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Several preclinical studies demonstrate that antitumor efficacy
of programmed cell death-1 (PD-1)/programmed death-ligand
1 (PD-L1) blockade can be improved by combination with
other checkpoint inhibitors. Lymphocyte-activation gene 3
(LAG-3) is an inhibitory checkpoint receptor involved in
T cell exhaustion and tumor immune escape. Here, we describe
ABL501, a bispecific antibody targeting LAG-3 and PD-L1 in
modulating immune cell responses against tumors. ABL501
that efficiently inhibits both LAG-3 and PD-L1 pathways en-
hances the activation of effector CD4+ and CD8+ T cells with
a higher degree than a combination of single anti-LAG-3 and
anti-PD-L1. The augmented effector T cell responses by
ABL501 resulted in mitigating regulatory-T-cell-mediated
immunosuppression. Mechanistically, the simultaneous bind-
ing of ABL501 to LAG-3 and PD-L1 promotes dendritic cell
(DC) activation and tumor cell conjugation with T cells
that subsequently mounts effective CD8+ T cell responses.
ABL501 demonstrates its potent in vivo antitumor efficacy
in a humanized xenograft model and with knockin mice
expressing human orthologs. The immune profiling analysis
of peripheral blood reveals an increased abundance of LAG-
3hiPD-1hi memory CD4+ T cell subset in relapsed cholangio-
carcinoma patients after gemcitabine plus cisplatin therapy,
which are more responsive to ABL501. This study supports
the clinical evaluation of ABL501 as a novel cancer
immunotherapeutic, and a first-in-human trial has started
(NCT05101109).

INTRODUCTION
Somatic mutations in cancers can potentially generate neoantigens
that are recognized and targeted by cytotoxic T cells.1 However, can-
cer cells evolve in various ways to evade adaptive immune-mediated
killing. For example, advanced tumor cells create an immunosuppres-
sive tumor microenvironment (TME), and tumor-infiltrating T cells
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progressively become dysfunctional or exhausted in the TME. Ex-
hausted T cells are characterized by decreased proliferative capacities,
altered metabolism, impaired cytokine production, and sustained
high-level expression of inhibitory receptors, such as programmed
cell death-1 (PD-1), T cell immunoglobulin and mucin domain-con-
taining protein 3 (Tim-3), T cell immunoreceptor with immunoglob-
ulin and ITIM domains (TIGIT), and lymphocyte-activation gene 3
(LAG-3).2–4 Therapeutic antibodies for blocking the interaction be-
tween PD-1 on tumor-infiltrating T cells and programmed death-
ligand 1 (PD-L1) expressed on tumor cells have proven successful
in the treatment of multiple cancer types. However, the proportions
of patients and cancer types that can respond to anti-PD-1/PD-L1
therapies are still limited. This suggests that combination approaches
may be required to generate efficient antitumor immunity and
improve therapeutic outcomes.5–7 LAG-3 is a type I transmembrane
protein with four extracellular immunoglobulin (Ig)-like domains. It
is primarily expressed on T cells, natural killer cells, and plasmacytoid
dendritic cells (DCs). LAG-3 is upregulated during activation of
T cells and plays critical roles in maintaining immune tolerance.
LAG-3 has structural homology with CD4 and inhibits T cell activa-
tion by outcompeting CD4 for major histocompatibility complex
class II (MHC class II) binding.8–10 The studies by Maruhashi
(s).
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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et al.11,12 showed that LAG-3 selectively recognizes a stable complex
of peptides and MHC class II (pMHC-II), but not unstable pMHC-II
complexes. In addition, to date, several molecules have been reported
as potential ligands of LAG-3, such as LSECtin/CLEC4G, galectin-3,
a-synuclein, and fibrinogen-like protein-1.13–16 LAG-3 engagement
on the T cell surface suppresses the proliferation, activation, and ho-
meostasis of both CD4+ and CD8+ T cells. However, there are little
data on the mechanism by which LAG-3 binding to pMHC-II mod-
ulates the activation of CD8+ T cells. Several regulatory T cells (Treg

