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l-Type amino acid transporter 1 (LAT1) disulfide linked to CD98 heavy chain (hc) is highly 
expressed in most cancer cells, but weakly expressed in normal cells. In the present study, 
we developed novel anti-LAT1 mAbs and showed internalization activity, inhibitory ef-
fects of amino acid uptake and cell growth and antibody-dependent cellular cytotoxicity, 
as well as in vivo antitumor effects in athymic mice. Furthermore, we examined the reac-
tivity of mAbs with LAT1 of Macaca fascicularis to evaluate possible side-effects of anti-
human LAT1 mAbs in clinical trials. Antihuman LAT1 mAbs reacted with ACHN human 
and MK.P3 macaca kidney-derived cells, and this reactivity was significantly decreased 
by siRNAs against LAT1. Macaca LAT1 cDNA was cloned from MK.P3, and only two 
amino acid differences between human and macaca LAT1 were seen. RH7777 rat 
hepatoma and HEK293 human embryonic kidney cells expressing macaca LAT1 were 
established as stable transfectants, and antihuman LAT1 mAbs were equivalently reac-
tive against transfectants expressing human or macaca LAT1. Dual (high and low) avidity 
modes were detected in transfectants expressing macaca LAT1, MK.P3, ACHN and 
HCT116 human colon cancer cells, and KA values were increased by anti-CD98hc mAb, 
suggesting anti-LAT1 mAbs detect an epitope on LAT1-CD98hc complexes on the cell 
surface. Based on these results, LAT1 may be a promising anticancer target and Macaca 
fascicularis can be used in preclinical studies with antihuman LAT1 mAbs.
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1  | INTRODUC TION

CD98 was originally reported as a cell surface marker associated 
with lymphocyte activation, as defined by a 4F2 mAb,1 and subse-
quently identified as a unique molecule expressed by numerous can-
cer cells.2-4 CD98 with a molecular weight (MW) of 120~140 kDa 
(gp1252,3) is composed of a glycosylated heavy chain (hc) with a 
MW of 80~100 kDa and non-glycosylated light chains (lc) with a 
MW of 35~55 kDa.1-4 CD98hc, also referred to solute carrier (SLC) 
3A2, binds to six CD98lc of the SLC7A amino acid transporter family 
(SLC7A5; LAT1, 7A8; LAT2, 7A7; y+LAT1, 7A6; y+LAT2, 7A10; asc1 
and 7A11; xCT).5-11 SLC7A11 (xCT) was identified as a molecule re-
quired for the maintenance of cancer stem cells (CSC).12 In particu-
lar, a variant form of CD44 (CD44v)12-17 or human epidermal growth 
factor receptor 1 (HER1)18 associates with xCT in epithelial cancers 
or gliomas, respectively, and stabilizes xCT, resulting in the survival 
of CSC in unfavorable conditions for cancers such as oxidative stress 
due to anticancer drugs. In this context, we demonstrated the anti-
tumor effects of a fully human anti-CD44 mAb19 recognizing CD44v 
bound to xCT expressed by CSC.

l-Type amino acid transporter 1 (LAT1)5,6 is the first iden-
tified CD98lc, and cancers from several tissues express both 
CD98hc2,3,20-25 and LAT125-29 proteins. The oncogenicity of CD98 
was confirmed with wild-type CD98hc30-33 bound to CD98lc, but 
not with mutated CD98hc32 lacking the cysteine residue needed for 
the association with CD98lc.

These results suggest that molecular complexes between 
CD98hc and some CD98lc are oncogenic, and we recently identified 
CD98hc-LAT1 as an oncogenic complex by targeted disruption of 
the chicken LAT1 gene.34 CD98-LAT1 is therefore considered to be 
a promising target for cancer therapy. Although the major targets 
of existing anticancer therapeutic antibodies are receptor-type tyro-
sine kinases, overexpression of anti-HER1 and anti-HER2 is limited 
to cancers from squamous35,36 or glandular37,38 epithelium, respec-
tively. As CD98/LAT1 is expressed by almost all cancers irrespective 
of tissue origin,2,3,20–29 anti-CD98/LAT1 therapeutic antibodies may 
be ideal against numerous human malignancies.

Although clinical trials with anti-CD98hc therapeutic antibodies 
(KHK2898 and IGN523) were recently started,39 the cancer specific-
ity of LAT1 is superior to that of CD98hc.40,41 However, LAT1 is a 12-
pass membrane protein and has scarce extracellular domains, thus 
it was difficult to produce anti-LAT1 mAb reactive to living cancer 
cells. We previously reported the production of the first (1st) anti-
LAT1 mAbs40,41 and antitumor effects of the anti-LAT1 mAb using a 
hybridoma therapy model system.34

We have recently prepared second (2nd)-generation mAbs and 
reported anti-LAT1-based ImmunoPET detection of xenografted 
human cancers.42 In this study, we compared the reactivity between 
1st- and 2nd-generation anti-LAT1 mAbs against cancer cells and 
analyzed the internalization activity and inhibitory effects of amino 
acid uptake and cell growth by 2nd-generation mAbs. We then in-
vestigated the in vivo antitumor effects and antibody-dependent 
cellular cytotoxicity (ADCC) of rat mAbs with splenocytes from 

athymic mice and of rat-human chimeric anti-LAT1 mAbs with 
human mononuclear cells from peripheral blood (hMNC-PB) as ef-
fector cells. Furthermore, we examined the reactivity and avidity of 
antihuman LAT1 mAbs with LAT1 of Macaca fascicularis (crab-eating 
monkey) cells and transfectants expressing macaca LAT1 to evaluate 
possible side effects of antihuman LAT1.

