Zheng3, Phillip M.  Galbo Jr.1,3,  
Shan Wang1, Yao Liu1, Yao Wei1, Linna Suo1, Wei Cui1, Nadia Mercado4, Deyou Zheng3,  
Cheng Cheng Zhang5, Xingxing Zang1,2,6,7,8*

Chimeric antigen receptor (CAR)–T cell therapy shows impressive efficacy treating hematologic malignancies but 
requires further optimization in solid tumors. Here, we developed a TMIGD2 optimized potent/persistent (TOP) 
CAR that incorporated the costimulatory domain of TMIGD2, a T and NK cell costimulator, and monoclonal anti-
bodies targeting the IgV domain of B7-H3, an immune checkpoint expressed on solid tumors and tumor vascula-
ture. Comparing second- and third-generation B7-H3 CARs containing TMIGD2, CD28, and/or 4-1BB costimulatory 
domains revealed superior antitumor responses in B7-H3.TMIGD2 and B7-H3.CD28.4-1BB CAR-T cells in  vitro. 
Comparing these two constructs using in vivo orthotopic human cancer models demonstrated that B7-H3.TMIGD2 
CAR-T cells had equivalent or superior antitumor activity, survival, expansion, and persistence. Mechanistically, 
B7-H3.TMIGD2 CAR-T cells maintained mitochondrial metabolism; produced less cytokines; and established fewer 
exhausted cells, more central memory cells, and a larger CD8/CD4 T cell ratio. These studies demonstrate that the 
TOP CAR with TMIGD2 costimulation offered distinct benefits from CD28.41BB costimulation and is effective 
against solid tumors.

INTRODUCTION
Chimeric antigen receptor (CAR)–T cell therapy has revolutionized 
the treatment of hematologic malignancies, demonstrating impres-
sive antitumor responses and improved survival outcomes (1–3). 
Consequently, there are now six Food and Drug Administration 
(FDA)–approved CAR-T cell therapies targeting various hemato-
logic malignancies (4). Such successes have prompted substantial 
work to bring CAR-T cell therapy to the solid tumor realm. How-
ever, clinical data have thus far shown that CAR-T cells are largely 
ineffective with only modest responses across multiple tumor types 
(5–8). Thus, further engineering of CAR design is necessary.

The choice of costimulatory domain plays a major role in shaping 
the functional characteristics of CAR-T cells (9). For example, CAR-
T cells incorporating a 4-1BB costimulatory domain show increased 
persistence (10, 11), decreased cytokine release (11, 12), and enrich-
ment of central memory cells (13, 14) compared to CAR-T cells with 
a CD28 costimulatory domain. Such differences may, in part, under-
lie clinical outcomes. Although it is challenging to compare different 
clinical trial results due to variations in CAR and trial design, studies 
with direct comparisons of these costimulatory domains in CD19 
CARs suggest that 4-1BB–based CARs mediate safer or superior 
clinical outcomes compared to their CD28-based counterparts in 
hematologic malignancies (11, 15). Given the modest clinical trial 

responses in solid tumors, further testing of alternative costimula-
tory domains that can impart more favorable CAR-T cell pheno-
types represents a powerful approach to improve CAR-T cell therapy 
targeting solid tumors.

We and others have previously described the T and NK cell 
costimulatory protein Transmembrane and immunoglobulin domain–
containing 2 [TMIGD2/Immunoglobulin and proline-rich recep-
tor-1 (IGPR-1)/Cluster of differentiation 28 homolog (CD28H)] 
that mediates costimulation via binding to human endogenous 
retrovirus-H long terminal repeat–associating 2 (HHLA2) (16–20). 
Intriguingly, TMIGD2 expression irreversibly decreases upon T cell 
activation and differentiation, and TMIGD2− T cells exhibit detrimen-
tal phenotypic changes, including decreased proliferation and the 
acquisition of a senescent phenotype (20). Furthermore, TMIGD2− 
T cells exhibit alterations in cytokine expression (21, 22). These find-
ings suggest that maintaining TMIGD2 signaling may be an effective 
strategy to support CAR-T cell effector function by preventing se-
nescence, decreased proliferation, and alteration of cytokine release.

We therefore generated and tested a TMIGD2 optimized potent/
persistent (TOP) CAR with a TMIGD2 costimulatory domain in 
CAR-T cells targeting B7-H3, an immune checkpoint broadly ex-
pressed on most solid tumors and tumor vasculature, but with lim-
ited expression on healthy tissue (23). We hypothesized that this 
combination would allow us to target a wide range of solid tumors 
and tumor vasculature, block the inhibitory interaction of B7-H3 on 
T cells, and prevent the detrimental effects caused by the loss of 
TMIGD2 signaling. In  vitro comparison of second- and third-
generation B7-H3 CARs incorporating CD28, TMIGD2, and/or 
4-1BB costimulatory domains revealed that B7-H3.TMIGD2 and 
B7-H3.CD28.4-1BB CAR-T cells mediated superior antitumor re-
sponses. Further in vivo comparisons with these two CAR-T cells 
using three solid tumor models showed that the B7-H3.TMIGD2 
CAR-T cells were as good or better than B7-H3.CD28.4-1BB CARs 
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with regard to antitumor responses, survival outcomes, expansion, 
and persistence. Mechanistically, TMIGD2 costimulation imparted 
changes in metabolic, exhaustion, memory, and CD8/CD4 popula-
tions. Together, these data demonstrate that our B7-H3.TMIGD2 
CAR-T cell is a promising therapeutic strategy to target human 
solid tumors.

RESULTS
Generation and characterization of monoclonal antibodies 
against the IgV functional domain of B7-H3
To construct our B7-H3 CAR, we first generated a panel of anti–
B7-H3 monoclonal antibodies (mAbs). We and others demonstrate 
that the immunoglobulin V (IgV) domain is the functional domain 
of B7-H3 (24), so we generated all mAbs against the IgV domain. 
We obtained nine anti–B7-H3 mAb clones denoted as 8B12, 24D12, 
1G5, 15F9, 1C6, 12B4, 16E6, 8B4, and 19C9 that did not bind all 

other B7 family members and bound to both mouse and human 
B7-H3 at affinities ranging from 0.3 to 28.75 nM using biolayer in-
terferometry (BLI) (Fig. 1A). By flow cytometry, we confirmed the 
binding of these mAbs to mouse and human B7-H3 stably ex-
pressed on 3T3 cells (Fig. 1B). We additionally tested whether these 
anti–B7-H3 mAbs could bind to nonhuman primate cynomolgus 
B7-H3. All anti–B7-H3 mAbs were able to detect cynomolgus B7-
H3 stably expressed on 3T3 cells by flow cytometry (Fig. 1C). Thus, 
our anti–B7-H3 mAbs were able to recognize human, mouse, and 
cynomolgus B7-H3.

In vitro comparison of various anti–B7-H3 CAR-T cells
Using a single-chain variable fragment (scFv) derived from anti–B7-
H3 mAb clone 8B12, we constructed anti–B7-H3 CARs by sequen-
tially linking the scFv to a human CD8α hinge and transmembrane 
(H/TM) domain, the intracellular domain of various costimulatory 
proteins (described below), and the intracellular domain of CD3ζ. 

A C

B

Fig. 1. Characterization of anti–B7-H3 mAbs. (A) KD of anti–B7-H3 mAbs against human and mouse B7-H3 as determined by biolayer interferometry (BLI). Red text 
indicates mAb clone chosen to generate the B7-H3 scFv. (B) Histograms depicting anti–B7-H3 mAb binding to parental 3T3 cells or 3T3 cells expressing either mouse or 
human B7-H3. (C) Histograms depicting anti–B7-H3 mAb binding to parental 3T3 cells or 3T3 cells expressing cynomolgus B7-H3. Histograms depicted in (B) and (C) are 
representative of two independent experiments.



Nishimura et al., Sci. Adv. 10, eadk1857 (2024)     8 May 2024

S c i e n c e  A d v an  c e s  |  R e s e ar  c h  A r t i c l e

3 of 19

After the CD3ζ sequence, we included a self-cleaving P2A peptide 
and a truncated human epidermal growth factor receptor (hEGFRt) 
(Fig.  2A). The hEGFRt protein was modified by removing two of 
four extracellular domains and all intracellular domains to prevent 
ligand binding and signaling as previously described (25). As it can 
still be recognized by anti-EGFR antibodies, hEGFRt functioned as 
a marker of transduction efficiency in our current study and a safety 
switch in future clinical trials. We used the following costimulatory 
domains in our CAR constructs: CD28 (B7-H3.28.ζ CAR), 4-1BB 
(B7-H3.BB.ζ CAR), TMIGD2 (B7-H3.TMI.ζ CAR), CD28.4-1BB 
(B7-H3.28.BB.ζ CAR), or TMIGD2.4-1BB (B7-H3.TMI.BB.ζ CAR). 
An anti-CD19 CAR was similarly generated from a commercially 
available construct using an anti-CD19 scFv and with the CD28.4-
1BB costimulatory domains to serve as an irrelevant target control 
(CD19.28.BB.ζ) (Fig.  2A). On primary human T cells, all CAR 
constructs were efficiently expressed with transduction efficiencies 
regularly greater than 85% CAR+ as determined by expression of the 
hEGFRt protein, and there was no difference in memory phenotype 
or expansion between the CAR-T cell constructs (fig. S1).

We next tested the in vitro antitumor activity of our B7-H3 CAR-
T cells against multiple tumor types that were B7-H3+ by flow 
cytometry (fig. S2). In these experiments, we lowered CAR-T cell 
transduction efficiency to 50% using non-transduced T cells to 
better reflect transduction efficiencies seen in clinical trials (26, 27). 
U118 glioblastoma (GBM) and HCC827 lung cancer cell lines were 
stably transfected with a plasmid expressing Luciferase and tdTo-
mato (-Luc) proteins to allow for tumor cell discrimination. B7-H3.
TMI.ζ and B7-H3.28.BB.ζ CAR-T cells demonstrated tumor cell 
killing against U118-Luc cells (Fig. 2B). B7-H3.28.ζ, B7-H3.TMI.ζ, 
and B7-H3.28.BB.ζ CAR-T cells demonstrated tumor cell killing 
against HCC827-Luc cells (Fig. 2C). To confirm that our CARs were 
effective against nonsolid tumors as well, we examined whether our 
CAR-T cells could target the THP-1 acute monocytic leukemia 
(AML) cell line. B7-H3.TMI.ζ, B7-H3.28.BB.ζ, and B7-H3.TMI.
BB.ζ CAR-T cells showed significant tumor cell killing against THP-
1 cells (Fig. 2D). Although donor-to-donor variability was high, we 
consistently found that B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-T 
cells elicited antitumor responses across all cell lines tested. Thus, 
these two CARs represented our lead candidates and were used in 
all future experiments.