cell) populations have been shown to express a high and constitutive
level of LAG-3, suggesting that its expression on Treg cells may pro-
mote immune suppression.17,18 However, the role of LAG-3 in the
suppressive function of Treg cells remains unclear. Elevated LAG-3
expression on tumor-infiltrating lymphocytes (TILs) was observed
in hematologic malignancies and various solid tumors.19 It has
been reported that LAG-3 expression is associated with poor clinical
outcomes.20–22 LAG-3 is frequently co-expressed with PD-1 in TILs,
and this is positively associated with T cell exhaustion. Consistent
with this finding, co-blockade of LAG-3 and PD-1 augmented the
proliferation and activation of antigen-specific tumor-infiltrating
CD8+ T cells. In several mouse preclinical models, combined treat-
ment with anti-LAG-3 and anti-PD-(L)1 monoclonal antibodies
(mAbs) has shown synergistic therapeutic effects compared with
blocking either one alone.23–25 In addition, genetic deletion of
LAG3 and PD-1 has led to increased antitumor immunity and
decreased tumor growth.23,26 Several antagonist antibodies to
LAG-3 are currently being evaluated in clinical trials for the treatment
of solid tumors. Most recently, a LAG-3-blocking mAb (relatlimab),
in combination with a PD-1 blocking mAb (nivolumab) has been
approved by U.S. Food and Drug Administration (FDA) for the treat-
ment of unresectable or metastatic melanoma. Opdualag (nivolumab
and relatlimab-rmbw) showed an improved median progression-free
survival compared with that in the nivolumab alone group at 10.1
(95% confidence interval [CI], 6.37–15.74) versus 4.6 (95% CI,
3.38–5.62) months, respectively, suggesting that this dual-blockade
strategy is an effective treatment option.27 Along this line, there are
several bispecific antibodies targeting LAG-3 and PD-(L)1, such as
MGD013, FS118, and IBI323, which are currently undergoing pre-
clinical or early clinical studies.28–31 Those bispecific antibodies
have exhibited stronger antitumor effect over the combination of
anti-PD-(L)1 and anti-LAG-3 mAbs. However, the studies have not
mechanistically elucidated the advantages of the bispecific approach
over a combination of mAbs. Here, we describe the generation of
ABL501, a human anti-LAG-3xPD-L1 bispecific antibody (BsAb)
based on anti-LAG-3 human IgG4 mAb and single-chain variable
fragments (scFv) of PD-L1. We show that ABL501 directly promoted
the activation of effector T cells, which led to reduction of the sup-
pressive effect by Treg cells. In addition, the LAG-3 binding arm of
ABL501 enabled its engagement with PD-L1 on DCs in a context-
dependent manner. Through this mechanism, ABL501 may enhance
antigen cross-priming by DCs, resulting in heightened activation
of CD8+ T cells. Furthermore, ABL501 mediated the bridging of
LAG-3+ T cells and PD-L1+ tumor cells, thus augmenting the
antitumor cytolytic activity of CD8+ T cells. Together, these findings
indicated that bispecific antibody ABL501 may have superior anti-
tumor potency compared with the combination of LAG-3 and PD-
L1 mAbs.

RESULTS
ABL501 enhances effector T cell responses by blocking the

LAG-3 and PD-L1 pathways

ABL501, a bispecific antibody targeting human LAG-3 and PD-L1,
was constructed from an anti-LAG-3 monoclonal IgG4 antibody
and a scFv for PD-L1, which is fused at the C terminus of the anti-
LAG-3 antibody via a (G4S)3 linker, with an amino acid substitution
(S224P) in the hinge region of IgG4 to reduce the formation of half-
antibodies (Figure 1A).32 Moreover, the scFv domain is composed of
light- and heavy-chain variable regions connected by a (G4S)4 linker.
The binding of ABL501 to either recombinant human LAG-3 or PD-
L1 was measured via surface plasmon resonance (SPR) and ELISA
(Figure S1). In addition, comparable binding capacity between
ABL501 and anti-LAG-3 or anti-PD-L1 mAbs was observed in Jurkat
cells expressing LAG-3 or SNU324 cells endogenously expressing PD-
L1 (Figure 1B). As ABL501 was developed in the human IgG4 isotype,
Fc-mediated effector functions, including antibody-dependent
cellular cytotoxicity (ADCC) and complement-dependent cytotox-
icity (CDC), were not elicited by ABL501 (Figure S2). We then as-
sessed the ability of ABL501 to block the binding between PD-1
and PD-L1 or LAG-3 and MHC class II (Figures 1C and S3). A
dual blocking effect by ABL501 was comparable to the combination
of anti-LAG-3 and anti-PD-L1 single antibody treatment, as
measured using bioassays in LAG-3 and PD-1 expressing nuclear fac-
tor kB (NF-kB)-Luc2 reporter Jurkat cells. Next, to examine the po-
tency of ABL501 on human T cell activation under physiological con-
ditions, we stimulated CD3+ T cells with allogeneic monocyte-derived
DCs (mo-DCs) in the presence of anti-LAG-3 and/or anti-PD-L1 or
ABL501. Upregulation of both LAG-3 and PD-1 was found in
activated CD4+ or CD8+ T cells upon stimulation with allogeneic
mo-DCs that expressed human leukocyte antigen-DR isotype
(HLA-DR) and PD-L1 (Figure S4). Dual blockade of LAG-3 and
PD-L1 by the combination or ABL501 treatment increased the prolif-
erative capacity of both CD4+ and CD8+ T cells in a similar extent
(Figure 1D). However, an even greater increase in interferon (IFN)-
g secretion by both CD4+ and CD8+ T cells was observed following
ABL501 treatment at a low concentration of 8.35 nM than the com-
bination of anti-LAG-3 and anti-PD-L1 that showed a synergistic ef-
fect on IFN-g compared with PD-L1 blockade alone (Figure 1E).
These results indicate that co-blockade of LAG-3 and PD-L1 by
ABL501 efficiently promotes the activation of both CD4+ and CD8+

effector T cells.

