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CD98 heavy chain protein 
is overexpressed in non‑small 
cell lung cancer and is a potential 
target for CAR T‑cell therapy
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Yukiyasu Takeuchi 10, Eiji Okura 11, Ryu Kanzaki 12, Jiro Okami 12, Itsuko Nakamichi 13, 
Shigeru Nakane 14, Aki Kobayashi 15, Takashi Iwazawa 15, Toshiteru Tokunaga 16, 
Hideoki Yokouchi 17, Yukihiro Yano 18, Junji Uchida 18, Masahide Mori 18, Kiyoshi Komuta 19, 
Tetsuro Tachi 20, Hideki Kuroda 20, Noriyuki Kijima 20, Haruhiko Kishima 20, 
Michiko Ichii 21, Shinji Futami 1, Yujiro Naito 1, Takayuki Shiroyama 1, Kotaro Miyake 1, 
Shohei Koyama 1,22,23, Haruhiko Hirata 1, Yoshito Takeda 1, Soichiro Funaki 5, Yasushi Shintani 5, 
Atsushi Kumanogoh 1,2,24,25,26,27 & Naoki Hosen 3,21,28*

Chimeric antigen receptor (CAR) T cells are effective against hematological cancers, but are less 
effective against solid tumors such as non‑small cell lung cancer (NSCLC). One of the reasons is 
that only a few cell surface targets specific for NSCLC cells have been identified. Here, we report 
that CD98 heavy chain (hc) protein is overexpressed on the surface of NSCLC cells and is a potential 
target for CAR T cells against NSCLC. Screening of over 10,000 mAb clones raised against NSCLC cell 
lines showed that mAb H2A011 bound to NSCLC cells but not normal lung epithelial cells. H2A011 
recognized CD98hc. Although CAR T cells derived from H2A011 could not be established presumably 
due to the high level of H2A011 reactivity in activated T cells, those derived from the anti‑CD98hc 
mAb R8H283, which had been shown to lack reactivity with CD98hc glycoforms expressed on normal 
hematopoietic cells and some normal tissues, were successfully developed. R8H283 specifically 
reacted with NSCLC cells in six of 15 patients. R8H283‑derived CAR T cells exerted significant anti‑
tumor effects in a xenograft NSCLC model in vivo. These results suggest that R8H283 CAR T cells may 
become a new therapeutic tool for NSCLC, although careful testing for off‑tumor reactivity should be 
performed in the future.
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Non-small cell lung cancer (NSCLC) is one of the most common causes of cancer deaths  worldwide1,2. Although 
immune checkpoint blockade therapy has largely improved the prognosis of  NSCLC3,4, advanced NSCLC remains 
incurable in most cases. New therapeutic options, including CAR T cell therapy, are therefore urgently needed 
for patients with NSCLC. CAR T cell therapy has shown tremendous efficacy in the treatment of hematological 
 cancers5,6. Although recent reports have demonstrated that CAR T cells exert an anti-tumor effect against some 
types of solid  tumors7–10, they are still less effective against solid tumors, including NSCLC, than against hema-
tological cancers. One of the major reasons is the lack of cell surface target antigens that are specific for tumor 
cells. Several cell surface antigens, such as epidermal growth factor  receptor11,12,  mesothelin10, prostate stem cell 
 antigen13, mucin  113, human epidermal growth factor receptor  214, carcinoembryonic  antigen15,16, programmed 
death-ligand  117, and receptor tyrosine-kinase-like orphan  receptor18–20, have been tested as targets for CAR T 
cells intended to treat NSCLC, although these target molecules are not completely tumor specific. Identifying 
additional target antigens specific for NSCLC is important to develop effective and safe CAR T-cell therapy.

Expression levels of messenger RNA were previously shown to lack sufficient correlation with the abun-
dances of their corresponding  proteins21. In addition, cancer-specific conformational epitopes formed by post-
translational events such as glycosylation or conformational changes may have been missed in screening using 
transcriptome  analysis22. Previously, we thoroughly screened for multiple myeloma (MM)-specific monoclonal 
antibodies (mAbs) among large numbers of mAbs raised against MM cells, and identified two novel mAbs 
recognizing MM-specific antigens that could not be found by transcriptome  analysis23,24. The first was an mAb 
that specifically recognized the activated integrin β7, which is constitutively overexpressed in MM  cells23. The 
second was R8H283, which had been shown to lack reactivity with CD98hc glycoforms expressed on normal 
hematopoietic cells and also with some normal  tissues24. In this study, we applied the same strategy to identify 
NSCLC-specific cell surface targets and found that H2A011, which recognizes the CD98hc protein, reacted spe-
cifically with a subset of NSCLC samples, but not with normal lung epithelial cells. Although T cells transduced 
with H2A011-derived CAR could not be expanded in vitro, T cells transduced with another anti-CD98hc mAb 
that we previously  reported24 could be expanded and exerted anti-tumor activity in vitro and in vivo.