We then sought to examine whether there were differences in 
the kinetics of tumor cell killing between these two CARs. We per-
formed a time-lapse imaging cytotoxicity assay by repeatedly imag-
ing U118-Luc or HCC827-Luc tumor cells alone or cocultured with 
B7-H3.TMI.ζ, B7-H3.28.BB.ζ, or CD19.28.BB.ζ CAR-T cells. Live 
tumor cell growth was tracked on the basis of tdTomato signal and 
morphological exclusion of dead cells (fig. S3A). U118-Luc tumor 
cells cocultured with control CD19.28.BB.ζ CAR-T cells grew simi-
larly to tumor cells alone, whereas both the B7-H3.TMI.ζ and B7-
H3.28.BB.ζ CAR-T cells cleared the tumor cells (Fig. 2E and fig. S3B). 
This finding was recapitulated in HCC827-Luc cocultures (Fig. 2F 
and fig. S3C).

Last, we evaluated the cytokine release profile of B7-H3.TMI.ζ 
and B7-H3.28.BB.ζ CAR-T cells using a multiplexed flow cytometry 
bead assay measuring the following cytokines: interleukin(IL)-2, IL-4, 
IL-5, IL-6, IL-9, IL-10, IL-13, IL-17A, IL-17F, IL-22, interferon-γ 
(IFN-γ), and tumor necrosis factor–α (TNF-α). After coculture with 
HCC827 tumor cells, both B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-
T cells released more cytokines across all cytokines tested compared 

to control CD19.28.BB.ζ CAR-T cells (Fig.  2G). Intriguingly, we 
found that B7-H3.TMI.ζ CAR-T cells released significantly lower 
concentrations of these cytokines than B7-H3.28.BB.ζ CAR-T cells 
apart from IL-6.

Together, these results demonstrated that B7-H3.TMI.ζ and B7-
H3.28.BB.ζ CAR-T cells showed equivalent cytotoxic responses and 
killing kinetics in vitro. While the cytokine secretion profile of these 
CAR-T cells was similar, B7-H3.TMI.ζ CAR-T cells mostly secreted 
lower amounts of these cytokines compared to B7-H3.28.BB.ζ CAR-
T cells.

Antitumor responses of B7-H3.TMI.ζ and B7-H3.28.BB.ζ 
CAR-T cells in vivo
We next assessed the in vivo antitumor responses of our lead B7-H3 
CARs in three orthotopic solid tumor models. All human tumor cell 
lines (HCC827, U118, and PANC-1) were stably transfected with a 
plasmid containing Luciferase and tdTomato (-Luc) to allow for 
in  vivo tracking by bioluminescent imaging. We first tested our 
CARs in a lung cancer model. HCC827-Luc tumor cells were in-
jected intravenously into NOD.Cg-​Prkdcscid Il2rgtm1Wjl/SzJ (NSG) 
mice followed by injection of B7-H3.TMI.ζ, B7-H3.28.BB.ζ, or con-
trol CD19.28.BB.ζ CAR-T cells intravenously 3 and 10 days later 
(Fig.  3A). B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-T cells reduced 
tumor burden and showed a concomitant increase of overall sur-
vival compared to CD19.28.BB.ζ CAR-T (Fig. 3, B to D).

We then explored our CAR-T cell therapy in an orthoptic GBM 
model. We intracranially injected U118-Luc cells into the right cere-
bral hemisphere of NSG mice followed by an injection of CAR-T 
cells intratumorally 7 days later (Fig. 3E) as it has been shown that 
intratumorally injected CAR-T cells confer superior antitumor re-
sponses than intravenous injected CAR-T cells at equivalent low 
doses (28). Both B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-T cells 
evoked potent antitumor responses compared to CD19.28.BB.ζ 
CAR-T cells (Fig.  3, F and G). There was no difference in tumor 
burden between the B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-T cells 
(Fig.  3, F and G). Intriguingly, we found that, while both B7-H3 
CAR-T cells improved overall survival compared to CD19 CAR-T 
cells, B7-H3.TMI.ζ CAR-T cells had superior survival outcomes 
compared to B7-H3.28.BB.ζ CAR-T cells (Fig.  3H). We did not 
see substantial tumor burden before death in B7-H3.28.BB.ζ CAR-T 
cell–treated mice, suggesting that the CAR-T cells and not the 
tumor were the cause of death in this cohort of mice (fig. S4A).

Last, we examined our CAR-T cell therapy in an orthotopic 
model of pancreatic cancer. We orthotopically injected NSG mice 
with PANC-1-Luc tumor cells into the pancreas, followed by intra-
venous injections of CAR-T cells 7 and 14 days later (Fig. 3I). Both 
B7-H3 CAR-T cells reduced tumor burden and improved overall 
survival compared to control CD19.28.BB.ζ CAR-T cells (Fig. 3, J to 
L, and fig. S4B). We noted a trend that B7-H3.TMI.ζ CAR-T cells 
better reduced tumor burden compared to B7-H3.28.BB.ζ CAR-T 
cells, although this only reached statistical significance on day 21 
(Fig. 3K). Similarly, there was a trend toward improved survival 
in B7-H3.TMI.ζ CAR-T cells compared to B7-H3.28.BB.ζ CAR-T 
cells, with four of the seven B7-H3.TMI.ζ CAR-T cell–treated alive 
100 days after tumor cell injection compared to one of the seven B7-
H3.28.BB.ζ CAR-T cell–treated mice (Fig. 3L).

Together, these experiments demonstrated that B7-H3.TMI.ζ and 
B7-H3.28.BB.ζ CAR-T cells exhibited antitumor responses against 
multiple tumor models in vivo. Further, B7-H3.TMI.ζ CAR-T cells 
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Fig. 2. B7-H3.TMI.ζ CAR-T cells demonstrate antitumor responses in vitro. (A) Schematic depicting B7-H3 and CD19 CAR construct designs. (B) Single-killing coculture 
assay of CAR-T cells and U118-Luc tumor cells. Transduction efficiency of CAR-T cells was adjusted to 50%. n = 5. Effector:target (E:T) ratio of 10:1. (C) Single-killing coculture 
assay of CAR-T cells and HCC827-Luc tumor cells. Transduction efficiency of CAR-T cells was adjusted to 50%. n = 4. E:T ratio of 10:1. (D) Single-killing coculture assay of 
CAR-T cells and THP-1 tumor cells. Transduction efficiency of CAR-T cells was adjusted to 50%. n = 5. E:T ratio of 1:1. (E) Tumor growth curve from time-lapse coculture assay 
of CAR-T cells and U118-Luc tumor cells. Black arrow indicates the addition of CAR-T cells. Tumor burden was quantified on the basis of the area of red signal (tdTomato) 
over time. n = 4. E:T ratio of 20:1. (F). Tumor growth curve from time-lapse coculture assay of CAR-T cells and HCC827-Luc tumor cells. Black arrow indicates the addition of 
CAR-T cells. Tumor burden was quantified on the basis of the area of red signal (tdTomato) over time. n = 4. E:T ratio of 20:1. ns, not significant. (G) CAR-T cell cytokine release 
after 24-hour coculture with HCC827 tumor cells in vitro. n = 5. E:T ratio of 4:1. Data points in (B) to (D) and (G) are the average of duplicate values for four or five unique 
donors. Data points in (E) and (F) are the average of triplicate wells for four unique donors. Bars graphs denote means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001 via unpaired t test on regular [(B) to (D)] or log-transformed (G) data or via two-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test at 
the final imaging time point [(E) and (F)].
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Fig. 3. B7-H3.TMI.ζ CAR-T cells show equivalent or superior antitumor responses compared to B7-H3.28.BB.ζ CAR-T cells in vivo. (A to D) HCC827-Luc metastasis 
lung cancer model. n = 7 mice per group. (A) Experimental design timeline. (B) Representative bioluminescent images covering time points when all mice remained alive. 
(C) Quantification of tumor signal shown from individual mice (top row) and summary data comparing each CAR-T cell grouping during time points when all mice 
remained alive. (D) Kaplan-Meier survival curve of CAR-T cell groups. (E to H) U118-Luc orthotopic GBM cancer model. n = 9 mice per group. (E) Experimental design time-
line. (F) Representative bioluminescent images covering time points when all mice remained alive. (G) Quantification of tumor signal shown from individual mice (top row) 
and summary data comparing each CAR-T cell grouping during time points when all mice remained alive. (H) Kaplan-Meier survival curve of CAR-T cell groups. 
(I to L) PANC-1-Luc orthotopic pancreatic cancer model. n = 7 mice per group. (I) Experimental design timeline. (J) Representative bioluminescent images covering time 
points when all mice remained alive. (K) Quantification of tumor signal shown from individual mice (top row) and summary data comparing each CAR-T cell grouping dur-
ing time points when all mice remained alive. (L) Kaplan-Meier survival curve of CAR-T cell groups. Two unique T cell donors were used in each tumor model. Line graphs 
in the bottom row of (C), (G), and (K) denote means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 via one-way ANOVA with Tukey’s multiple comparisons 
test of log-transformed data at each time point [(C), (G), and (K)] or log-rank test [(D), (H), and (L)]. i.v., intravenous; i.c., intracranial; i.t., intratumoral.
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demonstrated equivalent or superior outcomes in a tumor-dependent  
manner.