ABL501 mitigates Treg-cell-mediated immunosuppression by

augmenting effector T cell responses

LAG-3 has been known to be highly expressed on Treg cells, but
the role of LAG-3 in modulating Treg cell responses remains
controversial.33 We therefore investigated whether ABL501 contrib-
utes to weaken Treg cell function. Instead of using a Treg mixed
lymphocyte reaction assay,34,35 we employed A375 cells expressing
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Figure 1. ABL501 augments effector T cell activation by the inhibition of both LAG-3 and PD-L1 axes

(A) Schematic of LAG-3xPD-L1 BsAb, ABL501. (B) FACS analysis of ABL501 or anti-LAG-3 binding to LAG-3 and PD-1 expressing Jurkat cells (left panel) is shown (ABL501:

half-maximal effective concentration [EC50] = 0.15 nM; anti-LAG-3: EC50 = 0.16 nM). FACS analysis of ABL501 or anti-PD-L1 binding to endogenously PD-L1 expressing

SNU-324 cells (right panel) is shown (ABL501: EC50 = 0.87 nM; anti-PD-L1: EC50 = 0.36 nM). (C) LAG-3 and PD-1 expressing NF-kB-Luc2 reporter Jurkat cells were co-

incubated with target cells expressing MHC-II and PD-L1 in the presence of the indicated antibodies at various concentrations. Blocking activity was analyzed by measuring

luminance of the downstream NF-kB reporter (ABL501: EC50 = 1.78 nM, Combi: EC50 = 0.7 nM, and anti-PD-L1: EC50 = 0.53 nM). (D and E) CD4+ T or CD8+ T cells isolated

from PBMCs were co-cultured with allogeneic mo-DCs in the presence of the indicated antibodies at various concentrations for 5 days. (D) Schematic illustration of mixed

lymphocyte reaction (MLR) assay (left panel) is shown. FACS analysis shows CTV dilution of CD4+ and CD8+ T cells with the indicated antibodies at a final concentration of

33.4 nM. Representative FACS plots (above) and a summary plot (below) show the percentages of CTVlow CD4+ and CD8+ T cells. Each dot represents an individual human

sample. (E) ELISA of IFN-g secretion by CD4+ T cells (left; ABL501: EC50 = 7.27 nM, Combi: EC50 = 10.78 nM, anti-PD-L1: EC50 = 14.9 nM, and anti-LAG-3: EC50 =

14.07 nM) or by CD8+ T cells (right; ABL501: EC50 = 7.99 nM, Combi: EC50 = 13.61 nM, anti-PD-L1: EC50 = 18.04 nM, and anti-LAG-3: EC50 = 26.28 nM). Data were

compiled from three to five independent experiments with two replications. Statistical significance was determined by one-way ANOVA with Holm-Sidak multiple compar-

isons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns, not significant.

Molecular Therapy
membrane-bound anti-CD3 scFv (A375-OKT3) as a stimulator to
avoid disparities between effector T and Treg cells for alloantigen
recognition. CD8+ or CD25�CD127+CD4+ T cells were co-cultured
with A375-OKT3 cells in the presence or absence of autologous
CD4+CD25+Foxp3+ Treg cells that were fluorescence-activated cell
sorting (FACS) sorted (CD4+CD25+CD127�) and ex vivo expanded
with interleukin-2 (IL-2) and transforming growth factor b
2802 Molecular Therapy Vol. 30 No 8 August 2022
(TGF-b) (Figures 2A and 2B). Co-culture with Treg cells induced a
robust suppression of both proliferative capacity and IL-2 secretion
in CD4+ or CD8+ T cells (Figures 2C and 2D). In the presence of
Treg cells, the combination of anti-LAG-3 and anti-PD-L1 increased
proliferation and IL-2 secretion by both effector CD4+ and CD8+

T cells, and ABL501 more efficiently relieved effector T cells from
Treg-cell-mediated suppression (Figures 2E and 2F). However, when
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Figure 2. ABL501 weakens Treg-mediated suppression through promoting effector T cell responses

(A–F) FACS sorted and ex vivo expanded CD25+CD127�CD4+ Treg cells were co-cultured with conventional CD4+ or CD8+ T cells isolated from the same human donor in the

presence of A375 melanoma cells expressing membrane-bound anti-CD3 scFv (A375-OKT3). (A) Schematic illustration of the ex vivo human Treg cell suppression assay is

shown. (B) FACS analysis of Foxp3 expression in ex vivo expanded Treg cells is shown. (C and D) FACS analysis showing CTV dilution (C) or ELISA of IL-2 secretion (D) by

CD4+ T or CD8+ T cells in the presence or absence of Treg cells (effector T: Treg = 4:1) is shown. (E and F) FACS analysis shows CTV dilution (E) or ELISA of IL-2 secretion (F) by

CD4+ T or CD8+ T cells with the indicated antibodies at a final concentration of 66.8 nM in the presence of Treg cells. (G) Isolated and ex vivo expanded Treg cells were co-

cultured with A375-OKT3 cells in the presence of the indicated antibodies at a final concentration of 66.8 nM. Proliferation index of Treg cells was calculated by FlowJo soft-

ware based on CTV dilution. (H) Isolated conventional CD4+ or CD8+ T cells were co-cultured with A375-OKT3 cells in the presence of the indicated antibodies at a final

concentration of 66.8 nM. ELISA of IL-2 secretion by CD4+ T or CD8+ T cells is shown. Data were pooled from three to five independent experiments with two replications.