Results
H2A011 reacted with NSCLC cells but not with normal lung epithelial cells
We immunized mice with one of five NSCLC cell lines (A549, H1792, H1975, H2228, or HCC827) and gener-
ated approximately 10,000 clones of mAbs that bound to the cell line used for immunization. Among them, we 
selected 573 hybridomas that produced mAbs lacking reactivity to Ep-CAM+ lung epithelial cells obtained from 
normal regions of resected lung tissues. Then, Ep-CAM+ NSCLC cells from tumor regions of resected specimens 
were stained with the candidate mAbs and subjected to flow cytometry analysis. We identified 12 candidate 
mAbs that bound to Ep-CAM+ NSCLC cells in at least one sample. Among them, we focused on H2A011, which 
reacted most frequently with NSCLC cells (Fig. 1A). Distinct binding of H2A011 to NSCLC cells was observed 
in four of the five patients with NSCLC, while H2A011 did not react with any of the five samples of normal lung 
epithelial cells (Fig. 1B,C, Supplementary Fig. S1A and B, Supplementary Table S1). H2A011 also reacted with 
all NSCLC cell lines tested (Supplementary Fig. S1C).

H2A011 recognized CD98hc
The antigen recognized by H2A011 was identified by expression cloning using  retroviruses25 (Fig. 1D). Specifi-
cally, retroviruses carrying a cDNA library generated from A549 cells (H2A011 positive) were used to infect 
Ba/F3 cells (H2A011 negative), and then cells labeled with H2A011 were enriched by FACS. After the third 
round of cell sorting, most cells were H2A011 positive. Sequencing of the inserted cDNA revealed that H2A011 
recognized CD98hc (also known as SLC3A2) (Fig. 1E). Consistent with this, H2A011 reactivity was absent 
in CD98hc knockout (KO) A549 cells that were established using the CRISPR-Cas9 system and confirmed as 
CD98hc deficient by lack of staining with the known CD98hc-reactive antibody MEM-108 (Fig. 1F).

In transcriptome analyses comparing  CD45−CD31− epithelial cell adhesion molecule (Ep-CAM)+  cells26 
from tumor regions with those from normal regions of lung tissues resected from three patients with NSCLC 
(Supplementary Fig. S2A, B, Supplementary Table S1), CD98hc (SLC3A2) mRNA expression was comparable in 
two of three patients (Supplementary Fig. S2C). In addition, we confirmed the expression of CD98hc in publicly 
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available single-cell RNA sequencing data. We extracted the data from Laughney et al.,27 which included the 
samples from eight lung NSCLC cells and four normal lungs from the Human Lung Cell Atlas  dataset28. The 
expression of CD98hc was not significantly different between NSCLC cells and normal lung epithelial cells 
(Supplementary Fig. S3).
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Figure 1.  An anti-CD98hc mAb, H2A011, reacts with NSCLC cells but not with normal lung epithelial cells. 
(A), Strategy for identification of the NSCLC-specific mAb H2A011. (B) and (C), Flow cytometry analyses 
of H2A011 reactivity against  CD45−Ep-CAM+ normal lung epithelial cells (B) and  CD45−Ep-CAM+ tumor 
cells (C) from resected NSCLC tissues. Analyses of live (propidium iodide-negative) cells are shown. Results 
of staining with isotype control instead of anti-Ep-CAM mAb were used to draw the gate for Ep-CAM+ cells. 
The analysis of cells from patient UPN4 is shown as an example. The results of other patients are shown in 
Supplementary Fig. S1. (D), Strategy for identifying the antigen recognized by H2A011. (E), Flow cytometry 
plots showing the process of enriching  H2A011+ cells in expression cloning of the H2A011 antigen. (F), Flow 
cytometry analysis of the binding of H2A011 or MEM-108 (a known anti-CD98hc mAb) to wild-type (WT) or 
CD98hc-deficient (CD98hc KO) A549 cells.
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Successful development of CAR T cells derived not from H2A011, but from another anti‑CD98hc 
mAb, R8H283, that lacks reactivity with CD98hc glycoforms expressed on normal hematopoi‑
etic cells.
Four CAR constructs derived from the variable region of H2A011 were established using either CD28 or 4-1BB 
as a co-stimulatory molecule (Fig. 2A). T cells were transduced with each CAR construct and cultured in vitro. 
However, after 10 d of culture, T cells expressing each CAR were scarcely detected (Fig. 2B). High levels of 
H2A011 reactivity in activated T lymphocytes (Fig. 2C,D) may be a cause of loss of H2A011 CAR T cells.