Persistence of B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-T 
cells in vivo
Having established that our B7-H3 CAR-T cells were cytolytic in 
multiple tumor models in vivo, we next examined the expansion and 
persistence of these B7-H3 CAR-T cells in vivo. We modified our 
original CAR constructs to include a self-cleaving T2A peptide fol-
lowed by a luciferase (CAR-Luc) to allow for in  vivo CAR-T cell 
tracking using bioluminescent imaging (Fig. 4A). We injected NSG 
mice with parental HCC827 cells that do not express a luciferase, 
followed by a single, subtherapeutic injection of B7-H3.TMI.ζ-Luc, 
B7-H3.28.BB.ζ-Luc, or CD19.28.BB.ζ-Luc CAR-T cells intravenous-
ly (Fig.  4B). On day 7, CAR-Luc signal was detectable in all con-
structs, and there was no difference between any group; beginning 
on day 21, both B7-H3 CAR-Luc T cells had significantly higher 
signal than CD19 CAR-Luc T cells; however, by day 46, B7-H3.
TMI.ζ-Luc but not B7-H3.28.BB.ζ-Luc CAR-T cells showed signifi-
cantly higher CAR-Luc signal than CD19.28.BB.ζ-Luc CAR-T cells, 
suggesting that B7-H3.TMI.ζ-Luc CAR-T cells can persist longer 
that B7-H3.28.BB.ζ-Luc CAR-T cells in vivo, although the latter did 
approach statistical significance (Fig. 4, C to E).

Examination of the peak CAR-Luc signal from each mouse 
throughout the experiment revealed that B7-H3.TMI.ζ-Luc and B7-
H3.28.BBζ-Luc CAR-T cells expanded to a similar degree that was 
higher than CD19.28.BB.ζ-Luc CAR-T cells (Fig. 4F). Examining the 
number of T cells in the lungs, spleen, and blood of CAR-Luc–treated 
mice at the end of the experiment demonstrated that B7-H3 CAR-
Luc T cells were present in greater numbers than CD19.28.BB.ζ-Luc 
CAR-T cells and at equivalent numbers between the B7-H3 CAR-
Luc T cell constructs (Fig. 4, G to I). Together, these data suggested 
that both B7-H3 CAR Luc-T cells could expand and persist in vivo 
in an antigen-dependent manner. Further, B7-H3.TMI.ζ-Luc CAR-
T cells had modestly improved persistence compared to B7-H3.28.
BB.ζ-Luc CAR-T at late time points.

Transcriptomic differences between B7-H3.TMI.ζ and 
B7-H3.28.BB.ζ CAR-T cells in vitro
To gain mechanistic insight into our CAR-T cell therapy, we per-
formed RNA sequencing comparing B7-H3.TMI.ζ and B7-H3.28.
BB.ζ CAR-T cells to CD19.28.BB.ζ CAR-T cells after coculture with 
HCC827 tumor cells for 24 hours in vitro. Compared to CD19.28.
BB.ζ CAR-T cells, both B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-T 
cells showed broad transcriptomic differences (Fig. 5A). We found 
307 shared differentially expressed genes (DEGs), and 198 and 153 
unique DEGs between the B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-T 
cells, respectively (Fig. 5B and tables S1 and S2). Gene set enrich-
ment analysis (GSEA) revealed many enriched pathways in both B7-
H3 CAR-T cells compared to CD19 CAR-T cells, with a high degree 
of similarity in terms of the pathways expressed but variability in the 
order of their enrichment (Fig. 5C and tables S3 and S4). Among the 
top enriched pathways, we found the “oxidative phosphorylation” 
pathway in B7-H3.TMI.ζ CAR-T cells compared to the “glycolysis” 
pathway in the B7-H3.28.BB.ζ CAR-T cells (Fig.  5C), suggesting 
metabolic differences between these two CAR-T cells.

To further validate these findings, we used Seahorse T cell meta-
bolic profiling to measure changes in the % adenosine 5′-triphosphate 
(%ATP) generated from glycolysis and mitochondria after coculture 

and at baseline (cultured in the absence of tumor cells). In these 
assays, the %ATP generated from glycolysis and the %ATP generated 
from mitochondria sum to 100%; thus, these values are dependent 
on one another. Upon acute 24-hour stimulation, B7-H3.TMI.ζ 
CAR-T cells had a lower %ATP generated from glycolysis (Fig. 5D, 
left graph) and a concomitant higher %ATP from mitochondria 
(Fig. 5D, right graph) at baseline and after coculture compared to 
B7-H3.28.BB.ζ CAR-T cells. After chronic stimulation with repeated 
tumor cell additions, B7-H3.TMI.ζ CAR-T cells did not exhibit dif-
ferences in the %ATP generated from glycolysis or mitochondria at 
baseline but did generate a lower %ATP from glycolysis and con-
comitant higher %ATP from mitochondria after coculture (Fig. 5E). 
In both conditions, we observed that B7-H3.TMI.ζ CAR-T cells 
maintained their metabolic signature, while B7-H3.28.BB.ζ CAR-T 
cells modestly increased their glycolytic energy expenditure with 
an accompanying decrease in mitochondrial energy expenditure 
(Fig. 5, D and E). Thus, these functional metabolic results recapitu-
lated our RNA sequencing experimental findings.

As the %ATP from glycolysis or mitochondria is a relative com-
parison of total ATP generation, we next explored whether absolute 
changes in the extracellular acidification rate (ECAR), oxygen con-
sumption rate (OCR), and spare respiratory capacity were present. 
Coculture with HCC827 tumor cells led to a lower ECAR (fig. S5A) 
and equivalent OCR (fig. S5B) in B7-H3.TMI.ζ CAR-T cells com-
pared to B7-H3.28.BB.ζ CAR-T cells. The OCR/ECAR ratio was 
higher in B7-H3.TMI.ζ CAR-T cells than B7-H3.28.BB.ζ CAR-T 
cells (fig.  S5C), consistent with our findings of a larger relative 
contribution of mitochondrial metabolism in B7-H3.TMI.ζ CAR-T 
cells compared to B7-H3.28.BB.ζ CAR-T cells. Last, there was no 
difference in the spare respiratory capacity between the two CAR 
constructs (fig. S5D).

We also sought to determine what mitochondrial metabolic 
pathways were key to B7-H3.TMI.ζ CAR-T cell mitochondrial me-
tabolism using Seahorse substrate oxidation stress testing. After 
coculture with HCC827 tumor cells and Seahorse analysis in the 
presence of pathway-specific inhibitors (e.g., Etomoxir for long-
chain fatty acids, bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)
ethyl sulfide (BPTES) for glutamine, or UK5099 for glucose/pyruvate), 
B7-H3.TMI.ζ CAR-T cells reached a lower maximal OCR than 
B7-H3.28.BB.ζ CAR-T cells under long-chain fatty acid oxidation 
inhibition (fig. S5E), indicating a greater reliance on this metabolic 
pathway. There was also a trend toward a lower maximal OCR in 
B7-H3.TMI.ζ CAR-T cells under glutamine oxidation inhibition as 
well (fig. S5F), but this was not statistically significant (P = 0.15). 
Last, there was no difference between the two B7-H3 CAR-T cell 
constructs under glucose/pyruvate oxidation inhibition (fig. S5G).

To directly compare B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-T 
cells, we performed an additional RNA sequencing experiment from 
RNA isolated after 72 hours of coculture with HCC827 tumor cells. 
Broad transcriptomic differences between these two B7-H3 CARs 
were present, with a total of 1328 DEGs identified (Fig. 5F and ta-
ble S5). GSEA revealed four metabolic pathways negatively enriched 
in B7-H3.TMI.ζ CAR-T cells, including “oxidative phosphorylation,” 
“fatty acid metabolism,” “adipogenesis,” and “glycolysis” (Fig. 5G and 
table S6). These results suggest that B7-H3.TMI.ζ CAR-T cells were 
overall less metabolically active than B7-H3.28.BB.ζ CAR-T cells 
after 72 hours of coculture. To determine which pathway(s) contrib-
uted the largest role, we performed overrepresentation analysis (ORA) 
by examining what pathways were overrepresented among the most 
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Fig. 4. B7-H3.TMI.ζ CAR-T cells show long-term persistence in vivo. (A) CAR-Luc construct schematics. (B) Experimental design of the CAR-Luc T cell experiment. 
(C) Representative bioluminescent images. (D) Line graphs depicting individual mouse CAR-Luciferase T cell signal throughout the experiment. (E) Bar graph comparing 
CAR-Luc T cell signal at each time point. (F) Peak bioluminescent signal from each mouse over the course of the experiment. (G to I) Quantification of T cells in lung tissue 
(G), spleen tissue (H), and blood (I). n = 7 to 8 mice per group from two unique T cell donors in (B) to (H). n = 5 mice from one unique T cell donor in (I). Bar graphs denote 
means ± SEM. *P < 0.05 and **P < 0.01 via the Kruskal Wallis test [(D) to (I)].
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Fig. 5. B7-H3.TMI.ζ CAR-T cells maintain metabolic pathways, whereas B7-H3.28.BB.ζ CAR-T cells increase glycolytic pathways in vitro. (A to C) RNA sequencing data 
comparing B7-H3.TMI.ζ CAR-T cells or B7-H3.28.BB.ζ CAR-T cells to CD19.TMI.ζ CAR-T cells after in vitro coculture with HCC827 tumor cells for 24 hours. n = 4. (A) Heatmap 
depicting all DEGs (P adj. < 0.05; absolute log2 fold change > 0.5) from B7-H3.TMI.ζ CAR-T cells (left) and B7-H3.28.BB.ζ CAR-T cells versus CD19.28.BB.ζ CAR-T cells. (B) Venn 
diagram showing unique and shared DEGs between B7-H3.TMI.ζ CAR-T cells and B7-H3.28.BB.ζ CAR-T cells. (C) Gene set enrichment analysis (GSEA) pathway analysis compar-
ing B7-H3.TMI.ζ (top) and B7-H3.28.BB.ζ CAR-T cells (bottom) versus CD19.28.BB.ζ CAR-T cells. Pathways were obtained from Reactome (black) and Hallmark (blue) datasets. 
(D) Comparison of %ATP generated from glycolysis (left) and mitochondria (right) in B7-H3.TMI.ζ versus B7-H3.28.BB.ζ CAR-T cells cultured without tumor cells (baseline) or 
with HCC827 tumor cells (coculture) for 24 hours. (E) Graphs depicted as in (D) but after 7 days with repeated additions of tumor cells. (F to I) RNA sequencing analysis com-
paring B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-T cell after 72 hours of coculture with HCC827 tumor cells. n = 4. (F) Heatmap depicting DEGs from B7-H3.TMI.ζ CAR-T cells com-
pared to B7-H3.28.BB.ζ CAR-T cells. (G) GSEA pathway analysis of RNA sequencing data. Reactome pathways are shown in black, and Hallmark pathways are shown in blue. 
(H) Dot plot depicting overrepresentation analysis (ORA) of highly expressed DEGs (absolute fold change > 1.5). (I) Heatmap of DEGs from curated gene set describing gly-
colysis and oxidative phosphorylation proteins. Graphs in (D) and (E) denote means ± SEM. *P < 0.05 and **P < 0.01 via Student’s t test.
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highly expressed DEGs (P adj. < 0.05; absolute fold change > 1.5). 
ORA revealed “glycolytic process” as the only overrepresented meta-
bolic pathway in B7-H3.28.BB.ζ CAR-T cells from the list above, with 
other pathways broadly describing hypoxia or nucleotide processes. 
(Fig. 5H). B7-H3.TMI.ζ CAR-T cells broadly showed pathways as-
sociated with transcription, mitosis, and ubiquitination (Fig. 5H).