Statistical significance was determined by unpaired t tests with two-tailed analysis in (D) or one-way ANOVA with Holm-Sidak multiple comparisons in (E)–(H). *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001, and ns.
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Treg cells were stimulated by A375-OKT3 cells in the absence of
effector T cells, single or dual blockade of LAG-3 and/or PD-L1
largely unaltered Treg cell proliferation and phenotypic marker ex-
pressions that are known as key features of highly suppressive
CD45RO+ Treg cells (Figures 2G and S5).36 Unlike Treg cells, effector
T cell activation was augmented upon ABL501 treatment (Figure 2H),
which suggested that co-blockade of LAG-3 and PD-L1 by ABL501
compensates the suppressive effect of Treg cells by promoting effector
T cell activation rather than directly affecting Treg cell responses.

ABL501 induces CD8+ T cell activation by promoting DC matu-

ration

We then investigated the mechanism by which ABL501 promotes
both CD4+ and CD8+ T cell responses. First, we assessed the effect
of ABL501 on antigen-specific CD4+ memory T cell responses in
cytomegalovirus (CMV)-seropositive donors upon stimulation with
CMV lysate that was presented by MHC class II on DCs.37 Co-
blockade of LAG-3 and PD-L1 by the combination treatment with
anti-LAG-3 and anti-PD-L1 or ABL501 enhanced CMV-specific
CD4+ T cell expansion compared with LAG-3 or PD-L1 blockade
alone (Figure 3A). Despite the comparable expansion rate of CD4+

T cells, ABL501 treatment resulted in a higher secretion of IFN-g,
IL-2, and tumor necrosis factor alpha (TNF-a) than the co-treatment
with anti-LAG-3 and anti-PD-L1 (Figures 3B and S6). Although
CMV lysate primarily triggers MHC-class-II-restricted CD4+ T cell
responses, CMV-specific CD8+ T cell activation can also be induced
by MHC-class-I-mediated cross-presentation of CMV antigen in
DCs. Indeed, we found that co-blockade of LAG-3 and PD-L1
mounted CMV-responsive CD8+ T cell populations, and this effect
was more significant with ABL501 treatment (Figure 3C). ABL501
treatment not only increased the expansion rate but also the activa-
tion level, as indicated by CD25 expression frequencies in CMV-
responsive CD8+ T cells, compared with anti-LAG-3 and anti-PD-
L1 co-treatment (Figure 3D). This suggests that the induction of
CMV-responsive CD8+ T cell expansion by ABL501 results in
increased IFN-g secretion upon CMV lysate stimulation, compared
with the combination treatment with anti-LAG-3 and anti-PD-L1.
It has been reported that reverse signaling via PD-L1 ligation with
PD-1 inhibits DC maturation and activation,38 which can be restored
by PD-L1 or PD-1 blockade.39,40 We reasoned that a strong PD-L1-
blocking effect by LAG3xPD-L1 BsAb may promote DC activation.
Figure 3. ABL501 promotes DC maturation to induce CD8+ T cell activation

(A–E) CTV-stained PBMCs were stimulated with CMV lysate in the presence of the indica

lysate assay (above) is shown. Representative FACS plots (left panel) and a summary plo

indicated antibodies at a final concentration of 66.8 nM are shown. (B) ELISA of IFN-g s

trations is shown. (C) Representative FACS plots show proliferating CD8+ populations (C

CD8+ T; below) with the indicated antibodies at a final concentration of 66.8 nM. (D) Re

centages of CD25 expression in CMV-specific (CTVlow) CD8
+ T cells. Data were comp

incubated with plate-coated or soluble anti-hIgG or anti-PD-L1 for 2 days. (E) Representa

and CD40 in mo-DCs (left panel). Summary graph shows the geometric mean fluorescen

(F) Multiplex cytokine assay of the secretion of the indicated cytokines in mo-DCs is show

incubated with CHO-LAG-3 cells in the presence of the indicated antibodies at a final co

expression of the indicatedmarkers inmo-DCs (below). Data were pooled from three inde