2  | MATERIAL S AND METHODS

2.1 | Cell culture

Human colon (LS-174T, HCT116), stomach (KATOIII), kidney (ACHN), 
lung (NCI-H292, NCI-H1944, A549), and uterine (HeLa) cancers, 
P3X63Ag8.653 mouse myeloma (ATCC, Manassas, VA, USA), 
OVTOKO human ovarian cancer (JCRB Cell Bank, Osaka, Japan), 
HEK293F (Invitrogen, Carlsbad, CA, USA), hMNC-PB (PromoCell, 
Heidelberg, Germany), RH7777 rat hepatoma (donated by Dr K 
Chiba, Mitsubishi Tanabe Pharma, Yokohama, Japan), and MK.P3 
macaca kidney (JCRB) cells were cultured in RD medium, which is 
a 1:1 mixture of DMEM medium and RPMI-1640 medium (Nissui 
Pharmaceutical Co., Ltd, Tokyo, Japan) with 7% heat-inactivated FBS 
(Nichirei Biosciences, Tokyo, Japan) in a humidified CO2 incubator 
(5% CO2) at 37°C.

2.2 | Molecular cloning of macaca LAT1 cDNA

Macaca LAT1 cDNA was reverse-transcribed with First Strand cDNA 
Synthesis kit (GE Healthcare, Uppsala, Sweden) from total RNA of 
MK.P3 cells prepared by Isogen II (Nippon Gene, Toyama, Japan), 
and cDNA was amplified by Q5 DNA polymerase (New England 
BioLabs, Tokyo, Japan) using a primer set for the amplification of 
full-length macaca LAT1 mAbs.

2.3 | Establishment of transfectant cells expressing 
macaca LAT1-GFP

GFP was fused to full-length macaca LAT1 in a pAcGFP vector (BD 
Biosciences, Mountain View, CA, USA). Transfection of macaca 
LAT1-GFP vector into RH7777 or HEK293 cells was carried out using 
Lipofectamine 3000 (Invitrogen). Cells were selected with 400 μg/
mL G418 (Nacalai Tesque, Kyoto, Japan), and clone-sorted for cel-
lular green fluorescence using a JSAN cell sorter (Bay Bioscience, 
Kobe, Japan).

2.4 | Primary mAbs and polyclonal antibodies

First-generation (SOL22 and SOL69),34,40,41 2nd-generation (Ab1, 
Ab2,42 Ab3 and Ab4) antihuman LAT1 rat mAbs, antihuman LAT1 
rat-human chimeric mAbs (ChAb1 and ChAb3) reshaped from 
Ab1 and Ab3, respectively, anti-HER1 chimeric mAb (Cetuximab; 
MerckSerono, Tokyo, Japan), antihuman CD98 rat mAb (HR3540,41), 
antihuman xCT rat mAb (Ab3118), antihuman CD98 mouse mAb 
(HBJ1273,43-45), antirat CD98 mouse mAb (B32,43), antimouse CD98 
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rat mAb (MB87232), antimouse CD44v rat mAb (RM112-14), anti-
HER2 mouse mAb (SER446,47), and anti-GFP rabbit polyclonal anti-
bodies (pAb) (produced in our laboratory) were used.

2.5 | Animals

F344/N rats and KSN athymic (nude) mice were obtained from the 
Shimizu Animal Farm (Kyoto, Japan) and were maintained in the 
animal facility at Kindai University. All animals were maintained in 
specific pathogen-free conditions. They were housed individually in 
plastic cages under a standard light/dark cycle (12-hour light cycle 
starting at 7:00) at a constant temperature of 23 ± 1°C and had ad li-
bitum access to food and water. All experiments were approved by 
the Committee for the Care and Use of Laboratory Animals at Kindai 
University (KAPS-23-004 and KAPS-26-019).

2.6 | Flow cytometry (FCM)

Cells (1~5 × 105 cells) were incubated with the primary mAbs 
(10 μg/mL) for 1 hour on ice. Following two washes of cells with 
PBS containing 0.2% BSA, cells were incubated with phycoerythrin 
(PE)-conjugated donkey antirat IgG (H+L) secondary pAb (Jackson 
ImmunoResearch, West Grove, PA, USA) for 45 minutes on ice. 
Following three washes with 0.2% BSA-PBS, fluorescence intensity 
of individual cells was analyzed using an Accuri C6 or LSR-Fortessa 
flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA). From 
the values of mean fluorescence intensity (MFI) with or without the 
primary mAbs, the subtracted (Δ) MFI or the ratio (+ mAb/− mAb) of 
MFI (rMFI) was calculated.