Using a previously published gene set (table S7) describing key 
enzymes, regulatory proteins, accessory proteins, and other related 
genes in glycolysis and oxidative phosphorylation (29), we found 
seven down-regulated DEGs associated with classical glycolysis 
enzymes or regulation of glycolysis (HK1, PGAM1, TPI1, ALDOC, 
ALDOA, PFKFB3, and PFKFB4) and two down-regulated DEGs 
associated with a subunit or other function in oxidative phosphory-
lation (NFDFB1 and AK2) in B7-H3.TMI.ζ CAR-T cells compared 
to B7-H3.28.BB.ζ CAR-T cells in our RNA sequencing dataset 
(Fig. 5I). To validate our findings at the protein level, we cocultured 
B7-H3 CAR-T cells with HCC827 tumor cells and used a previously 
described flow cytometry metabolic gene staining approach (30) to 
directly detect four glycolysis-associated proteins found in our 
experiments: aldolase A (ALDOA), 6-phosphofructo-2-kinase/
fructose-2,6-biphosphatase 3 (PFKFB3), hexokinase 1 (HK1), and 
solute carrier family 16 member 3 (SLC16A3). B7-H3.TMI.ζ CAR-
T cells had a lower ALDOA, PFKFB3, and HK1 median fluorescent 
intensity (MFI) compared to B7-H3.28.BB.ζ CAR-T cells (fig. S6, A 
to C). In addition, SLC16A3 (MCT4), which has been shown at the 
mRNA level to trend toward higher expression in CAR-T cells with 
a CD28 costimulatory domain compared to a 4-1BB costimulatory 
domain (13), also had a lower MFI in B7-H3.TMI.ζ CAR-T cells 
(fig. S6D). Together, these data suggested that B7-H3.TMI.ζ CAR-T 
cells were not as reliant on glycolytic pathways as B7-H3.28.BB.ζ 
CAR-T cells.

Distinct in vivo transcriptional programs between 
B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-T cells
The tumor microenvironment plays a major role in modulating 
CAR-T cell function and phenotype which can have profound im-
pacts on therapeutic responses (31). We therefore examined how the 
tumor microenvironment would affect transcriptional programs in 
our B7-H3 CAR-T cells. We performed RNA sequencing from lung-
infiltrating T cells collected from the lungs of lung tumor–bearing 
mice 7 days after B7-H3 CAR-T cell injection. We found broad tran-
scriptomic differences and 945 DEGs between our B7-H3 CAR-T 
cells (Fig. 6A and table S8). Examining the top enriched pathways by 
GSEA revealed that B7-H3.TMI.ζ CAR-T cells were positively en-
riched for pathways broadly describing RNA- and DNA-associated 
processes (Fig. 6B and table S9). ORA revealed that B7-H3.28.BB.ζ 
CAR T cells had overrepresented pathways broadly encompassing 
cytokines and chemokine pathways among others, and, while B7-
H3.TMI.ζ CAR-T cells did not show statistically significant over-
represented pathways (P adj. < 0.05) due to few genes meeting the 
log2 fold change cutoff, overrepresented pathways approaching sig-
nificance (P adj. < 0.1) described lysosomal and vacuole pathways 
(Fig. 6C). Using the same metabolism gene set as before (table S7) 
(29), we analyzed metabolism-associated gene signatures in this da-
taset. We found six DEGs associated with glycolysis enzymes and 
regulatory proteins down-regulated in B7-H3.TMI.ζ CAR-T cells 
(PFKM, GAPDH, PFKFB3, PFKFB2, HIF1A, and PFKFB4) and no 
genes associated with oxidative phosphorylation compared to B7-
H3.28.BB.ζ CAR-T cells (Fig. 6D).

Using a recently described T cell dysfunction gene signature 
(table S7) (32), we found 12 DEGs were down-regulated (IL2RA, 
PLS3, DUSP4, GZMB, PHLDA1, CSF1, TNFRSF18, NDFIP2, AHI1, 
CDK6, LAYN, and HAVCR2) compared to only one up-regulated 
gene (KLRC1) in B7-H3.TMI.ζ CAR-T cells compared to B7-
H3.28.BB.ζ CAR-T cells in this RNA sequencing dataset (Fig. 6E). 
Examining a hand-curated gene list of immune inhibitory recep-
tors and ligands (table  S7), we found that B7-H3.TMI.ζ CAR-T 
cells showed six down-regulated DEGs (BTLA, HAVCR2, PDCD1, 
CTLA4, PDCDLG2, and CD274), compared to B7-H3.28.BB.ζ CAR 
T cells also in this dataset (Fig. 6F). Together, these data suggested 
that B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-T cells function differ-
ently within the in vivo tumor microenvironment, with the former 
showing a less glycolytic, less dysfunctional, and less immunoin-
hibitory phenotype compared to the latter.

Last, we analyzed common significant genes (P adj. < 0.05) be-
tween our in vivo and in vitro RNA sequencing experiments that 
directly compared the two B7-H3 CAR-T cells. We hypothesized 
that genes overexpressed in both experiments would be among the 
most important for each B7-H3 CAR given that they appear in mul-
tiple contexts. We found 85 genes in the B7-H3.TMI.ζ CAR and 67 
shared genes in B7-H3.28.BB.ζ CAR (Fig. 6G). ORA of these com-
mon genes revealed numerous overrepresented pathways in both 
CAR constructs (Fig.  6H). In the B7-H3.TMI.ζ CAR, pathways 
broadly related to endosomes, lysosomes, autophagy, and others 
were present. In the B7-H3.28.BB.ζ CAR, pathways broadly related 
to hypoxia and nucleotide metabolism were present among others; 
notably, glycolytic process also appeared in this list. Together, these 
results revealed that, when examining common DEGs across ex-
periments, B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-T cells had dis-
tinct pathway signatures.

Different phenotypic changes between B7-H3.TMI.ζ and 
B7-H3.28.BB.ζ CAR-T cells after chronic antigen exposure
Persistent exposure to antigens can lead to dysfunctional pheno-
types and suboptimal effector responses in CAR-T cells (32). In this 
setting, different CAR constructions can greatly influence the ex-
pression of a variety of cell surface markers (33, 34). To examine 
whether our TMIGD2 and CD28.4-1BB costimulatory domains 
would also differentially alter cell surface protein expression, we 
adapted an in  vitro model of chronic antigen exposure (CAE) 
wherein CAR-T cells were continuously cultured with sufficient 
HCC827 tumor cells so that the tumor cells were always present in 
the coculture (32). We directly compared the phenotype of CD3+, 
CD4+, and CD8+ CAR+ B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-T 
cells at each analysis time point over the course of 17 days of cocul-
ture with HCC827 tumor cells (gating strategy shown in fig.  S7). 
Describing first the results from the total CD3+ CAR+ population, 
we observed global changes between our two B7-H3 CAR popula-
tions via t-distributed stochastic neighbor embedding (t-SNE) anal-
ysis generated from CAR+ cells at all time points (Fig.  7A). CAR 
expression decreased in both B7-H3 CAR-T cells, with B7-H3.
TMI.ζ CAR-T cells showing fewer CAR+ cells on day 17 (Fig. 7B), a 
finding consistent with the observation of decreased surface CAR 
expression post-tumor encounter by other groups who reported an 
80% reduction (35) or a reduction from a baseline of 30 to 50% 
transduction efficiency to less than half (or even approaching zero) 
in most donors by visual inspection of published graphs (32). Look-
ing at PD-1+ TIM-3+ LAG-3+ exhausted CAR-T cells, we found that 
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Fig. 6. Tumor- infiltrating B7- H3.TMI.ζ CAR- T cells show a less glycolytic, less dysfunctional, and less inhibited transcriptional signature in lung tumor- 
bearing mice. (A to F) RNA sequencing analysis of in vivo lung- infiltrating t cells. n = 4. (A) heatmap depicting deGs from in vivo lung- infiltrating t cells in mice 
injected with B7- h3.tMi.ζ cAR- t cells compared to B7- h3.28.BB.ζ cAR- t cells. (B) GSeA pathway analysis of deGs. (c) ORA of highly expressed deGs (absolute fold 
change > 1.5). (d) heat-map depicting average gene expression of deGs found in the metabolism gene signature. (e) heatmap depicting average gene expression of 
deGs found in t cell dysfunction gene signature. (F) heatmap depicting average gene expression of deGs found in inhibitory protein gene signature. (G) venn diagram 
showing overlapping significant genes (P adj. < 0.05) in either B7- h3.tMi.ζ or B7- h3.28.BB.ζ cAR- t cells from in vivo and in vitro RNA sequencing experiments directly 
comparing the two con-structs. (H) ORA of shared genes in (G). AdP, adenosine 5′- diphosphate.
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Fig. 7. B7-H3.TMI.ζ CAR-T cells show alterations in exhaustion, memory, and CD8/CD4 ratios after chronic antigen exposure. (A to C) Phenotypic analysis compar-
ing B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-T cells after CAE with HCC827 tumor cells. n = 6. (A) t-SNE plots from CAR+ populations. (B) CAR transduction efficiency during CAE. 
(C) Graphs depicting cell surface markers used to phenotype exhaustion, memory, activation, and CD8/CD4 CAR-T cell populations during CAE. (D) Luciferase signal from 
non-transduced, B7-H3.TMI.ζ, B7-H3.28.BB.ζ, or CD19-28.BB.ζ CAR-transduced Jurkat (NFAT) cells after culture in the indicated conditions. n = 3. Data points in (B) to (D) 
are the average of triplicate values. Data in represent three independent experiments (D) and or six different donors [(A) to (C)]. Bar graphs show means ± SEM. *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001 via two-way ANOVA with Šídák’s multiple comparisons test [(B) and (C)] or Student’s t test comparing values only to Jurkat 
(NFAT) cells alone (D). RLU, relative light units; TNaïve, naïve T cells; TCM, central memory T cells; TEM, effector memory T cells; TEMRA, terminally differentiated effector
memory T cells.
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B7-H3.TMI.ζ CAR-T cells acquired fewer exhausted cells by days 13 
and 17 than B7-H3.28.BB.ζ CAR-T cells (Fig. 7C). As differences in 
the expression of programmed cell death protein 1 (PD-1), T cell 
immunoglobulin and mucin domain-containing protein 3 (TIM-3), 
lymphocyte-activation gene 3 (LAG-3), or a combination could 
underlie this finding, we subsequently examined each protein indi-
vidually. We did not detect differences in PD-1 or TIM-3 expression 
(Fig. 7C). By contrast, we found that LAG-3 expression in B7-H3.
TMI.ζ CAR T cells was significantly lower on days 13 and 17 com-
pared to B7-H3.28.BB.ζ CAR T cells (Fig. 7C).