one-way ANOVA with Holm-Sidak multiple comparisons. *p < 0.05, **p < 0.01, ***p <
To test this hypothesis, we assessed the expression of co-stimulatory
receptors, including HLA-ABC, HLA-DR, CD86, CD80, and CD40
on mo-DCs at 48 h after treatment with plate-coated or soluble
anti-PD-L1. DCs incubated with plate-coated anti-PD-L1, which
mimics an immobilized anti-PD-L1 by the bispecific format of
ABL501, exhibited more activated phenotype with increased expres-
sion of activation markers compared with DCs treated with soluble
anti-PD-L1 (Figure 3E). Furthermore, a marked increase in TNF-a,
MMP-1, and IL-12 secretion was shown by DCs incubated with
plate-coated anti-PD-L1, even without lipopolysaccharide (LPS)
stimulation (Figure 3F). We then confirmed the strong PD-L1-block-
ing effect of ABL501 on DC activation by employing LAG-3-express-
ing Chinese hamster ovary (CHO) cells (CHO-LAG-3) as a matrix for
anti-LAG-3 binding, which allowed to avoid extrinsic effects on DCs
by T cell activation in response to ABL501 treatment. Both HLA-ABC
and CD40 expressions were upregulated in DCs when they were co-
incubated with CHO-LAG-3 cells in the presence of ABL501 (Fig-
ure 3G). Collectively, these results imply that ABL501 can promote
DC maturation for antigen cross-priming and subsequent CD8+

T cell activation.

ABL501 potentiates CD8+ T cell cytotoxicity by promoting

conjugation with tumor cells

We next investigated whether ABL501 directly affects CD8+ T cell re-
sponses against tumor. To measure the cytotoxic activity of CD8+

T cells against tumor cells, we employed 1G4 T cell receptor
(TCR)-expressing CD8+ T cells that specifically recognize NY-
ESO-1 cancer testis antigen (NY-ESO-1: 157–165 epitope) expressed
by cancer cells in an HLA-A*0201-restricted manner (Figure 4A).41

Co-culture of A375 cells endogenously expressing A2-NY-ESO-1
with 1G4 TCR-CD8+ T cells led to efficient killing of A375 cells in
a dose-dependent manner, compared with TCR non-transduced
(NT) CD8+ T-cell-mediated A375 killing, which is probably caused
by allogeneic responses of CD8+ T cells against tumor cells (Fig-
ure S7). Treatment with ABL501 resulted in an increased killing
rate of A375 cells by 1G4 TCR-CD8+ T cells, compared with combi-
nation treatment with single anti-LAG-3 and anti-PD-L1 at various
concentrations (Figure 4B) or at effector:target (E:T) ratio of 1:10
and 1:20 (Figure 4C). In addition, 1G4 TCR-CD8+ T cells led to
higher IFN-g levels upon ABL501 treatment, compared with co-treat-
ment with anti-LAG-3 and anti-PD-L1 (Figure 4D). Consistent with
ted antibodies at various concentrations for 5 days. (A) Schematic illustration of CMV

t (right panel) showing the percentages of proliferating CD4+ T cells (CTVlow) with the

ecretion by CMV-responsive T cells with the indicated antibodies at various concen-

TVlow) in CD3+ T cells (above) or the percentages of CTVlow CD8+ T cells (gated on

presentative FACS plots (left panel) and a summary plot (right panel) show the per-

iled from five independent experiments with two replicates. (E and F) mo-DCs were

tive FACS histograms showing the expression of HLA-ABC, HLA-DR, CD86, CD80,

ce intensity (MFI) of the expression of the indicated markers in mo-DCs (right panel).

n. (G) Schematic illustration of an in vitro DC activation assay (above). mo-DCs were

ncentration of 66.8 nM for 2 days. Summary graph shows the geometric MFI of the

pendent experiments with two replicates. Statistical significance was determined by

0.001, ****p < 0.0001, and ns.
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Figure 4. ABL501 plays a bridging role between CD8+ T cells and tumors to enhance tumor cell killing

(A–E) 1G4 TCR-engineered CD8+ T (1G4 TCR-CD8+ T) cells were co-cultured with A375 cells expressing HLA-A*0201-restricted peptide NY-ESO-1 (157-165) at variable E:T

ratios for 2 days in the presence of the indicated antibodies at various concentrations. (A) Schematic illustration of 1G4 TCR-engineered CD8+ T-cell-mediated tumor cell

killing is shown. (B) Percentages of NY-ESO-1-specific killing of A375 cells at E:T ratio of 1:10 in the presence of the indicated antibodies at various concentrations are shown.

(C andD) Percentages of NY-ESO-1-specific killing of A375 cells (ABL501: EC50 = 13.6 nM; Combi: EC50 = 19.5 nM) (C) or ELISA of IFN-g secretion by 1G4 TCR-CD8+ T cells

(D) at the indicated E:T ratios in response to combination treatment with anti-LAG-3 and anti-PD-L1 or ABL501 at a final concentration of 66.8 nM are shown. (E) Heatmap

plot shows the geometric MFI of the expression of co-stimulatory molecules by 1G4 TCR-CD8+ T cells at E:T ratio of 1:10 in the presence of the indicated antibodies at a final

concentration of 66.8 nM. (F) Percentages of NY-ESO-1-specific killing of wild-type (WT), PD-L1-deficient (PD-L1 KO), or HLA-DR-deficient (HLA-DR KO) A375 cells by 1G4