2.7 | Production of novel antihuman LAT1 rat 
mAbs and chimeric rat-human mAbs

Rats were s.c., i.p. or i.v. injected with RH7777 (3 × 107 cells) express-
ing human LAT1-GFP six times at 2-week intervals. Three days after 
the final immunization, the spleen of immunized rats was removed, 
and splenocytes (1 × 108 cells) were fused with P3X63Ag8.653 
mouse myelomas (2 × 107 cells) using 50% polyethylene glycol 1540 
(Roche, Penzberg, Germany). Hybridoma cells in ten 96-well plates 
(BD Biosciences) were selected in RD medium containing hypox-
anthine, aminopterin, thymidine (HAT; Thermo Fisher Scientific 
Inc., Waltham, MA, USA) with 7% FBS. Hybridoma antibodies were 
analyzed for reactivity against HEK293 cells expressing human 
LAT1-GFP with FCM. Selected hybridoma cells were cloned by the 
limiting-dilution method, and hybridoma clones (5 × 106 cells) in PBS 
were i.p. injected into KSN mice pretreated with 2,6,10,14-tetrame
thylpentadecane (Pristane; Wako Pure Chemical Industries, Osaka, 
Japan). Approximately 10-14 days after dosage, ascites fluid was 
collected, and mAbs were purified using Protein G Sepharose (GE 
Healthcare).

For the preparation of rat-human chimeric anti-LAT1 mAbs, 
reverse-transcribed cDNA from variable regions of heavy and light 
chains of Ab1 or Ab3, which were cloned from RNA of hybridoma 

cells secreting rat IgG, were genetically reshaped to human IgG1, 
and subcloned into a pBud4.1 vector (Invitrogen) that had two sep-
arate cloning sites with independent promoters. This vector was 
transfected into HEK293 cells using 293fectin reagent (Invitrogen). 
Culture medium (2 L) containing chimeric rat-human IgG was con-
centrated to 20 mL using a concentration apparatus (Millipore 
Corporation, Billerica, MA, USA) and precipitated by 50%-saturated 
ammonium sulfate. Further purification was carried out by affinity 
chromatography with protein G Sepharose.

2.8 | Internalization activity of anti-LAT1 mAbs

Subconfluent HEK293 cells expressing human LAT1-GFP in each 
well of six-well plates (Corning, Corning, NY, USA) were cultured in 
the presence or absence of anti-LAT1 mAbs at 37°C for 24 hours, 
fixed with 4% paraformaldehyde (Wako)-PBS for 15 minutes, 
washed three times with PBS, and observed using a Biozero digi-
tal fluorescence microscope (Keyence, Osaka Japan) for cellular 
fluorescence.

HCT116 or NCI-H1944 cells (1 × 105 cells in each sample) were 
suspended in 100 μL RD medium containing 7% FBS with or without 
anti-LAT1 mAbs (10 μg/mL) and incubated for the indicated times at 
37°C. After being washed with PBS, cells were mixed with 1:300 di-
luted PE-conjugated antirat IgG (Jackson) in 1% BSA-PBS for 30 min-
utes on ice. After being washed with PBS, fluorescence intensity of 
individual cells was analyzed by FCM.

2.9 | In vivo antitumor effects of mAbs in 
athymic mice

KSN mice at 6 weeks of age were randomly separated into two 
groups (RM1 isotype-control rat IgG2a or Ab1 anti-LAT1 rat IgG2a). 
LS-174T human colon cancer cells (5 × 106 in 200 μL PBS) were s.c. 
inoculated to mice, and visible tumors were confirmed in all mice. 
At this point (day 0), anti-LAT1 mAb (Ab1) or isotype-control mAb 
(100 μg in 500 μL PBS) was i.p. injected, followed by two additional 
injections of the same amount of mAb on day 8 and day 15. Size of 
each tumor was periodically measured and tumor volume (mm3) was 
calculated by the formula 0.4 × (length) × (width)2.

2.10 | Effects of the anti-LAT1 mAb on the 
uptake of branched chain amino acids

Subconfluent HeLa and HCT116 cells cultured for 12 hours in 
serum-free RD medium with or without anti-LAT1 mAb (Ab1) were 
recovered, and the cellular branched chain amino acids (BCAA) con-
tent was measured using a BCAA (Leu, Ile, Val) Colorimetric Assay 
Kit (BioVision, Milpitas, CA, USA) according to the manufacturer's 
instructions. Briefly, cells (2 × 106) were homogenized in 100 μL of 
assay buffer and subjected to an enzyme reaction in which BCAA 
were oxidatively deaminated, producing NADH which reduces the 
probe, generating a color product (λmax = 450 nm). Absorbance 
at 450 nm was measured using a Model 550 microplate reader 
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(Bio-Rad, Hercules, CA, USA), and concentrations of cellular BCAA 
were calculated from the standard curve for leucine.

2.11 | In vitro inhibitory effects on cell growth of 
cancer cells by anti-LAT1 mAbs

HeLa, KATOIII or NCI-H1944 cells (1 × 103 cells in each well of a 
96-well plate) were suspended in 100 μL serum-free RD medium 
without the mAb or with isotype-control rat IgG2a (RM1), antihuman 
CD98hc rat mAb (HR35), antihuman xCT rat IgG2a (Ab31), or anti-
LAT1 mAb (SOL69, Ab1 or Ab3) (0.02~20 μg/mL), and incubated for 
4-7 days at 37°C. WST-8-based CCK-8 (Dojin Chemicals, Kumamoto, 
Japan) was added (5 μL/well), and absorbance at 450 nm was meas-
ured using a Model 550 microplate reader (Bio-Rad).