Another anti-CD98hc mAb, R8H283, was previously shown to bind myeloma cells but not normal tissues due 
to differences in CD98hc N-glycosylation24. Consistently, R8H283, but not H2A011, reactivity was significantly 
increased in GnTI-deficient 293cells, which do not have N-acetylglucosaminyltransferase I (GnTI) activity and 
therefore lack complex N-glycans (Fig. 2E). A CAR construct derived from the variable region of R8H283 was 
established using CD28 as a co-stimulatory molecule (Fig. 2F). T cells were transduced with the CAR construct 
and cultured in vitro. CAR T cells expressing the R8H283-derived CAR could be expanded, although the expan-
sion of R8H283 CAR T cells was reduced compared to that of control T cells (Fig. 2G,H). Reactivity of R8H283 
was detected in activated T cells but was much lower than that of H2A011 (Fig. 2C,D). R8H283 CAR T cells 
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Figure 2.  Successful development of CAR T cells derived not from H2A011, but from another anti-
CD98hc mAb, R8H283, that lacks reactivity with CD98hc glycoforms expressed on normal hematopoietic 
cells. (A), Constructs for the CAR derived from H2A011. (B), Flow cytometry analysis of H2A011 CAR 
transduction efficiencies 7 d after CAR transduction. (C, D), Flow cytometric analysis of R8H283 or H2A011 
reactivity against phytohemagglutinin P (PHA)-activated T cells (C) and CD3/CD28-stimulated T cells (D). 
A549 cells were simultaneously stained as a positive control. (E), Flow cytometry analysis of the binding 
of H2A011 or R8H283 to wild-type (WT) or GnTI-deficient  (GnTI−) 293 cells. F, Construct for the CAR 
derived from R8H283. (G), Growth of R8H283 CAR T cells during in vitro culture. The data are presented 
as means ± standard error of the mean (SEM). *: p < 0.05. (H), Representative flow cytometry analysis data of 
R8H283 CAR transduction efficiencies and CD4/CD8 expression in CAR T cells 7 d after CAR transduction.
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spontaneously produced small amounts of cytokines even in the absence of antigen stimulation (Supplementary 
Fig.S4).