We examined whether changes in exhaustion phenotype were 
present in vivo as well by isolating intratumorally injected CAR-T 
cells from subcutaneously implanted HCC827 tumors in NSG mice. 
Similar to our in vitro findings, LAG-3 expression was lower in B7-
H3.TMI.ζ CAR-T cells compared to B7-H3.28.BB.ζ CAR-T cells, 
and there was no difference in either PD-1 or TIM-3 expression 
(fig. S8A). By contrast, PD-1+ TIM-3+ LAG-3+ exhausted CAR-T 
cells were nearly undetectable, likely due to the lower expression of 
PD-1 and TIM-3 at the analyzed time point (fig. S8A).

When examining memory phenotypes, we found a significantly 
enriched population of central memory cells (CD45RA− CCR7+) 
cells in B7-H3.TMI.ζ CAR-T cells beginning on day 10 onward, 
while, on day 6, the opposite was true (Fig.  7C). We observed a 
lower percentage of naïve T cells (CD45RA+ CCR7+) in B7-H3.
TMI.ζ CAR-T cells on day 17 and no differences in effector mem-
ory (CD45RA− CCR7−) or terminally differentiated EMRA cells 
(CD45RA+ CCR7−) between the groups (Fig. 7C). We also found 
that B7-H3.TMI.ζ CAR-T cells exhibited higher CD69+ expression 
on days 3 and 6, equivalent expression on day 10, and higher 
expression on days 13 and 17 compared to B7-H3.28.BB.ζ CAR-T 
cells (Fig. 7C).

We also examined whether the changes in memory phenotype 
would be present in  vivo as well. Analysis of the in  vivo–isolated 
CAR-T cells described above revealed that the majority of CAR-T 
cells were of the effector memory or EMRA subsets, with naïve and 
central memory subsets generally comprising less than 10 to 15% of 
the total population (fig.  S8B), a finding similar to other studies 
showing that in  vivo–isolated CAR-T cells were largely effector 
memory (CD45RO+ CCR7−) (36) or effector (CD45RO− CD62L−) 
and effector memory (CD45RO+ CCD62L−) cells (37). Neverthe-
less, the percentage of central memory cells was nominally higher, 
and there was a trend toward fewer EMRA cells (P = 0.09) in B7-H3.
TMI.ζ CAR-T cells compared to B7-H3.28.BB.ζ CAR-T cells, while 
there were no differences in the naïve or effector memory popula-
tions (fig. S8B), altogether suggestive of an overall less differentiated 
phenotype.

Last, we found that, while both B7-H3 CAR-T cells showed a trend 
of decreasing CD4+ T cells and increasing CD8+ T cells, B7-H3.
TMI.ζ CAR-T cells showed significantly lower CD4+ T cells, signifi-
cantly higher CD8+ T cells, and a significantly higher CD8/CD4 T cell 
ratio compared to B7-H3.28.BB.ζ CAR-T cells beginning on day 13 
(Fig.  7C). To validate this finding, we reexamined DEGs from our 
in  vivo RNA sequencing data (Fig.  6) given that this experimental 
design more closely mimics CAE than our other experiments. We 
found that the CD4 gene was a significant down-regulated DEG 
(P adj. < 0.05; absolute log2 fold change > 0.5) and that the CD8A 
gene was significantly up-regulated (P adj.  <  0.05; log2 fold 
change  =  0.4206) in B7-H3.TMI.ζ CAR T cells; the CD8B gene 
showed a nonsignificant (P adj.  =  0.161; log2 fold change  =  0.31) 

up-regulation in B7-H3.TMI.ζ CAR-T cells as well (fig. S9A). To con-
firm this finding at the protein level, we analyzed lung-infiltrating and 
splenic T cells from lung tumor–bearing mice 46 days after tumor 
injection. One donor and associated mice were the same as in Fig. 4, 
while another donor and associated mice were previously untested. 
B7-H3.TMI.ζ CAR-T cells showed a higher percentage of CD8+ T 
cells and lower percent of CD4+ T cells compared to B7-H3.28.BB.ζ 
CAR-T cells in lung-infiltrating T cells (fig. S9B), whereas splenic 
T cells showed no difference in either population (fig. S9C).

The trends described above were largely replicated in CD4+ 
CAR+ and CD8+ CAR+ populations with only minor changes in 
temporal dynamics (fig.  S10) except for notable exceptions de-
scribed below. B7-H3.TMI.ζ CD4+ CAR+ T cells expressed more 
TIM-3 on day 10 and lower TIM-3 on days 13 and 17 compared to 
B7-H3.28.BB.ζ CD4+ CAR+ CAR-T cells (fig. S10A). They also had 
an equivalent percent of CD69+ cells on day 17 due to a decrease in 
CD69 expression. B7-H3.TMI.ζ CD8+ CAR+ T cells showed a lower 
percentage of terminally differentiated effector memory T cells on 
days 10 and 13 compared to B7-H3.28.BB.ζ CAR-T cells (fig. S10B).

It has been reported that the antigen affinity and T cell receptor 
(TCR) signaling strength can alter T cell memory formation in 
CD8+ T cells (38) and that TCR signal strength can affect the ex-
pression of PD-1 and LAG-3 (39). As our B7-H3 CARs use the same 
scFv and thus share the same antigen affinity, we sought to examine 
whether the TMIGD2 and CD28.4-1BB costimulatory domains 
alter T cell activation strength as a mechanism underlying the phe-
notypic differences described above. We transduced a T cell activa-
tion reporter cell line, Jurkat [nuclear factor of activated T cells 
(NFAT)] cells, which express firefly luciferase via NFAT response 
elements, with our B7-H3.TMI.ζ, B7-H3.28.BB.ζ, and CD19.28.
BB.ζ CARs. We cultured non-transduced Jurkat (NFAT) cells or 
CAR-transduced Jurkat (NFAT) cells either alone, with plate-bound 
activating anti-CD3 OKT3 antibody, with CD19+ B7-H3− cells 
(Raji), or with CD19− B7-H3+ cell lines (HCC827, AsPC-1, and 
U118) (Fig.  7D). All jurkat (NFAT) cells signaled in response to 
OKT3 stimulation and did not signal when cultured alone. B7-H3.
TMI.ζ– and B7-H3.28.BB.ζ–transduced Jurkat (NFAT) cells sig-
naled in response to HCC827, AsPC-1, and U118 tumor cell lines 
to broadly similar degrees but not to Raji cells. Notably, the level 
was nearly identical for the HCC827 cell line used for CAE stimulation 
and all RNA sequencing experiments. CD19.28.BB.ζ-transduced 
Jurkat (NFAT) cells signaled in response to Raji cells but not HCC827, 
AsPC-1, and U118 tumor cell lines. Together, these results demon-
strated that B7-H3.TMI.ζ CAR-T cells acquired differences in memory, 
exhaustion, activation, and CD8/CD4 phenotype upon CAE.

DISCUSSION
There remains a great need to improve CAR design to achieve suc-
cessful clinical outcomes in CAR-T cell therapy targeting solid 
tumors. Here, we developed and tested the TOP CAR, a B7-H3 
CAR that included a TMIGD2 costimulatory domain. Compari-
son to other second- and third-generation constructs revealed that 
second-generation B7-H3.TMI.ζ and third-generation B7-H3.28.
BB.ζ CAR-T cells were the top performing CARs in in vitro killing. 
B7-H3.TMI.ζ CAR-T cells were also efficacious in multiple solid 
tumor models, showing equivalent or superior outcomes to B7-
H3.28.BB.ζ CAR-T cells. Last, B7-H3.TMI.ζ CAR-T cells showed 
unique transcriptomic, metabolomic, and phenotypic profiles, 
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indicating that TMIGD2 costimulation offers distinct benefits 
from CD28.41BB costimulation.

Two major considerations of CAR design surround the optimal 
choice of target antigen and costimulatory domain. Among CAR-T 
cells targeting solid tumors, B7-H3 has emerged as a uniquely 
promising target, with all published results from early clinical tri-
als all using second-generation CARs (40–43). In our experiments 
using in vitro killing assays with lowered transduction efficiency, 
we found that B7-H3.TMI.ζ CAR-T cells but not other second-
generation CAR-T cells could kill three different tumor cell lines. 
Thus, TMIGD2 costimulation may be superior to current FDA-
approved CD28 and 4-1BB costimulatory domains (44). A few 
clinical trials have also started using the third-generation CD28.4-
1BB domain. A recent study reported a successful phase 1 and 2 
trial of GD2-directed third-generation CAR-T cells for neuroblas-
toma (45), revealing that the third generation of CAR-T cells may 
be better than the second generation. In our in vitro killing experi-
ments, B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-T cells exhibited 
equivalent cytotoxicity, suggesting that TMIGD2 costimulation 
was equivalent to CD28.4-1BB costimulation (44). Last, comparing 
our lead B7-H3.TMI.ζ and B7-H3.28.BB.ζ CAR-T cell constructs, 
we noted that the B7-H3.TMI.ζ CAR-T cells released a lower con-
centration of cytokines. Given that cytokine release syndrome 
(CRS) may be mediated, in part, by cytokines released from CAR-T 
cells or cells activated by CAR-T cells (e.g., macrophages and 
monocytes) (46–48), TMIGD2-based CARs may represent a safer 
costimulatory domain as well.