2.12 | Antibody-dependent cellular cytotoxicity

Antibody-dependent cellular cytotoxicity was measured by the 
lactate dehydrogenase (LDH)-releasing assay, using a CytoTox 96 
non-Radioactive Cytotoxicity Assay kit (Promega Corporation, 
Madison, WI, USA) with phenol red-free RD medium containing 
7% heat-inactivated FBS. Target cells (1 × 104 cells in each sample) 
were incubated with rat or rat-human chimeric mAbs (10 μg/mL) for 
15 minutes at 4°C. After washing, the target cells were cultured with 
splenocytes from nude mice (5 × 104 cells) or hMNC-PB (5 × 105 cells) 
as effector cells in an incubator for 4~12 hours at 37°C. Cell lysis was 
confirmed by measuring the amount of LDH in culture supernatants 
and the optical density of the solution at 490 nm measured with a 
Model 550 Microplate Reader (Bio-Rad). Maximum LDH release was 
determined by cell lysis in 0.2% Triton-X100. Cytotoxicity was calcu-
lated as follows: % cytotoxicity = [(experimental release) − (effector 
spontaneous release) − (target spontaneous release)]/[(target maxi-
mum release) − (target spontaneous release)] × 100.

2.13 | Knockdown of LAT1

Subconfluent ACHN and MK.P3 cells were seeded in each well of six-
well plates (Corning) at a density 3 × 105 cells/well and transfected 
with LAT1 siRNAs (30 pmol) in 2 mL medium, using Lipofectamine 
RNAiMAX (Invitrogen). After incubation for 72 hours, the effects of 
RNA interference on the expression of human LAT1 and CD98hc 
proteins in human and macaca cells were examined. Cells treated 
with mock (scramble) or LAT1 siRNAs (#1, #2, or #3) were stained 
with rat mAbs against human LAT1 (Ab1) or against CD98hc (HR35) 
followed by PE-conjugated antirat IgG and analyzed for protein ex-
pression by FCM.

2.14 | Immunoprecipitation analysis

Subconfluent cells in 10-cm dishes (Corning) were washed with 
PBS and lysed on ice for 30 minutes in 3 mL lysis buffer containing 
1% Nonidet P-40 and protease inhibitor cocktail (Nacalai Tesque). 
Resulting extracts were centrifuged at 19 000 x g for 10 minutes 

at 4°C, and the supernatants were precleared with protein G 
Sepharose for 1 hour. Lysates were subjected to immunoprecipi-
tation with antirat CD98hc (B3) or antihuman CD98hc (HBJ127) 
mouse mAb for 6 hours at room temperature, followed by the ad-
dition of protein G Sepharose and further incubation for 2 hours. 
Bead-bound proteins were washed three times with 1% (v/v) 
Nonidet P-40 in PBS, suspended in 1× SDS-PAGE loading buffer, 
and boiled for 5 minutes, and the beads were then isolated by cen-
trifugation. For immunoblotting analysis, proteins were solubilized 
in loading buffer, subjected to SDS-PAGE (8% gels) and transferred 
to Immobilon-P (Millipore), and exposed to rabbit anti-GFP pAb. 
Immune complexes were detected by HRP-conjugated VeriBlot 
(ab131366; Abcam, Cambridge, UK) and Chemi-Lumi One Super 
(Nacalai Tesque).

2.15 | Scatchard plot analysis

Avidity of antihuman LAT1 mAb in different cells was evaluated 
by Scatchard plot analysis. Cells were incubated with varying con-
centrations (3 ng~100 μg/mL) of mAbs with or without test mAbs 
(100 μg/mL) for 1 hour on ice. Following the removal of unbound 
mAbs by washing with 0.2% BSA-PBS, cells were incubated with 
PE-conjugated antirat IgG for 45 minutes on ice, and analyzed by 
FCM. From the values of MFI with or without the primary mAbs, the 
subtracted (Δ) MFI was calculated. ΔMFI/mAb concentrations were 
plotted against the ΔMFI, and dissociation constant: KD (nmol/L) and 
avidity constant: KA (M−1) were determined from the inclination of 
linear regression.

2.16 | Statistical analysis

Experimental data were analyzed with Prism 7 for Windows 
(GraphPad Software, San Diego, CA, USA). Criteria for significance 
were P < .05 (*), .01 (**) and .001 (***).

3  | RESULTS

3.1 | Novel (2nd-generation) antihuman LAT1 mAb

We previously reported the production of anti-LAT1 mAbs,40,41 
designated as SOL22 and SOL69 (1st-generation mAbs). To ad-
vance LAT1-targeted cancer therapy, novel mAbs (Ab1~4; 2nd-
generation mAbs) were developed against transfectants expressing 
human LAT1-GFP, and basic analyses on anti-LAT1 (Ab2)-based 
ImmunoPET42 were reported. All six anti-LAT1 mAbs are of the rat 
IgG2a heavy chain subclass with κ-type light chains. Details of mAb 
production were described in our previous reports.40,41 Although 
the amino acid sequence in the complementarity-determining region 
(CDR) between 1st- and 2nd-generation mAbs differs, amino acid 
sequences within each generation were almost identical with very 
few amino acid differences in the CDR. Details for the novel mAbs 
were described in the patent (no. 9,725,519, USA and no. 6,421,371, 
Japan).
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3.2 | Comparison of 1st- and 2nd-generation anti-
LAT1 mAbs

Anti-LAT1 mAbs (SOL22, SOL69, Ab1 and Ab2) bound to HEK293 
and RH7777 cells expressing human LAT1-GFP in a GFP expres-
sion level-dependent way, indicating that four anti-LAT1 mAbs are 
specific for human LAT1 (Figure 1). Ab1 and Ab2 showed stronger 
reactions than SOL22 and SOL69 against HCT116 and LS-174T 
human colon cancers (Figure 1), indicating that the 2nd-generation 
mAbs have superior anticancer reactivity compared with the 1st-
generation mAbs.