R8H283 reacted with NSCLC cells in a subset of patients
R8H283 reacted with  CD45−CD31−Ep-CAM+ NSCLC cells in six of 15 patients (Fig. 3A,B, Supplementary 
Fig. S5A), but did not react with any of the normal lung epithelial cells from ten patients (Fig. 3C and D and 
Supplementary Fig. S5B). These results indicate that R8H283 reactivity is specific for NSCLC cells in a subset 
of patients. Five of the six NSCLC samples that reacted with R8H283 were squamous cell carcinomas (Fig. 3A 
and B, Supplementary Fig. S5A, Supplementary Table S1). In the samples that we were able to analyze in pairs 
(tumor vs normal epithelial cells), R8H283 reacted with tumor cells but not with normal lung epithelial cells 
(UPN 7, 10, 11). The results of MEM108 (pan-CD98hc mAb) staining showed that CD98hc protein was expressed 
at significantly higher levels on NSCLC cells than on normal epithelial cells, hematopoietic cells, and endothe-
lial cells (Fig. 3E). To further explore the basis for the NSCLC specificity of R8H283, we compared CD98hc in 
normal lung epithelial cells and NSCLC cells. Whole cell lysates of normal lung epithelial cells or NSCLC cells 
from a patient were electrophoresed and immunoblotted with polyclonal anti-CD98 antibody (Supplementary 
Fig. S6). The mobility of CD98hc was different in the NSCLC cells compared to normal lung epithelial cells. We 
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Figure 3.  R8H283 reacted with NSCLC cells in a subset of patients. (A), Flow cytometry analyses of R8H283 
reactivity against  CD45−  CD31−Ep-CAM+ tumor cells in the tumor region of lung tissues resected from a patient 
with NSCLC (UPN5). (B), Representative results of flow cytometry analyses of R8H283 reactivity against  CD45− 
 CD31−Ep-CAM+ tumor cells in the tumor regions of lung tissues resected from patients with NSCLC. Analyses 
of the other samples are shown in Supplementary Fig. S5A. (C), Flow cytometry analysis of R8H283 reactivity 
against  CD45−CD31−Ep-CAM+ lung epithelial cells in normal regions of resected lung tissues from a patient 
with NSCLC (UPN10). (D), Representative results of flow cytometry analyses of R8H283 reactivity against 
 CD45−CD31−Ep-CAM+ lung epithelial cells in unaffected regions of resected lung tissues. Analyses of the other 
samples are shown in Supplementary Fig. S5B. (E), Flow cytometric analysis of R8H283 or H2A011 reactivity 
against each cell subset in the normal and tumor regions of the resected lung tissue. The analysis of UPN 7 is 
shown as a representative of three tested samples.
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also found that the electrophoretic mobilities of the CD98hc species in NSCLC cells and normal lung epithelial 
cells were still different after the removal of N-glycans by PNGase F treatment. Thus, it was unclear whether the 
difference in electrophoretic mobility reflected from the difference in glycosylation or the expressed spliced forms.

CAR T cells derived from R8H283 specifically recognized and killed NSCLC cells
CAR T cells derived from R8H283, but not those derived from a CD19 antibody (used as a control because 
they are specific for an irrelevant target), secreted IFN-γand IL-2, and exhibited cytotoxic activity when co-
cultured with A549 lung cancer cells, but not when co-cultured with CD98hc-deficient A549 cells established 
using CRISPR-Cas9 (Fig. 4A,B). R8H283 CAR T cells produced minimal amounts of cytokines upon co-culture 
with normal lung epithelial cells purified from normal regions of resected lung tissues of patients with NSCLC 
(Fig. 4C–E).

In a lung cancer xenograft model established by intravenous injection of luciferase-expressing A549 cells 
into NOG  mice29, infusion of R8H283 CAR T cells, but not CD19 CAR T cells, significantly decreased the 
tumor burden as determined by bioluminescence imaging (Fig. 4F–H) and enhanced mouse survival (Fig. 4I). 
No unexpected side effects were observed in mice injected with R8H283 CAR T cells. In a mouse that relapsed 
after R8H283 CAR T cell infusion, R8H283 reactivity to tumor cells was reduced compared to untreated tumor 
cells (Supplementary Fig. S7).

Discussion
In this study, by thoroughly screening for NSCLC-specific mAbs from among approximately 10,000 mAbs raised 
against NSCLC cell lines, we found that the CD98hc-specific mAb H2A011 distinctly bound to most NSCLC 
cells but not to normal lung epithelial cells. Consistently, overexpression of CD98hc protein was previously 
demonstrated by immunohistochemistry in a subset of NSCLC  samples30–32. CD98hc mRNA was not overex-
pressed in purified NSCLC cells compared with normal lung epithelial cells in two of three samples examined. In 
addition, according to the Cancer Genome Atlas, a gene expression database, CD98hc mRNA is also expressed 
in normal lung tissues at levels comparable with lung cancer  tissues33. Furthermore, the analysis of publicly 
available single-cell RNAseq data showed that CD98hc mRNA expression did not differ between normal lung 
epithelial cells and NSCLC cells. These results showed that tumor-specific antigens that cannot be discovered by 
transcriptome analysis can be identified by thoroughly screening for tumor-specific mAbs among large numbers 
of mAbs raised against tumor cells, as we previously  reported23,24,34, although the targets identified by the mAb 
discovery strategy are mostly conformational epitopes in proteins that are also expressed in normal tissues and 
on-target/off-tumor effects must be very carefully excluded.