In our orthotopic GBM model, but not other tumor models, we 
noted an unexpected toxicity in mice treated with B7-H3.28.BB.ζ 
CAR-T cells but not B7-H3.TMI.ζ CAR-T cells, suggesting that the 
latter is safer in this context. As these mice died without any substan-
tial tumor burden, it is likely that the B7-H3.28.BB.ζ CAR-T cells 
rather than the tumor cells were the underlying cause. As B7-H3.28.
BB.ζ CAR-T cells exhibit significantly higher levels of cytokine re-
lease than B7-H3.TMI.ζ CAR-T cells, it is possible that a localized 
CRS played a role in this outcome. A similar effect has been reported 
in the clinic, described as a “local” (49) or “compartmental” (50) 
CRS. This toxicity could also be magnified by the intratumoral injec-
tion of CAR-T cells in this model compared to intravenous adminis-
tration in our other models.

CAR costimulatory domains have considerable impacts on CAR-
T cell metabolism. CAR-T cells with a CD28 costimulatory domain 
use glycolytic metabolism, whereas a 4-1BB costimulatory domain 
uses oxidative metabolism (13). Such metabolic differences may play 
important roles in clinical outcomes, as a recent analysis of a CD19 
CAR-T cell product from one clinical trial has demonstrated that 
nonresponders and partial responders show enrichment of glycolysis 
gene signatures (51), and analysis of cells from one patient who 
achieved a complete response compared to another who did not re-
spond after CAR-NK treatment revealed oxidative phosphorylation 
as an up-regulated pathway (52). In our constructs, B7-H3.TMI.ζ 
CAR-T cells exhibited a metabolic profile less reliant on glycolysis 
than B7-H3.28.BB.ζ CAR-T cells based on RNA sequencing pathway 
analysis, ORA, acute and chronic stimulation Seahorse metabolic as-
says, and analysis of common DEGs between RNA sequencing ex-
periments. Thus, our TMIGD2 domain can be used to alter CAR-T 
cell metabolism to a more therapeutically beneficial one.

It should be noted that, in the course of this work, most mecha-
nistic experiments were performed using HCC827 tumors cells. 

While we cannot exclude the possibility of a tumor-dependent ef-
fect, enriched RNA sequencing pathways such as “glycolysis,” “oxi-
dative phosphorylation,” “Myc targets V2,” and “estrogen response 
late” have been seen in other CAR-T cell studies (53, 54). Thus, it is 
likely that these and others are fundamental pathways for CAR-T 
cell function. Furthermore, the relationship between our CAR 
constructs and associated pathway analyses is complicated by the 
fact that detailed information on the TMIGD2 signaling pathway is 
only just beginning to be explored (55), so the contribution of 
unique or shared signaling and regulatory programs between the 
TMIGD2 and CD28.4-1BB costimulatory domains remains un-
known. However, the transcriptional and functional differences 
seen in B7-H3.TMI.ζ CAR-T cells are likely due to CAR-specific 
maintenance of TMIGD2 signaling given that all other CAR do-
mains were identical.

In addition to metabolic changes, we investigated whether our 
TMIGD2 costimulatory domain conferred other phenotypic al-
terations using sequencing, CAE, and in vivo approaches. Com-
pared to B7-H3.28.BB.ζ CAR-T cells, B7-H3.TMI.ζ CAR-T cells 
reduced dysfunction- and exhaustion-associated phenotypes. Such 
programs play major roles in CAR-T cell antitumor responses (56, 
57) and can be modified by the choice of costimulatory domain 
(10, 58, 59). Therefore, TMIGD2 costimulation is another method 
to prevent T cell dysfunction and exhaustion.

We also found that, upon CAE, but not during the initial gen-
eration, there was a time-dependent enrichment of central mem-
ory cells in B7-H3.TMI.ζ CAR-T cells. In  vivo, B7-H3.TMI.ζ 
CAR-T cells also showed a larger population of central memory 
cells, albeit to a small degree. A higher percentage of this popula-
tion is associated with better outcomes in CAR-T cell therapy 
(60). In addition, CAR-T cells generated from bulk CD8+ T cells 
compared to central memory-enriched populations show an in-
creased risk for CRS (61). Thus, our TMIGD2 costimulatory do-
main is an additional method to increase central memory cells 
and consequently may be beneficial for improving therapeutic 
efficacy and safety.

Last, we found an unexpected enrichment of CD8+ T cells in 
B7-H3.TMI.ζ CAR-T cells compared to the B7-H3.28.BB.ζ CAR-T 
cells upon CAE. This finding was recapitulated by phenotypic 
analysis of in vivo lung-infiltrating T cells and reanalysis of in vivo 
RNA sequencing gene expression data. It has been noted in inde-
pendent clinical trials that CD8+ CAR-T cells make up a larger 
population than CD4+ CAR-T cells after infusion of bulk CAR-T 
cell products (62) and after infusion of CAR-T cells products with 
a 1:1 ratio of CD8:CD4 T cells (63). In our studies, one explanation 
is that TMIGD2 costimulation improves the proliferation of CD8+ 
CAR-T cells compared to CD28.4-1BB costimulation. Another ex-
planation is that TMIGD2 costimulation improves the survival of 
CD8+ CAR-T cells. It is also plausible that both mechanisms are at 
play. While our studies did not discriminate between these possi-
bilities, it would be informative to dissect the mechanisms under-
lying this phenomenon.

In conclusion, we demonstrated that B7-H3 CARs incorporat-
ing a TMIGD2 costimulatory domain are effective in  vitro and 
in vivo against multiple solid tumors. These B7-H3.TMI.ζ CAR-T 
cells showed several unique phenotypic changes in their metabo-
lism, exhaustion, and memory state, which may underlie func-
tional outcomes. Thus, B7-H3.TMI.ζ CAR-T cells are a promising 
approach to improve CAR-T cell therapy targeting solid tumors.
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METHODS
Mice
For all in  vivo experiments, 8- to 12-week-old female NSG mice 
were used except in fig. S7 where female and male NSG mice were 
used. NSG mice were purchased from the Jackson Laboratory and 
bred at the Albert Einstein College of Medicine (Bronx, New York). 
Mice were housed in a specific pathogen–free animal facility under 
a 12-hour light/dark cycle with food and water freely available. 
All experimental procedures were approved by the Albert Einstein 
Institutional Animal Care and Use Committee.

Cell lines
NIH 3T3 cells (mouse fibroblast), U118 cells (human GBM), HCC827 
cell (human lung adenocarcinoma), THP-1 cells (human AML), 
AsPC-1 cells (pancreatic adenocarcinoma), Raji cells (B cell Burkitts 
lymphoma), PANC-1 cells (pancreatic ductal epitheloid carcinoma), 
and Phoenix-AMPHO cells (human epithelial kidney) were obtained 
from the American Type Culture Collection; NSO cells (mouse mul-
tiple myeloma) from M. Scharff (Albert Einstein College of Medi-
cine); human embryonic kidney (HEK) 293T cells (human epithelial 
kidney) from W. Guo (Albert Einstein College of Medicine as a gift); 
and Jurkat (NFAT) cells (T cell leukemia) from BPS Bioscience. Cell 
lines were grown in Dulbecco’s Modified Eagle’s Medium or RPMI 
1640 medium supplemented with 10% fetal bovine serum (FBS), 1% 
penicillin (100 U/ml), and 1% streptomycin (100 μg/ml) and cul-
tured in a humidified incubator at 37°C and 5% CO2.

Transfection of tumor cell lines
Phoenix-AMPHO cells were co-transfected with a murine stem 
cell virus–yellow fluorescent protein (YFP) plasmid containing the 
protein-of-interest [mouse B7-H3, human B7-H3, cynomolgus B7-
H3, or Luciferase-tdTomato (-Luc)] and the pCMV-VSV-G plasmid 
using the jetPRIME transfection reagent (Polyplus) according to the 
manufacturer’s instructions. A 48- and 72-hour viral supernatant 
was used to transfect tumor cell lines using polybrene (Millipore-
Sigma) (8 μg/ml). Transfected cells were sorted at least twice to 
ensure pure populations using a BD FACSAria II cell sorter.

Generation of anti–B7-H3 mAbs
A recombinant protein composed of the IgV domain of human B7-
H3 fused to a human Fc fragment was generated in an inducible 
secreted serum-free Drosophila expression system as described pre-
viously (64) and then used for mice immunization. After immuniza-
tion, hybridomas were generated by fusing NSO myeloma cells and 
mouse splenocytes using the standard methods as previously de-
scribed (19). Antibody-producing hybridomas were screened by 
flow cytometry to ensure specific binding to mouse and human B7-
H3. Hybridoma cells were cultured in a CELLine 350 Bioreactor 
Flask (DWK Life Sciences). Antibodies were purified using Protein 
G resin (GenScript)–packed columns. Purified B7-H3 mAbs were 
analyzed using SDS–polyacrylamide gel electrophoresis before af-
finity determination (described below), isotype determination, and 
variable heavy (VH) and variable light (VL) chain sequencing.

B7-H3 mAb affinity determination
Anti–B7-H3 mAb affinity to mouse and human B7-H3 was deter-
mined by BLI using the Octet RED96 system (ForteBio, Pall LLC). 
Recombinant mouse and human B7-H3-Fc proteins (R&D Systems) 
were loaded onto mouse or human capture biosensors, respectively. 

Afterward, the protein-loaded biosensors were placed into solutions 
containing serial dilutions of anti–B7-H3 mAbs. Kon, Koff, and KD 
were determined by analysis using a 1:1 binding model on Octet 
Data Analysis software (version 9.0, ForteBio, Pall LLC).