3.3 | Internalization activity of mAbs

HEK293 expressing LAT1-GFP were cultured with mAbs, and the 
internalization of LAT1-GFP was analyzed (Figure 2A). Cell surface 
LAT1 proteins were reduced by all four anti-LAT1 mAbs, and intra-
cellular LAT1-GFP proteins were observed (white arrows).

Internalization of LAT1 proteins was also seen in HCT116 colon 
(Figure 2B) and NCI-H1944 lung (Figure 2C) cancers with antihuman 
LAT1 mAbs. Internalization of LAT1 proteins was observed at 15 min-
utes, and cell surface LAT1 proteins decreased time-dependently 
until 120 minutes after the addition of mAbs (Figure 2C).

F IGURE  1 Specificity and reactivity of anti-l-type amino acid transporter 1 (anti-LAT1) mAbs. Anti-LAT1 rat mAb (SOL22, SOL69, 
Ab1 and Ab2) were compared for their binding activity against HEK293 and RH7777 expressing human LAT1-GFP (A), and against 
human HCT116 and LS-174T human colon cancer cells (B). Cells were stained with primary anti-LAT1 rat mAbs, followed by secondary 
phycoerythrin-conjugated antirat IgG, and analyzed by flow cytometry (FCM). Values in (B) indicate the ratio (+ mAb/− mAb) of mean 
fluorescence intensity (rMFI)
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3.4 | Antitumor effects of mAb on the growth of 
xenografted human cancer cells

Ab1 was evaluated for its antitumor effects against LS-174T human 
colon cancer cells in an established tumor model.19,48 In this systemic 
administration of the mAb to tumor-bearing mice, we deliberately 
adopted i.p. injection to give an exact amount of mAb to each mouse. 
Tumor growth in Ab1-treated mice was significantly inhibited (Figure 3).

3.5 | In vitro effects of anti-LAT1 mAb on BCAA 
uptake and growth of human cancer cells

To analyze the mechanisms of the in vivo antitumor effects by anti-
LAT1 mAb, mAb-mediated in vitro inhibition of BCAA uptake and 
growth of human cancer cells was evaluated (Figure 4). Intracellular 
BCAA content significantly decreased in HeLa cells following anti-
LAT1 mAb treatment (Figure 4A). Anti-CD98hc (SLC3A2) mAb and 
Ab1 (2nd-generation mAb) showed superior antiproliferative effects 
compared with SOL69 (1st-generation mAb) (Figure 4B). Against 
HeLa (B), KATOIII (C) and NCI-H1944 (D) human cancer cells, anti-
LAT1 (SLC7A5) mAbs (Ab1 and Ab3) showed antiproliferative ef-
fects, although anti-xCT (SLC7A11) mAb did not have any growth 
inhibitory effects against HeLa cells (Figure 4B).

3.6 | Antibody-dependent cellular cytotoxicity by 
rat mAbs and human-rat chimeric mAbs

Anti-LAT1 rat mAb-mediated ADCC activity was examined as part 
of the analysis of the in vivo antitumor effects (Figure 4E). In LS174T 
and HeLa human cancer cells, Ab1 showed significant ADCC ac-
tivity with splenocytes from athymic mice. Next, Ab1 and Ab3 rat 
mAbs were reshaped to ChAb1 and ChAb3 rat-human chimeric 
mAbs and evaluated for ADCC activity against hMNC-PB (human 

lymphocytes). Chimeric anti-LAT1 mAbs showed strong ADCC ac-
tivity against many human cancer cells from the colon, uterus, lung, 
and ovary (Figure 5A). Furthermore, the ADCC activity of anti-
LAT1 chimeric mAbs was markedly superior to chimeric anti-HER1 
(Cetuximab) against HCT116 (Figure 5B).

3.7 | Cross-reactivity of antihuman LAT1 mAbs with 
macaca LAT1 proteins

Evaluation of side-effects of therapeutic mAbs is important 
for clinical use. However, mAbs against a given human protein 

F IGURE  2  Internalization of l-type 
amino acid transporter 1 (LAT1) proteins 
by anti-LAT1 mAbs. A, HEK293 cells 
expressing human LAT1-GFP were treated 
with anti-LAT1 mAbs at 37°C for 24 h 
and analyzed by fluorescence microscopy. 
Scale bar, 20 μm. B, HCT116 cells were 
treated with anti-LAT1 rat mAbs at 4°C 
or 37°C for 1 h, followed by incubation 
with phycoerythrin (PE)-conjugated 
antirat IgG on ice and analyzed by FCM. 
C, NCI-H1944 cells were treated with 
anti-LAT1 rat mAbs at 37°C for the 
indicated times, followed by incubation 
with PE-conjugated antirat IgG on ice, and 
analyzed by flow cytometry (FCM). MFI, 
mean fluorescence intensity

F IGURE  3 Antitumor effects of anti-l-type amino acid 
transporter 1 (anti-LAT1) mAb in the established tumor model. Six 
days after LS-174T human colon cancer cells (5 × 106) were s.c. 
inoculated into athymic mice, visible tumors were confirmed in all 
mice. At this point (day 0), anti-LAT1 mAb (Ab1) or isotype control 
IgG mAb (100 μg) was i.p. injected, followed by two additional 
injections of the same amount of mAb on day 8 and day 15. Data 
were expressed as mean ± SEM, and statistical analysis was done 
using two-way analysis of variance



680  |     UEDA et al.