The CD98 heterodimer is composed of CD98hc that is disulfide-linked with a light chain. The heavy chain 
binds to the cytoplasmic tails of integrin-β  chains35–37 and mediates adhesive signals that control cell spreading, 
survival, and  growth37–40. The CD98 light chains (lcs) function in amino acid  transport41,42 and play important 
roles in the survival and growth of various  cells43,44. Overexpression of CD98lc L-type amino acid transporter 
1 (LAT1) in  NSCLC45,46 may enhance cell surface expression of CD98hc/lc heterodimers. The mechanisms of 
CD98hc protein overexpression on the surface of NSCLC cells should be clarified in future studies.

H2A011 CAR-transduced T cells failed to survive after 10 days of in vitro culture. While the loss of H2A011 
CAR T cells could be caused by fratricide, ligand-dependent suboptimal CAR signaling could cause apoptosis 
of H2A011 CAR T cells as shown in a previous  study47. In contrast, T cells transduced with the CAR derived 
from another anti-CD98hc mAb R8H283 could be expanded, although the in vitro expansion of R8H283 CAR 
T cells was not as good as that of control T cells. R8H283 reactivity in activated T cells may cause partial loss of 
R8H283 CAR T cells during in vitro culture.

R8H283, which has been shown to lack reactivity with CD98hc glycoforms expressed on normal hemat-
opoietic cells and some normal tissues, reacted with NSCLC cells in a subset of patients. In the samples that we 
were able to analyze in pairs (tumor vs normal epithelial cells), R8H283 reacted with tumor cells but not with 
normal lung epithelial cells (UPN 7, 10, 11), although paired analysis of more samples should be performed in 
the future. In a previous report, we showed that R8H283 did not react with normal lymphocytes, monocytes, or 
non-hematopoietic cells such as intestinal epithelial cells or skin epidermal cells, although CD98hc protein is 
expressed on these  cells24. We demonstrated that CAR T cells derived from R8H283 exerted a significant anti-
tumor effect in an in vivo xenograft model. These results suggest that R8H283 CAR T cells have the potential 
to specifically target NSCLC cells without damaging normal cells in a subset of NSCLC patients, while the 
possibility of immune escape of tumor cells with low R8H283 reactivity should be carefully evaluated. Most of 
R8H283-reactive tumors in this study were squamous cell carcinomas, suggesting that R8H283-derived therapies 
will be useful in patients with squamous cell carcinoma, although a larger number of NSCLC samples should 
be analyzed in the future.

Although CD98hc protein expression on the surface of tumor cells was detected in most patients with NSCLC, 
reactivity to R8H283 was observed in only six of the 15 patients examined in this study. R8H283, which is 
expected to have a lower affinity for CD98hc than MEM108, may only react with NSCLC cells that express high 
levels of CD98hc. While the reactivity of R8H283 is certainly affected by alterations in the N-glycosylation of 
CD98hc, it remains unclear whether the NSCLC-specific reactivity of R8H283 is associated with alterations in 
the glycosylation of CD98hc in NSCLC cells.

A number of mAbs targeting CD98hc have been described in the context of cancer  therapy48–55, and some have 
been tested in clinical trials. Since CD98hc is expressed by several normal tissues, including normal lymphocytes, 
on-target off-tumor toxicity in normal tissues is always a concern when CD98hc is used as a therapeutic target. 
Although we showed that R8H283 reactivity was not detected in the normal human tissues that were available for 
 testing24, it is difficult to completely exclude the possibility that under some conditions, the epitope recognized 
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by R8H283 is formed in normal tissues expressing CD98hc. While the low levels of cytokine production by 
R8H283 CAR T cells co-cultured with normal lung epithelial cells is likely to reflect the spontaneous secretion 
from R8H283 cells, we could not completely exclude the possibility that R8H283 CAR T cells may be weakly 
reactive with normal lung epithelial cells. Since R8H283 does not react with mouse CD98hc, it is impossible to 
analyze the toxicity of R8H283 CAR T cells against normal cells in mouse xenograft models. Therefore, we must 
carefully examine the off-tumor reactivity of R8H283 before initiating a clinical study. In addition, it may be 
beneficial to develop a logic-gated CAR 56–58 that recognizes only cells expressing both the R8H283 antigen and 
another NSCLC-specific antigen, for example mesothelin.