TCR-CD8+ T cells at an E:T ratio of 1:10 in the presence of the indicated antibodies at a final concentration of 66.8 nM are shown. Data were pooled from three independent

experiments with three replicates. (G andH) CFSE-labeled CD8+ T cells expressing LAG-3 by pre-activation with anti-CD3/CD28 antibodieswere incubated with A375-OKT3

cells expressing PD-L1-BFP for 30 min in the presence of the indicated antibodies at a final concentration of 66.8 nM, followed by FACS analysis. (G) Schematic illustration of

T-cell-tumor conjugation assay (above) is shown. Representative FACS plots show PD-L1-BFP expression by A375-OKT3 cells and LAG-3 expression by pre-activated

CD8+ T cells (below). (H) Representative FACS plots (left panel) and a summary plot (right panel) show the percentages of BFP and CFSE double-positive populations in

the presence of the indicated antibodies. Data were compiled from four independent experiments with two replicates. Statistical significance was determined by one-

way ANOVA with Holm-Sidak multiple comparisons in (B)–(D), (F), and (H). *p < 0.05, **p < 0.01, ***p < 0.001, and ns.
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Figure 5. ABL501 treatment exerts antitumor effects in mouse tumor models

(A–D) 1G4 T cells expressing an NY-ESO-specific TCR were adoptively transferred into NSG mice bearing A375-PD-L1 tumors. At 1 day following T cell transfer, the mice

were intraperitoneally treated with hIgG4 (10 mg/kg), anti-LAG3 (10 mg/kg), anti-PD-L1 (10 mg/kg), or ABL501 (14 mg/kg, molar equivalent amount) on days 11, 13, 17, and

20 (five mice/group). Tumor samples were collected on day 21 and processed for single-cell suspensions and then subjected to FACS analysis. (A) Experimental scheme of

an in vivo xenograft mouse tumor model (above). Mice were monitored for tumor growth, and means ± SEM of n = 5 mice/group are shown (below). (B) Summary plots

(legend continued on next page)
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the enhanced effector responses of 1G4 TCR-CD8+ T cells by
ABL501, upregulation of co-stimulatory markers, including CD25,
4-1BB, CD226, and ICOS, was observed in ABL501-treated 1G4
TCR-CD8+ T cells at 48 h after co-culture with A375 cells (Figure 4E).
We then wanted to evaluate whether ABL501 requires simultaneous
binding with both LAG-3 and PD-L1 to enhance 1G4 TCR-CD8+

T cell activation. To test this, we generated HLA-DR- or PD-L1-
knockout (KO) A375 cells (Figure S8). ABL501 did not show an
enhanced killing effect on HLA-DR KO or PD-L1 KO A375 cells
by 1G4 TCR-CD8+ T cells, whereas the combination treatment re-
tained its PD-L1-blocking effect in HLA-DR KO A375 cells (Fig-
ure 4F), which confirm that the effect of ABL501 is dependent on
simultaneous binding to LAG-3 and PD-L1. We further elaborated
how ABL501 elicits a higher cytotoxic activity in 1G4 TCR-CD8+

T cells against tumor cells than the combination of anti-LAG-3 and
anti-PD-L1. Because bispecific T cell engagers are known to exert
antitumor immune responses by assembling immunological synapse
between T cells and tumor cells,42 we hypothesized that ABL501 acts
as a T cell engager by bridging between CD8+ T cells and tumor cells.
To test this hypothesis, we performed a conjugation assay using
A375-OKT3-PD-L1 (BFP+) and carboxyfluorescein diacetate
succinimidyl ester (CFSE)-labeled CD8+ T cells expressing LAG-3
(LAG-3+CD8+ T) by pre-activation with anti-CD3 and anti-CD28
(Figure 4G). When LAG-3+CD8+ T cells were incubated with
A375-OKT3-PD-L1 cells in the presence of a combination of anti-
LAG-3 and anti-PD-L1, we observed no significant increase in the
BFP and CFSE double-positive population, compared with incuba-
tion with the control hIgG. In contrast, ABL501 treatment increased
LAG-3+CD8+ or CD4+ T cell conjugation with A375-OKT3-PD-L1
cells (Figures 4H and S9), suggesting that ABL501 acts as a bridge
facilitating tumor cell engagement with T cells.

Antitumor efficacy of ABL501 in humanized mouse tumor

models

Considering that the binding arms of ABL501 do not cross-react with
murine LAG-3 and PD-L1 molecules, the efficacy of ABL501 in vivo
was assessed in humanized mouse models. First, we utilized a human-
ized tumor xenograft model. This model evaluates the efficacy of ther-
apeutics to modulate antigen-specific cytolytic activity of an infused
CD8+ T cell against implanted tumors expressing specific MHC-an-
tigen complexes. We implanted A375-PD-L1 tumors into immuno-
deficient non-obese diabetic (NOD)-severe combined immunodefi-
ciency (SCID) IL-2Rgnull (NSG) mice and adoptively transferred
1G4 TCR-T cells (Figure 5A). In mice bearing A375-PD-L1 tumors,
adoptive transfer of 1G4 TCR-T cells was able to control tumor
showing the percentages (left panel) and numbers (right panel) of 1G4 TCR-CD8+ T cell

mary plot (right panel) show the percentages of IL-2, IFN-g, or granzyme B by 1G4 TCR