(temporarily X) often do not react with X of other species. Indeed, 
antihuman LAT1 mAbs are specifically reactive with LAT1, but not 
with other human CD98lc,40,41 or mouse LAT1.42 Therefore, we 
investigated the reactivity of Ab1 and Ab2 with LAT1 of M. fas-
cicularis, which is generally used as non-human primate for the 
preclinical evaluation of side-effects. Ab1 and Ab2 were con-
firmed to be reactive against MK.P3 macaca kidney-derived cells, 
and this reactivity was equivalent to that against ACHN human 
cells (Figure 6A).

3.8 | Novel mAbs specifically recognize human and 
macaca LAT1 proteins

To confirm that the reactivity of antihuman LAT1 mAbs with 
macaca cells was specific for macaca LAT1, we analyzed the ef-
fects of LAT1 siRNA on the binding of antihuman LAT1 mAb in 
ACHN and MK.P3 cells. Knockdown of LAT1 decreased the re-
activity of antihuman LAT1 mAb with human and macaca cells. In 
both ACHN and MK.P3 cells, knockdown of LAT1 by the transfec-
tion of LAT1 siRNA reduced cell surface expression of CD98hc 

compared with mock-transfection (Figure 6B). These results sug-
gest that altered expression of LAT1 can change the expression 
of CD98hc.

3.9 | Reactivity of mAbs with transfectants 
expressing macaca LAT1-GFP

To substantiate the equivalent reactivity of antihuman LAT1 mAb 
against human and macaca LAT1, we established RH7777 cells ex-
pressing GFP-fused human or macaca LAT1. Ab1, the antihuman 
LAT1 mAb, bound to both RH7777 transfectants in a GFP expression 
level-dependent way, and the rMFI reflecting the relative amount of 
cell-bound anti-LAT1 mAb was almost equal in both RH7777 trans-
fectants (Figure 6C).

3.10 | Introduced macaca LAT1 associates with 
endogenous CD98hc

The possible association of macaca LAT1-GFP proteins with endogenous 
CD98hc proteins was examined by immunoprecipitation with anti-LAT1 

F IGURE  4 Effects of anti-l-type amino acid transporter 1 (anti-LAT1) on branched chain amino acid (BCAA) uptake, cellular growth and 
mAb-dependent cytotoxicity in the presence of mouse effector cells. A, BCAA concentrations of HeLa and HCT116 cancer cells cultured 
(12 h) with control (RM1) or anti-LAT1 (Ab1) mAb (20 μg/mL) were evaluated. Growth inhibition of HeLa (B), KATOIII (C) and (D) NCI-H1944 
cells by anti-LAT1 mAbs was evaluated by the WST-8 assay. In (B), growth-inhibitory effects of anti-LAT1 (SOL69 and Ab1), anti-CD98hc 
(HR35) or anti-xCT (Ab31) mAb (20 μg/mL) were also evaluated with isotype control rat mAb (RM1). E, Antibody-dependent cellular 
cytotoxicity activity of anti-LAT1 rat mAb (Ab1) with splenocytes from athymic mice was evaluated in LS-174T and HeLa cells. Effector 
to target (E/T) ratio was 5:1. Vertical bars show standard errors, and data were analyzed statistically by two-sided Student's t tests. LDH, 
lactate dehydrogenase; ns, not significant. *P < .05, **P < .01 and ***P < .001.
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F IGURE  5 Antibody-dependent cellular cytotoxicity (ADCC) of chimeric anti-l-type amino acid transporter 1 (anti-LAT1) mAbs with 
human effector cells. A, ADCC activity of rat-human chimeric anti-LAT1 mAbs (ChAb1 and ChAb3) with human lymphocytes was evaluated 
against different human cancer cell lines. B, ADCC of anti-LAT1 chimeric mAbs was compared with that of Cetuximab, an antihuman 
epidermal growth factor receptor 1 chimeric mAb. E/T ratio was 50:1. Vertical bars show standard errors, and data were analyzed 
statistically by two-sided Student's t tests. LDH, lactate dehydrogenase