Generation of CAR constructs
Anti–B7-H3 scFvs were generated by cloning the native mAb signal 
peptide sequence to the VH and VL regions of anti–B7-H3 mAbs 
connected by a G4S linker. The scFv was connected to a human 
CD8α H/TM domain, the intracellular region of various costimula-
tory proteins (CD28, 4-1BB, TMIGD2, CD28.4-1BB, or TMIGD2.4-
1BB), followed by the intracellular domain of human CD3ζ. A 
self-cleaving P2A peptide sequence was then inserted, followed 
by the signal peptide from the granulocyte-macrophage colony-
stimulating factor receptor–α chain and a truncated hEGFRt pro-
tein for CAR detection as previously described (25). For in  vivo 
CAR-T cell persistence experiments, the hEGFRt protein was fol-
lowed by a self-cleaving T2A peptide sequence, followed by a firefly 
luciferase gene sequence. The entire CAR sequence was cloned into 
the pSIN-EF2-FLAG lentiviral expression plasmid under the con-
trol of an EF1α promoter with the internal ribosomal entry site 
and puromycin sequences removed. A CD19.CD28,4-1BB CAR 
(Creative Biolabs) was also cloned into this plasmid followed by the 
P2A-EGFRt and T2A-Luciferase sequences described above.

Production and determination of viral titer from 
CAR lentivirus
HEK293T cells were co-transfected with the psPAX packaging 
plasmid, pMD2.G envelope plasmid, and CAR plasmid using the 
jetPRIME transfection reagent (Polyplus) according to the manu-
facturer’s instructions. A 48- and 72-hour viral supernatant was 
collected, concentrated 100× using Lenti-X concentrator (Takara 
Bio) according to the manufacturer’s instructions, and subsequently 
pooled to ensure equivalent titer. Virus titer was determined by trans-
ducing activated human T cells with the CAR lentivirus as described 
below. Viral titer was calculated on the basis of EGFR+ T cells.

Isolation of human T cells
Leukopaks from healthy human donors were obtained from the 
New York Blood Center. Peripheral blood mononuclear cells were 
isolated from leukopaks using density gradient centrifugation with 
Lymphoprep (STEMCELL Technologies) according to the manufac-
turer’s instructions. T cells were purified using a T cell negative 
enrichment kit (BD Biosciences) according to the manufacturer’s 
instructions. T cells were either frozen in freezing medium (90% 
FBS and 10% dimethyl sulfoxide) and stored in liquid nitrogen or 
were used immediately.

Generation of CAR-T cells
Fresh or thawed T cells were activated for 24 hours on an OKT3 
(1 μg/ml) and CD28 (1 μg/ml) antibody-coated 24-well plate in 
CTS OpTmizer medium (Gibco) supplemented with OpTmizer T 
cell expansion supplement, 10% FBS, 1% l-glutamine (200 mM), 
1% penicillin (100 U/ml), 1% streptomycin (100 μg/ml), IL-7 
(10 ng/ml), and IL-15 (5 ng/ml). Activated T cells were then trans-
duced on non–tissue culture–treated plates coated with RetroNectin 
reagent (Takara Bio) (19 μg/ml) and CAR lentivirus (multiplicity 
of infection of approximately 10) according to the manufacturer’s 
instructions. CAR-T cells were then expanded for at least 7 days 
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before use in experiments. Before all experiments, CAR-T cell 
transduction efficiency was normalized to 50% CAR+ cells (for 
in  vitro cytotoxicity screening assay) or to the lowest efficiency 
donor by adding of non-transduced T cells. If necessary, CAR-T 
cells were purified using anti-phycoerythrin (PE) microbeads 
(Miltenyi Biotec) following anti-EGFR-PE staining according to 
the manufacturer’s instructions.

In vitro coculture killing assays
CAR-T cells (0.1 × 106) and either HCC827-Luc cells (0.01 × 106), 
U118-Luc cells (0.01 × 106), or THP-1 cells (0.1 × 106) were plated 
in duplicate in T cell medium without the addition of cytokines. 
Three to 5 days later, the tumor cells were enumerated using Count-
Bright absolute counting beads (Thermo Fisher Scientific) with flow 
cytometry. For the Incucyte (Sartorius) time-lapse cytotoxicity as-
says, 5 × 103 HCC827-Luc or U118-Luc cells were plated 1 day be-
fore imaging. Tumor-coated plates were then placed in the Incucyte 
machine and imaged every 4 hours at four locations per well for a 
total of 112 hours. Sixteen hours after the initial imaging, 0.1 × 106 
CAR-T cells were gently added to the wells. Imaging data were ana-
lyzed using the Incucyte software (Sartorius).

Flow cytometry
Cells were stained at room temperature or 4°C for 15 to 30 min 
using antibodies conjugated to the following fluorophores: fluores-
cein isothiocyanate, PE, allophycocyanin (APC), APC-Fire 750, 
PE-cyanine (Cy)7, peridinin-chlorophyll-protein–Cy5.5, brilliant 
violet (BV)–421, BV-711, Alexa Fluor (AF)–532, AF-488, brilliant 
ultra violet (BUV)–496, BUV-395, BUV-496, and BUV-737. Ex-
pression of tdTomato and YFP was also used to distinguish cell 
populations. Antibody targets include CD45, CD3, CD4, CD8, 
CD45RA, CCR7, EGFR, G4S linker, PD-1, TIM-3, LAG-3, B7-H3, 
CD69, CD19, CD33, HK1, ALDOA, PFKFB3, SLC16A3, and rab-
bit antibody. Viability was determined using 7-amino-actinomycin 
D, zombie NIR, ghost violet 510, and 4′,6-diamidino-2-phenylindole. 
In some experiments, cells were fixed using a 2% paraformalde-
hyde solution before analysis. All samples were acquired using a 
BD LSRII or Cytek Aurora flow cytometer. Data analysis was per-
formed on FlowJo (BD Biosciences) or SpectroFlo (Cytek Biosci-
ences) software. t-SNE plots were generated using the t-SNE 
plugin on FlowJo.

Glycolysis-associated protein quantification
CAR-T cells (0.1 × 106) were cocultured with 0.1 × 105 HCC827-
Luc tumor cells in 96-well plates in duplicate or triplicate as de-
scribed above. After 72 hours, CAR-T cells were collected and 
stained with a fixable viability dye (Zombie NIR or ghost violet 
510) and fluorophore-conjugated CD3 and EGFR as described 
above. CAR-T cells were fixed and permeabilized in fixation/per-
meabilization solution (BD Biosciences) according to the manufac-
turer’s instructions; washed with permeabilization/wash buffer (BD 
Biosciences) according to the manufacturer’s instructions; and in-
cubated in unconjugated primary rabbit anti-human MCT4, HK1, 
ALDOA, or PFKFB3 for 15 to 30 min at room temperature. After-
ward, the CAR-T cells were washed with permeabilization/wash 
buffer and incubated in fluorophore-conjugated anti-rabbit anti-
body for 15 to 30 min at room temperature. Cells were washed in 
permeabilization/wash buffer and analyzed using a Cytek Aurora 
flow cytometer.

Flow cytometry cytokine analysis
CAR-T cells (0.4 × 106) and HCC827 tumor cells (0.1 × 106) were 
cocultured for 24 hours in 24-well plates. Supernatants from the 
cocultures were collected and stored at −80°C until analysis. The 
concentration of IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17A, 
IL-17F, IL-22, IFN-γ, and TNF-α was determined using the flow 
cytometry–based LEGENDplex human Th cytokine panel kit (Bio-
Legend) according to the manufacturer’s instructions on non-
diluted or 1:5 diluted supernatant samples. Data were analyzed 
using the LEGENDplex online data analysis software suite.

RNA isolation
For in vitro RNA isolation, CAR-T cells were gently removed from 
coculture wells and plated into fresh wells for 30 min to allow ex-
cess tumor cells to attach to the plate. CAR-T cells were gently re-
moved once more, and live cells were enriched using Lymphoprep 
(STEMCELL Technologies) density gradient centrifugation accord-
ing to the manufacturer’s instructions. T cells were further purified 
isolated using a CD3+ selection beads (Miltenyi Biotec). RNA was 
extracted using the RNeasy Plus Mini Kit (Qiagen) and stored at 
−80°C. RNA sequencing (40 million paired-end reads) after library 
preparation (using the NEBNext Ultra II kit) was performed by 
Admera Health. For in vivo RNA isolation, lung-infiltrating T cells 
were isolated from mouse lungs. Briefly, single-cell suspensions 
were prepared from lungs by enzymatic digestion [collagenase IV 
(200 IU/ml; Gibco), dispase (0.5 IU/ml), and deoxyribonuclease I 
(100 U/ml)] in RPMI 1640 medium. Next, the single-cell suspen-
sion was layered on a discontinuous density gradient Percoll solu-
tions (40 and 80%), and the immune cells at the 40% 80% interface 
were collected. A second density gradient centrifugation using 
Lymphoprep was performed to further enrich the live cell popula-
tion. Mouse cells were then depleted two times using a mouse cell 
removal kit (Miltenyi Biotec). Afterward, T cells from the same do-
nor transduced with the same CAR were pooled, and RNA was iso-
lated as described above. RNA sequencing (40 million paired-end 
reads) after library preparation (using the SMARTseq V4 with 
NExtera XT kit) was performed by Admera Health.

B7-H3 CAR versus CD19 CAR RNA sequencing analysis
Paired-end reads from RNA sequencing were aligned using the 
STAR alignment software (version 2.6.1b) (65) to a reference hu-
man genome (hg38). Gene-mapped fragments were counted using 
HTseq software (version 0.6.1) (66). Genes with an average expres-
sion count of ≥1 in either group were considered expressed and 
used for differential expression analysis, with significance of chang-
es set to an adjusted P value of <0.05 and absolute log2 fold change 
of >0.5. Principal components analysis and differential expression 
analysis were performed using the DESeq2 software (version 1.3.10) 
(67). GSEA was performed using the Hallmark and Reactome data-
bases using ranked gene lists determined by multiplying the −log10 
P value and the sign of the log2(fold change) (68).