Methods
Clinical samples
Lung tissue specimens from patients diagnosed with adenocarcinoma, squamous cell carcinoma, or pleomor-
phic carcinoma and who underwent surgical resection were used after written informed consent was obtained. 
This study conformed to the ethical guidelines outlined in the Declaration of Helsinki, and was approved by 
the institutional review boards of the Osaka University School of Medicine, Osaka Toneyama Medical Center, 
Osaka International Cancer Institute, Takarazuka City Hospital, Toyonaka Municipal Hospital, Suita Municipal 
Hospital, Minoh City Hospital, Kinki-Chuo Chest Medical Center, and Osaka Fukujuji Hospital.

Cell lines
The A549, H1792, H1975, H2228, and HCC827 cell lines were purchased from the American Type Culture 
Collection (ATCC). The SP2/0 mouse myeloma cell line was kindly gifted by I. Weissman (Stanford University). 
The Expi293 and Expi293 GnTI-deficient cell lines were purchased from Thermo Fisher Scientific. A549 cells 
expressing green fluorescent protein (GFP) and firefly luciferase (A549-GFP-luc) were established by retroviral 
transduction. Following gene transduction,  GFPhigh cells were enriched by fluorescence-activated cell sorting 
(FACS) on a BD FACS Aria II (Becton Dickinson). CD98-deficient A549 cells were established using CRISPR-
Cas9, as previously  reported24.

Flow cytometry and cell sorting
To prepare single-cell suspensions from lung tissues, samples were dissociated using the Human Tumor Dis-
sociation Kit (Miltenyi Biotech) and gentleMACS Octo Dissociator with Heaters (Miltenyi Biotech). After tissue 
dissociation, cell suspensions were filtered through a cell strainer (Corning) and red blood cells were lysed using 
ACK Lysing Buffer (Gibco). Cells were stained with the indicated mAbs after incubation with Human Serum AB 
(GeminiBio) and FcR Blocking Reagent Human (Miltenyi Biotech). The following antibodies were used: anti-
human CD326 (Ep-CAM)-PE/Cyanine7 (9C4, BioLegend), anti-human CD45-APC (HI130, BioLegend), anti-
human CD45-FITC (HI130, BioLegend), anti-human CD31-APC (WM-59, Invitrogen), anti-human CD3-FITC 
(SK7, BioLegend), anti-human CD19-APC/Cyanine7 (HIB19, BioLegend), and anti-human CD14-APC (M5E2, 
BioLegend), goat anti-mouse IgG, F(ab’)2 Fragment Specific-Alexa Fluor 647 (115–605-072, Jackson ImmunoRe-
search), Goat anti-mouse IgG-PE (405,307, BioLegend, Poly4053). H2A011 (mouse IgG1) and R8H283 (mouse 
IgG2a) were purified from hybridoma supernatants with Protein G Sepharose 4 Fast Flow (GE Healthcare) and 
used for staining at a concentration of 10 µg/ml and 50 µg/ml, respectively. Flow cytometry analysis and cell 
sorting were performed using a BD Canto II and Aria II (Becton Dickinson).

Phytohemagglutinin P (PHA)-activated T cells were generated by culturing human PBMC in the presence of 
3ug/ml PHA (Sigma) for 72 h, stained with R8H283 or H2A011, then with goat anti-mouse IgG-PE, and analyzed 
on flow cytometry. Peripheral blood mononuclear cells were activated with anti-CD3 (OKT3, eBioscience) and 
anti-CD28 (CD28.2, eBioscience) mAbs and cultured in X-VIVO 15 (Lonza) supplemented with 5% human Sse-
rum AB (GeminiBio) for 24 h, stained with biotinylated R8H283 or H2A011, then with streptavidin-PE (BioLe-
gend), and analyzed on flow cytometry. R8H283 or H2A011 was biotinylated using biotin labeling kit (Dojindo).