F IGURE  6 Specificity of antihuman l-type amino acid transporter 1 (LAT1) mAbs in human and macaca cells. A, ACHN human and MK.
P3 macaca cells were stained with antihuman LAT1 mAbs (Ab1 or Ab2), followed by phycoerythrin (PE)-conjugated antirat IgG, and analyzed 
by flow cytometry (FCM). Values indicate the ratio (+ mAb/− mAb) of mean fluorescence intensity (rMFI). B, Effects of RNA interference on 
the expression of human LAT1 and CD98 heavy chain (CD98hc) proteins in human and macaca cells were analyzed. Cells were treated with 
mock (scramble) or LAT1 siRNA (#1, #2 or #3) for 72 h, stained with rat mAbs against human LAT1 (Ab1) or CD98hc (HR35), followed by PE-
conjugated antirat IgG, and analyzed for protein expression by FCM. C, Antihuman LAT1 mAb (Ab1) was evaluated for its reactivity against 
RH7777 rat cells expressing macaca (left) or human (right) LAT1-GFP. D, Association of introduced macaca LAT1-GFP with endogenous 
rat or human CD98hc was examined. Cell lysates from RH7777 (upper) or HEK293 (lower) expressing macaca LAT1 were subjected to 
immunoprecipitation with control IgG, anti-LAT1, or anti-CD98hc mAb, and the resulting precipitates, as well as the original cell lysates 
(input), were subjected to immunoblotting with anti-GFP rabbit polyclonal antibodies
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or anti-CD98hc mAb followed by western blotting with anti-GFP pAb. 
Exogenously expressed macaca LAT1 bound to rat CD98hc in RH7777 
rat cells and to human CD98hc in HEK293 human cells (Figure 6D).

3.11 | Dual avidity modes of antihuman LAT1 mAbs

KD and KA of antihuman LAT1 mAbs against macaca and human 
LAT1 proteins were analyzed using MK.P3 macaca and ACHN 
human kidney cell lines to examine the detailed binding charac-
teristics of antihuman LAT1 mAb. Antihuman LAT1 mAb (Ab1) 
showed dual (high: 3.1 × 109 M−1and low: 3.9 × 106 M−1) avidity 
modes for MK.P3 macaca cells (Figure 7A), similarly for ACHN 
human cells (Figure 7B).

Next, to evaluate the effects of the anti-CD98hc mAb on the 
avidity of the anti-LAT1 mAb for macaca LAT1 proteins, KA of the 
antihuman LAT1 mAb against macaca LAT1 proteins expressed on 
RH7777 (C) or HEK293 (D) cells were determined with (right) or 
without (left) the mAb recognizing endogenous CD98hc proteins. 
As indicated by the KA values, both high and low avidity increased 

with the antirat CD98hc mAb in RH7777 rat cells, as was observed 
with antihuman CD98hc mAb in HEK293 human cells.

As shown in Figure 8, KA of the antihuman LAT1 mAb against HCT116 
human colon cancer cells was measured in the absence (A) or presence of 
the test mAb recognizing HER2 (B), rat CD98hc (C), or human CD98 (D). 
Two avidity modes with high (1.5 × 1010 M−1) and low (6.7 × 107 M−1) KA 
values for anti-LAT1 mAb (Ab1) were observed (A), demonstrating that 
anti-LAT1 mAb could recognized the epitope on LAT1 proteins in multi-
meric LAT1-related complexes. These dual avidities increased with anti-
human CD98hc mAb to high (3.3 × 1010 M−1) and low (1.5 × 108 M−1) (D), 
but were not affected by anti-HER2 (B) or antirat CD98hc (C) mAb, sug-
gesting that the emergence of high and low avidity modes was caused, at 
least in part, by the association of LAT1 and CD98hc.

4  | DISCUSSION

The CD98hc-LAT1 complex is regarded as a promising molecular 
target for cancer therapy, and antibody therapy against CD98hc is 

F IGURE  7 Scatchard plot analysis of antihuman l-type amino acid transporter 1 (LAT1) mAbs with human and macaca cells. MK.P3 
macaca (A) and ACHN human (B) kidney-derived cells were reacted with varying amounts of antihuman LAT1 mAbs, followed by incubation 
with phycoerythrin (PE)-conjugated antirat IgG, and analyzed by flow cytometry (FCM). From the values of mean fluorescence intensity 
(MFI) with or without primary mAbs, subtracted (Δ) MFI was calculated. ΔMFI/mAb concentrations were plotted against ΔMFI, and KD 
(nmol/L) and KA (M−1) were determined from the inclination of linear regression. To evaluate the effects of anti-CD98 heavy chain (anti-
CD98hc) mAb on the avidity of anti-LAT1 mAbs for macaca LAT1 proteins, KA of antihuman LAT1 mAbs against macaca LAT1 expressed in 
RH7777 (C) or HEK293 (D) cells were calculated with (right) or without (left) mAbs recognizing endogenous CD98hc. Values (red or blue) 
respectively, indicate KA (M−1) of high or low avidity of anti-LAT1 mAbs
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now in progress.39 We previously showed that the cancer speci-
ficity of LAT1 is superior to that of CD98hc40,41 by analyses with 
1st-generation anti-LAT1 mAbs, and we recently developed 2nd-
generation anti-LAT1 mAbs.42

The 2nd-generation anti-LAT1 mAbs had markedly stronger 
reactivity against HEK293 and RH7777 cells expressing human 
LAT1-GFP, HCT116 and LS-174T human colon cancer cells than the 
1st-generation mAbs (Figure 1).