MFI of the expression of the indicated cytokines by tumor infiltrating 1G4 TCR-CD8+ T

human LAG-3/PD-1 knockin BALB/c mice (n = 6–8/group). Mice were treated with the

curves of individual mice (right panel) are shown. (F) MC38 cells with knockin huma

C57BL/6 mice (n = 5/group). Mice were treated with ABL501 (10 mg/kg) or isotype c

mice (right panel) are shown. Significant differences between groups were determine

***p < 0.001, ****p < 0.001, and ns.
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growth, compared with the no T cell transfer group (Figure S10A).
Treatment with the parental anti-LAG-3 alone did not suppress tu-
mor growth compared with control IgG treatment. The parental
anti-PD-L1 treatment exhibited approximately 50% tumor growth in-
hibition (TGI), but tumors continued to grow. Notably, treatment
with ABL501 yielded significant tumor regression (Figure 5A, bot-
tom). To explore the antitumor activity mechanisms of ABL501, we
analyzed TILs following the final treatment with antibodies. Anti-
PD-L1 treatment increased the percentage and number of transferred
CD8+ T cells in tumors. In contrast, anti-LAG-3 antibody had no ef-
fect on CD8+ TIL persistence. The frequency and number of 1G4 TCR
CD8+ TILs were significantly higher in the ABL501-treated groups
than in the other groups (Figure 5B). In addition, ABL501 treatment
increased the frequency and expression level of IL-2, IFN-g, and
granzyme B by 1G4 TCR CD8+ TILs, compared with treatment
with either parental antibody (Figures 5C and 5D). These results indi-
cate that ABL501 potentiates antigen-specific CD8+ T cell responses
against tumor. Next, we evaluated the in vivo antitumor efficacy of
ABL501 using humanized transgenic BALB/c mice expressing human
LAG-3 and PD-1. Human PD-L1 knockin CT26 cells (CT26hPD�L1)
were implanted into the transgenic mice, followed by intraperitoneal
administration of test antibodies. ABL501 exerted potent antitumor
activity over a broad dose range of 1, 3, and 10 mg/kg (TGI =
22.8%, 30.2%, and 71.9%, respectively), resulting in improved overall
survival (Figure 5E). The antitumor effect of ABL501 (10 mg/kg) was
further confirmed in human PD-L1 knockin MC38 cells
(MC38hPD�L1) bearing humanized transgenic C57BL/6 mice express-
ing human LAG-3, PD-1, and PD-L1 (Figure 5F). ABL501 treatment
at all doses did not produce significant toxicity, as indicated by body
weight measurements in mice (Figures S10B and S10C). We also
assessed the safety of ABL501 in cynomolgus monkeys that
were administered ABL501 at 0, 20, 60, or 200 mg/kg twice weekly,
eight times. ABL501 was well tolerated up to 200 mg/kg/dose with
a safe toxicity profile in cynomolgus monkeys (Figures S11A–
S11C). In addition, treatment with ABL501 did not induce the
secretion of pro-inflammatory cytokines, including IL-2, IFN-g,
IL-6, and TNF-a, by peripheral blood mononuclear cells (PBMCs)
(Figure S11D).

LAG-3hiPD-1hi memory CD4+ T cell signatures contribute to

predicting the response to ABL501 in cholangiocarcinoma pa-

tients

Immune checkpoint inhibitor therapies are commonly used in
the second-line setting in a variety of advanced solid malignancies
after progression on standard-of-care treatment. To identify
s in tumors per treatment group. (C) Representative FACS plot (left panel) and sum-

-CD8+ T cells in tumors per treatment group. (D) Heatmap plot shows the geometric

cells. (E) CT26 cells with knockin human PD-L1 were subcutaneously injected into

indicated concentrations of ABL501 three times at 7-day intervals. Tumor growth

n PD-L1 were subcutaneously injected into human LAG-3/PD-1/PD-L1 knockin

ontrol (8.5 mg/kg) four times at 3-day intervals. Tumor growth curves of individual

d by two-way ANOVA Tukey’s multiple comparison test. *p < 0.05, **p < 0.005,



A

1
2

3

4
5

6 7

8

FlowSOM clusters

tSNE2
tS

N
E1

B

R N R N R N R N R N R N R N R N
0

20

40

60

%
in

Fl
ow

SO
M

cl
us

te
r

ns

ns
ns

✱

ns
ns

ns

ns

1 2 3 4 5 6 7 8
C

1
2
3
4
5
6
7
8

C
D

4
Fo

xp
3

C
D

19
C

D
8

C
D

14
C

D
11

c
C

D
3

C
D

56

2

4

6

H

G
CD62L      CD45RO      PD-1          LAG-3         TIGIT          Tim-3         4-1BB

Relapse

tSNE2

tS
N

E
1Non-

relapse

hIg
G

α-L
AG-3

α-P
D-L1

ABL5
01

hIg
G

α-L
AG-3

α-P
D-L1

ABL5
01

0

2

4

6

IF
N

-
 (F

ol
d) ns

✱✱✱✱

✱✱

✱✱✱✱

ns

✱✱

ns

✱✱✱

Relapse Non-relapse

hIg
G

ABL5
01

hIg
G

ABL5
01

0

1

2

3

4

5

IF
N

-
 (F

ol
d)