RNA sequencing
NSCLC cells and unaffected lung epithelial cells were purified by FACS. Total RNA was extracted using TRIzol 
Reagent (Thermo Fisher Scientific) and the RNeasy Mini Kit (QIAGEN). Full-length cDNA was generated using 
the SMART-Seq HT Kit (Takara Bio). Each library was prepared using a Nextera XT DNA Library Prep Kit 
(Illumina). Whole-transcriptome sequencing was performed on RNA samples using an Illumina HiSeq 3000 
platform (Illumina) in 100-base single-end mode. Sequenced reads were mapped to human reference genome 
sequences (hg19) using TopHat v2.0.13 in combination with Bowtie2 ver. 2.2.3 and SAMtools ver. 0.1.19. The 
number of fragments per kilobase of exon per million mapped fragments was calculated using Cufflinks ver. 
2.2.1. RNA sequencing data concerning this study have been deposited in the Gene Expression Omnibus (GEO) 
(https:// www. ncbi. nlm. nih. gov/ geo/ query/ acc. cgi? acc= GSE22 6774). The data sets were analyzed using Ingenuity 
Pathway Analysis (Ingenuity Systems Inc).

Single‑cell RNA sequencing
To confirm the expression of CD98hc (SLC3A2), publicly available single-cell RNA sequencing data was re-
analyzed. We extracted the data of Laughney et al., which included the samples from eight lung NSCLC cells and 
four normal lungs from the human lung cell atlas dataset. We evaluated the gene expression changes in epithelial 
cells between the NSCLC tissues and normal lung tissues using the Wilcoxon rank-sum test, employing the Seurat 
FindMarkers function. We then checked the CD98hc data from the output. The P-value was corrected using the 
Bonferroni method for all genes expressed in the epithelial cells.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE226774
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Generation of anti‑NSCLC mAbs
Six- to eight-week-old BALB/cAJcl mice (CLEA Japan) were immunized by footpad injection with human NSCLC 
cell lines (A549, H1792, H1975, H2228, or HCC827). Lymphocytes from popliteal lymph nodes were fused with 
SP2/0 mouse myeloma cells in PEG solution (Roche Applied Science). To identify hybridoma clones produc-
ing mAbs that reacted with NSCLC cells, NSCLC cells were first incubated with hybridoma supernatants, then 
incubated with PE-conjugated anti-mouse IgG antibody and analyzed by flow cytometry. Hybridoma clones 
producing mAbs that reacted with NSCLC cells were selected and stocked for further analyses.

Expression cloning
Expression cloning was performed as previously  reported25. A cDNA library was generated from A549 cells using 
the Superscript Choice System (Invitrogen) and linked with a BstXI adaptor. cDNA fragments ranging from 
2.0 to 5.0 kb were selected on a CHROMA SPIN column (Takara Bio), purified by agarose gel electrophoresis, 
and then cloned into retrovirus vector pMX (a kind gift from T. Kitamura, Tokyo University). The A549 cDNA 
library was subjected to screening by transduction into Ba/F3 cells. Ba/F3 cells with which H2A011 reacted were 
enriched by FACS, then subjected to PCR cloning of the inserted cDNA.

Development of CAR T cells
cDNA of the variable region of H2A011 or R8H283 was obtained by 5’-RACE PCR with a Smarter RACE PCR 
Kit (Takara Bio), then sequenced. The isolated cDNAs of the κ light and heavy chain variable regions were fused 
to CD28 (Uniprot P10747 aa.114–220) and CD3ζ(Uniprot P20963 aa.52–164) cDNAs by overlapping PCR. 
Sequences of the leader peptides, linker, and variable regions of the κ light and the heavy chains of H2A011 are 
listed in Supplementary Table S2. The sequences of the variable regions of the κ light and the heavy chains of 
R8H283 are shown in the patent (WO2017026497A1). The resultant H2A011 or R8H283 CAR constructs were 
inserted into pMSCV retroviral vectors. The CD19 CAR was constructed according to the reported sequences 
of the anti-CD19  mAb59,60. Then, 293 T cells were co-transfected with retroviral vector, gag-pol, and VSV-G 
envelope plasmids with Lipofectamine 2000 reagent (Thermo Fisher Scientific). Supernatants containing the 
retrovirus were collected 48 h and 72 h later. Activated T cells were infected with retrovirus carrying the H2A011 
or R8H283 CAR. Briefly, peripheral blood mononuclear cells were activated with anti-CD3 (OKT3, eBioscience) 
and anti-CD28 (CD28.2, eBioscience) mAbs and cultured in X-VIVO 15 (Lonza) supplemented with 5% Human 
Serum AB (GeminiBio). The next day, recombinant human IL-2 (Shionogi Pharma) was added to the culture at 
a final concentration of 100 IU/ml. Cells were harvested 2 d after activation, then subjected to retroviral trans-
duction with RetroNectin (Takara Bio). After transduction, the cells were cultured in the presence of 100 IU/
ml IL-2 for 7 d. Dasatinib (1 µM) was added to the culture medium beginning 4 d after CAR transduction to 
prevent T-cell exhaustion, as previously  described61. The transduction efficiency of each CAR was measured by 
staining cells with goat anti-mouse F(ab′)2-Alexa Fluor 647 mAb.