In the present study, we examined in vitro mAb-dependent inter-
nalization of LAT1 proteins (Figure 2) and in vivo growth inhibition 
of LS174T cancer cells in athymic mice by systemic Ab1 treatment 
(Figure 3). LAT1/CD98hc has been implicated in cancer growth 
through mammalian target of rapamycin (mTOR) signaling;49 there-
fore, we speculate that inhibition of mTOR signaling or the starving 
effects of amino acids were due to induced internalization of LAT1 
by Ab1. In this context, we examined the effects of anti-LAT1 mAb 
on the intracellular concentrations of BCAA because LAT1 is a trans-
porter of large neutral amino acids including BCAA.5 In vitro inhib-
itory effects on BCAA uptake into cancer cells in the presence of 
anti-LAT1 mAb were observed in this study (Figure 4A). Although 
we previously reported growth inhibition of cancer cells by anti-
CD98hc mouse mAb,43,50 in vitro growth inhibition of human cancer 
cells by anti-LAT1 rat mAb (Figure 4B-D) in addition to anti-CD98hc 
rat mAb, was observed in this study (Figure 4B). Moreover, ADCC 
may be an additional antitumor mechanism in this xenograft mouse 
model because Ab1 has shown ADCC activity against LS-174T 
and HeLa cells in the presence of splenocytes from athymic mice 
(Figure 4E). We also expect our anti-LAT1 mAbs to exert ADCC-
mediated therapeutic effects on human malignancies because rat-
human chimeric ChAb1 and ChAb3 had stronger ADCC activity than 

Cetuximab, the anti-HER1 mAb, using human lymphocytes as effec-
tor cells (Figure 5).

As antihuman LAT1 mAbs are not reactive against mouse LAT1,42 
possible side-effects of anti-LAT1 mAbs therapy were unable to be 
evaluated in the mouse system. Therefore, we planned the analysis 
of cross-species reactions of antihuman LAT1 mAbs against LAT1 
proteins in human and non-human primates. Macaca fascicularis is 
an invaluable animal in biomedical research because the macaque 
species is phylogenetically close to the human species. Antihuman 
LAT1 mAbs reacted to MK.P3 macaca-derived cells (Figure 6A), 
and this reactivity was specifically knocked down by LAT1 siRNA 
(Figure 6B), showing that antihuman LAT1 mAb specifically react to 
macaca LAT1.

To substantiate the equivalent reactivity of macaca and human 
LAT1 proteins against the antihuman LAT1 mAb, macaca LAT1 cDNA 
was cloned from MK.P3 cells to establish transfectants expressing 
macaca LAT1 proteins. Nucleotide and amino acid sequence iden-
tity between human and macaca LAT1 was 96.6% (1473/1524) and 
99.6% (506/508), respectively, as compared with human LAT1. The 
nucleotide and amino acid sequence identity between human and 
mouse LAT1 was 86% and 89%, respectively, as compared with 
human LAT1. Antihuman LAT1 mAb showed almost equal reactiv-
ity against both RH7777 transfectants expressing human or macaca 
LAT1 proteins (Figure 6C); therefore, M. fascicularis was confirmed 
to be applicable for the evaluation of side-effects in preclinical tests 
before clinical trials of anti-LAT1 mAbs.

In the present study, we found high and low avidity modes be-
tween antihuman LAT1 mAb and human or macaca cells (Figures 7 
and 8). We purposely used the term “avidity” rather than “affinity” 
because the experiments were carried out with divalent mAbs bound 

F IGURE  8 Scatchard plot analysis 
of anti-l-type amino acid transporter 1 
(anti-LAT1) mAbs with HCT116 cells. 
KA of anti-LAT1 mAbs against HCT116 
cells was determined by Scatchard plot 
analysis in the absence (A) or presence 
of mAbs recognizing human epidermal 
growth factor receptor 2 (HER2) (B), 
rat CD98 heavy chain (CD98hc) (C), or 
human CD98hc (D). HCT116 cells were 
reacted with varying amounts of anti-
LAT1 mAbs, followed by incubation with 
phycoerythrin-conjugated antirat IgG, and 
were then analyzed by flow cytometry 
(FCM). MFI, mean fluorescence intensity
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to LAT1 on living cells, and we regarded the reciprocal of KD (nmo-
l/L) = KA (M−1) as an index of avidity. Regarding the multiple affin-
ity states, the interleukin (IL)-2 receptor has three forms that show 
different affinities for IL-2:51 the low-affinity monomeric IL-2Rα, the 
intermediate-affinity dimeric IL-2Rβγ, and the high-affinity trimeric 
IL-2Rαβγ. IL-2β homodimers also show high affinity against IL-2 com-
pared with IL-2β monomers.52 Anti-LAT1 mAbs bind to LAT1 pro-
teins in different modes in molecular complexes, and LAT1-CD98hc 
complexes may be responsible for the low- or high-avidity binding 
of anti-LAT1 mAbs because the avidity of the anti-LAT1 mAbs in-
creased with the anti-CD98hc mAb (Figures 7 and 8). In this context, 
we are planning antibody therapy using anti-LAT1 and anti-CD98hc 
mAbs.

The target molecules of existing anticancer therapeutic antibod-
ies are divided into: (i) receptor-type tyrosine kinases; (ii) differenti-
ation antigens; (iii) angiogenesis-related molecules; and (iv) immune 
checkpoint molecules. In this context, we have recently reported 
a novel therapy targeting lymphangiogenesis, but not angiogene-
sis, using an anti-LYVE-1 mAb.53 At present, many transporters are 
not considered to be target molecules for cancer therapy; however, 
this study strongly suggests that inhibition of cancer metabolism by 
mAbs against amino acid transporters will play a significant role in 
future cancer therapies.
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