B7-H3 CAR in vitro and in vivo RNA sequencing analysis
Paired-end reads from RNA sequencing were aligned using the 
STAR aligner (version 2.7.9a) (65) to the human reference genome 
(hg38). The alignment data were then used by the RSEM software 
(version 1.3.3) (69) to quantify expression levels of individual genes 
(both coding and non-coding) in the GENCODE annotation 
(version 41), yielding estimated read counts and transcripts per 
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million (TPMs). Genes with a TPM < 1 in all samples were excluded 
from further analysis. DEGs were determined by an adjusted P value 
of <0.05 and log2 fold change of >0.5, using the DESeq2 software 
(version 1.38.3) (67). GSEA was performed using the Hallmark and 
Reactome databases using ranked gene lists determined by multi-
plying the −log P value and the log2 fold change (68). Gene sets with 
a false discovery rate <  0.05 were considered enriched. Function 
ORA was also performed on DEGs with a  >1.5 fold expression 
change and adjusted P value of <0.05 using the Cluster Profiler 
(version 4.6.2) enrichGO function. Pathways with an adjusted P value 
of <0.05 were considered enriched in either the up- or down-
regulated genes. Gene sets describing T cell dysfunction (32) and 
metabolism (29) were obtained from the literature, and the inhibi-
tory protein list was manually curated; these gene lists are available 
in table S7.

Seahorse metabolic assay
CAR-T cells (0.1 × 106) were cocultured alone or with 5 × 103 
HCC827 tumor cells for 1 or 7 days with tumor addback. CAR-T 
cells were then gently collected from the wells and transferred to an 
unused well for 30 min to allow for attachment of any tumor cells. 
CAR-T cells were then gently recollected and analyzed using the 
Seahorse T cell metabolic profiling kit (Agilent) or Seahorse Sub-
strate oxidation stress test kits (Agilent) on Seahorse Poly-D-Lysine 
(PDL)-coated plates (Agilent), and, according to the manufacturer’s 
instructions with one slight modification, after transfer to PDL-
coated plates, CAR-T cells were rested 5 min before centrifugation 
to allow for even cell distribution on the bottom of the well. Sea-
horse plates were run on a Seahorse XF96 analyzer (Agilent) with 
three to six measurements taken after 3 min of mixing and 3 min of 
recording at baseline and after injections of Etomoxir, UK5009, 
BPTES, oligomycin A, Bam15, and rotenone/antimycin A. Data 
were analyzed using Agilent Seahorse Analytics online software. 
%ATP from mitochondria was obtained by the following formula: 
100% − %ATP from glycolysis.

Jurkat (NFAT) T cell activation experiment
Jurkat (NFAT) cells were transduced with CAR constructs as de-
scribed above. Triplicate wells in a 96-well plate were coated with 
either OKT3 (1 μg/ml) or 0.2 × 105 tumor cells (U118, HCC827, or 
AsPC-1) overnight. The following day, the wells were washed with 
phosphate-buffered saline (PBS), and fresh T cell medium was 
added. Raji tumor cells (0.2 × 105) were added to additional tripli-
cate wells. Non-transduced or CAR-transduced Jurkat (NFAT) 
cells (0.1 × 106) were added to each well and incubated for 6 hours. 
The Bio-Glo Luciferase assay system (Promega) was then used to 
detect the Jurkat (NFAT) luciferase according to the manufactur-
er’s instructions. Luciferase signal was acquired on a plate reader 
(PerkinElmer).

Chronic antigen exposure
The CAE experiment was modified from a previously described 
protocol (32). Briefly, 0.2 × 106 CAR-T cells were plated in 96-well 
plates in triplicate wells using T cell medium without cytokines. 
HCC827 tumor cells (0.1 × 105) were then added to each well. Every 
3 to 4 days, CAR-T cells were gently removed from the well and 
transferred to an unused well. A small-cell aliquot was then ana-
lyzed using flow cytometry. Unanalyzed CAR-T cells were centri-
fuged, and additional supernatant was removed such that one-half 

of the original volume remained in the well. HCC827 parental cells 
(0.1 × 105) in fresh T cell medium were then added at an equivalent 
volume. This process was repeated for a total of 17 days.

Bioluminescent imaging
Bioluminescent imaging was performed using the IVIS Spectrum 
in  vivo imaging system (PerkinElmer) and analyzed using Living 
Image software (version 3.0). Images were acquired 10 to 15  min 
after intraperitoneal injection of d-luciferin (Gold Biotechnology) 
(150 μg/g of mouse weight).

In vivo lung cancer model
HCC827-Luc cells (0.5 × 106) were injected intravenously in the 
lateral tail vein of NSG mice in 100 μl of sterile PBS. Three days later, 
tumor engraftment was confirmed via IVIS imaging, and experi-
mental groups were normalized to ensure equivalent baseline tumor 
burden. One injection of 10 × 106 CAR-T cells was then given intra-
venously into the lateral tail vein, followed by an additional injection 
1 week later. Tumor burden was tracked via IVIS imaging over the 
course of 101 days. Survival was also tracked during this time.

In vivo GBM model
U118-Luc tumor cells were resuspended at 5 × 103 cells/μl in sterile 
PBS. A small hole was drilled in the skull using an 18-gauge needle 
1 mm lateral and 1 mm anterior to bregma using the freehand 
method (70) in NSG mice anesthetized with continuous isoflurane 
(2%). Tumor cells (2 μl) were then slowly injected into the hole per-
pendicular to the benchtop surface using a blunt end Hamilton sy-
ringe fitted with a sterile precut pipette tip that exposed 1 mm of the 
syringe needle over the course of 1 min. The syringe injection ap-
paratus was left in place for 30 s and then slowly removed. The sur-
gical site was then closed using autoclips (Thermo Fisher Scientific). 
Meloxicam (5 mg/kg) was administered preemptively and for 2 days 
after tumor implantation. Seven days later, the autoclips were re-
moved, and tumor engraftment was confirmed using IVIS imaging. 
Mice were then allocated into experimental groups normalized 
for baseline tumor burden. Afterward, 1 × 106 CAR-T cells were 
injected intratumorally using the same surgical preparation de-
scribed above in a 2-μl volume of PBS. Tumor burden was tracked 
via IVIS imaging for 100 days. Survival was tracked during this time.

In vivo pancreatic cancer model
PANC-1-Luc tumor cells were resuspended at 1 × 104 cells/50 μl of 
sterile PBS. The pancreas was expressed though a 1-cm incision 
made in the skin and musculature of NSG mice anesthetized with 
continuous isoflurane (2%). Tumor cells (50 μl) were injected 
slowly into the head of the pancreas over the course of 30 s using a 
27-gauge needle (Becton Dickinson). The needle was left for 30 s 
and then slowly removed using a twirling motion. The muscula-
ture was closed using with 5-0 dissolvable suture (Stoelting) in a 
simple uninterrupted pattern, and the skin was closed with auto-
clips. Meloxicam was administered preemptively and for 3 days 
after tumor implantation. Seven days later, tumor engraftment was 
confirmed using IVIS imaging. Mice were then allocated into 
experimental groups normalized for baseline tumor burden. CAR-
T cells (10 × 106) were then injected intravenously into the lateral 
tail vein, followed by another injection 7 days later. Tumor burden 
was tracked via IVIS imaging for 100 days. Survival was simultane-
ously tracked as well.
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In vivo subcutaneous tumor model
HCC827 tumor cells (10 × 106) were subcutaneously injected into 
the right flank of NSG mice in 50 μl of sterile PBS. After 2 weeks, 
tumor engraftment was confirmed by caliper measurement, and 
experimental groups were normalized to ensure an equivalent base-
line tumor burden. CAR-T cells (10 × 106) were intratumorally in-
jected in 50 μl of sterile PBS. Seven to 8 days later, the mice were 
euthanized to analyze tumor-infiltrating CAR-T cells.

In vivo CAR-T cell persistence model
Parental HCC827 tumor cells (0.5 × 106) were intravenously injected 
into the lateral tail vein in a 100-μl volume of sterile PBS. Three days 
later, a single dose of 10 × 106 CAR-Luc T cells was injected intrave-
nously into the lateral tail vein. CAR-Luc T cell signal was tracked 
using IVIS imaging over the course of 46 days.

Immune cell isolation from mouse blood, organs, and 
subcutaneous tumors
To obtain immune cells from mouse blood, blood was taken from 
the lateral tail vein in heparinized capillary tubes (Thermo Fisher 
Scientific). Red blood cells (RBCs) were then lyzed using RBC lysis 
buffer (Tonbo) according the manufacturer’s instructions. Remain-
ing cells were then washed twice with PBS before flow cytometry 
analysis. To obtain immune cells from organs, mice were first eutha-
nized. Organs of interest were directly removed (spleens) or perfused 
with PBS and then removed (lungs), then weighed, and stored in ice 
cold PBS. Spleens were then transferred to C tubes (Miltenyi Biotec) 
and mechanically dissociated using the gentleMACs Dissociator 
(Milenyi Biotec). The cell suspension was strained through a 40-μm 
filter. The remaining cells were then washed twice in PBS before flow 
cytometry analysis. To obtain immune cells from the lungs, single-
cell suspensions were made using enzymatic digestion as described 
above, and immune cells isolated using discontinuous Percoll gradi-
ents as described above. RBC lysis buffer was performed to remove 
RBCs, and the remaining cells were then washed twice in PBS before 
flow cytometry analysis. To obtain immune cells from subcutaneous 
tumors, tumors were excised and single-cell suspensions were made 
using a human tumor dissociation kit (Miltenyi Biotec) according to 
the manufacturer’s instructions. The single-cell suspension was then 
layered on a discontinuous Percoll gradients as described above to 
obtain immune cells. The cells were then washed twice in PBS before 
flow cytometry staining and analysis within 12 hours.

Statistics
Statistical analysis was performed using GraphPad prism software (ver-
sion 9.4.1). As described in each figure legend, testing between groups 
was performed using an unpaired two-tailed Student’s t test, one-way 
analysis of variance (ANOVA) with Tukey’s multiple comparison’s test, 
Kruskal-Wallis test, two-way ANOVA with Tukey’s or Šídák’s multiple 
comparisons test, or Mantel-Cox log-rank test. The data are shown as 
individual values or as individual values and the means ± SEM. A P val-
ue of less than 0.05 was considered statistically significant.
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