Cytokine release assays
R8H283 CAR T cells or mock-transduced (control) T cells were tested for reactivity in cytokine release assays. 
Cytokine concentrations were measured using an ELISA kit (IFN-γ and IL-2; R&D Systems). Effector cells and 
target cells (1.0 ×  105 cells each) were co-cultured for 16 h. Co-culture was performed in technical-triplicate 
wells. Cytokine secretion was measured in culture supernatants diluted to fall within the linear range of the assay.

Cytotoxicity assay
The cytotoxic ability of CAR T cells was evaluated by 51Cr release assay. Briefly, target cells were labeled for 90 min 
at 37ºC with 25 μCi of  [51Cr] sodium chromate (PerkinElmer). Labeled target cells (1.0 ×  104) were incubated with 
effector cells for 4 h at the indicated effector/target ratios. 51Cr release in harvested supernatants was counted with 
a gamma counter. Total and spontaneous 51Cr release was determined by incubation of 1.0 ×  104 labeled target 
cells in either 1% Triton X-100 or culture medium. The percentage of specific lysis was calculated as ([specific 
51Cr release − spontaneous 51Cr release] / [total 51Cr release − spontaneous 51Cr release]) × 100.

Immunoblotting
Total cell lysate was prepared in lysis buffer [10 mM Tris–HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1% NP-40, 
and protease inhibitor cocktail (Nacalai Tesque)]. Cell lysates from normal lung epithelial cells or NSCLC cells 
were run on a 4–12% NuPAGE gel system (Invitrogen) under reducing (0.7 M 2ME) or non-reducing condi-
tions. To remove N-glycans attached to proteins, cell lysates were incubated at 37 °C for 30 min with 1,000 units 
of PNGase F PRIME (N-Zyme Scientifics), and then subjected to SDS-PAGE. Western blotting was carried 
out with anti-CD98 polyclonal Ab (pAb) (#15,193–1-AP, ProteinTech) and subsequently with HRP-conjugated 
donkey anti–rabbit IgG (#NA934V, GE Healthcare). Imaging of blots was performed using the LAS system (GE 
Healthcare).

In vivo xenograft mouse models
Female NOD/SCID/IL-2Rγcnull (NOG) mice aged 6–8 weeks (In-Vivo Science) were injected intravenously via 
the tail vein with 2.0 ×  105 A549-luc/GFP tumor cells. Two days after tumor inoculation, the mice were intra-
peritoneally infused with VIVOGlo Luciferin (Promega, 150 mg/kg body weight), anesthetized with isoflurane, 
and imaged using an in vivo imaging system (IVIS) (PerkinElmer). The mice were then injected intravenously 
with CD19 or R8H283 CAR T cells (5.0 ×  106 cells/mouse). Mice were reanalyzed with the IVIS every week. To 
minimize suffering and distress, mice were subjected to inhaled anesthesia (isoflurane) before cell injection. The 
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health status of the mice was carefully examined three times per week by a veterinarian. Mice were euthanized 
when moribund or as recommended by a veterinarian. Investigators were not blinded.

Animal experiments
All mouse experiments in this study were approved by the administrative panel on Laboratory Animal Care 
at Osaka University (Ethical Approval ID 03–071 (for mAb production), 28–054 and 03–045 (for xenograft 
models)). Mice were euthanized by CO2 asphyxia. This study conforms to the Guide for the Care and Use 
of Laboratory Animals published by the US National Institutes of Health and is reported in accordance with 
ARRIVE guidelines.

Statistical analyses
Statistical analyses for significant differences between two groups were conducted using unpaired two-tailed 
Student’s t-test. The generalized Wilcoxon test was used to compare survival differences between the two groups. 
P < 0.05 was considered to indicate a significant difference. Statistical analyses were performed in GraphPad 
Prism 9.

Data availability
The datasets generated during the current study are available from the corresponding author on reasonable 
request.
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