✱✱✱

Relapse Non-relapse

✱✱

D E

LAG-3     4-1BB      CD8       PD-1     Tim-3   TIGIT   CD62L   CD45RO

84953       84978       84981       84993

F

I

Figure 6. Abundance of LAG-3hiPD-1hi memory CD4+ T cells in peripheral blood of CCA patients was correlated with response to ABL501

(A–C) FlowSOM analysis of immune cell subsets in the peripheral blood of relapsed (n = 10) or non-relapsed (n = 9) CCA patients. (A) viSNE plot shows immune cell subset

clusters to identify FlowSOM clustering. (B) Bar graph shows the frequencies of each cluster in two groups (relapse versus non-relapse). (C) Heatmap shows the MFI of each

cluster. (D–F) CITRUS analysis of T cell signatures in the peripheral blood of relapsed (n = 9) or non-relapsed (n = 8) CCA patients is shown. (D) CITRUS plot shows clusters

from CCA patients in two groups (relapse versus non-relapse). Red dots represent clusters that showed a different abundance with a statistical significance between groups.

(E) Bar graphs show the relevance of abundance for the selected clusters (red dots) between groups. (F) Histogram plots show each marker expression by the selected
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characteristics of peripheral blood T cells that relate to LAG-3xPD-L1
BsAb responsiveness, we next analyzed the expression of immune cell
markers in the peripheral blood of cholangiocarcinoma (CCA) pa-
tients after therapy with gemcitabine plus cisplatin (GemCis), a stan-
dard regimen for advanced CCA (Figure S12).43,44 High-dimensional
flow cytometry and self-organizing map (FlowSOM) algorithm were
used to cluster immune cells based on the expression of immune cell
markers, including CD3, CD4, CD8, Foxp3, CD19, CD56, CD14, and
CD11c, and also to compare the abundance of each metacluster be-
tween relapsed and non-relapsed patients after GemCis therapy (Fig-
ures 6A and 6B). Frequencies of cells in cluster 4, which represents
non-Treg CD4

+ T cells (Figures 6B and 6C), were increased in relapsed
patients compared with those in non-relapsed patients, suggesting a
role of non-Treg CD4

+ T cells in clinical responses. The abundance
of non-Treg CD4+ T cell populations in relapsed patients was also
shown by cluster identification, characterization, and regression
(CITRUS) algorithm that allows the discovery of statistically signifi-
cant signatures by unsupervised hierarchical clustering (Figure S13).45

We then further assess the phenotypic characteristics of both CD4+

and CD8+ T cells in CCA patients using CITRUS analysis (Figure 6D).
Among four clusters (red dots) that were identified by CITRUS anal-
ysis, two (84953 and 84978) had a phenotype of CD62L�CD45RO�

effector CD4+ T cells with a lower expression of LAG-3, 4-1BB,
PD-1, Tim-3, and TIGIT, and the abundance of these clusters was
increased in non-relapsed patients after GemCis therapy
(Figures 6E and 6F). In contrast, the other two clusters (84981 and
84993) that represented CD62LhiCD45ROhi/int memory CD4+

T cells were more abundant in relapsed patients than in non-relapsed
patients. CD4+ T cells in these clusters presented an activated pheno-
type with high expression levels of LAG-3, 4-1BB, PD-1, Tim-3, and
TIGIT, showing an opposite expression profile from clusters 84993
and 84978. Similarly, these phenotypic differences of CD4+ T cells be-
tween relapsed and non-relapsed patients after GemCis therapy were
visualized by t-distribution stochastic neighbor embedding (viSNE)
analysis (Figure 6G). We next questioned which CD4+ T cell signa-
tures were more responsive to ABL501 treatment. CD3+ T cells
from patients were co-cultured with A375-OKT3 cells in the presence
of anti-LAG-3, anti-PD-L1, or ABL501. CD3+ T cells in relapsed pa-
tients who had a greater abundance of CD62Lhi memory CD4+ T cells
with high expression levels of LAG-3 and PD-1 were more responsive
to ABL501 treatment than CD3+ T cells in non-relapsed patients
(relapse: 3.08-fold; non-relapse: 1.85-fold) (Figure 6H). Similar re-
sults were observed for PBMC stimulation with a peptide pool
(CEF+NY-ESO-1+MART1+) that induces antigen-specific CD8+

T cell responses. ABL501 efficiently augmented IFN-g secretion by
antigen-specific CD8+ T cells in relapsed patients compared with
that in non-relapsed patients (relapse: 2.52-fold; non-relapse: 1.64-
clusters (red) over background (light blue). (G) Representative viSNE plots of CD4+ T cel

expression of naive, memory, co-inhibitory, or co-stimulatory markers. (H) Fold increase

patients upon co-culture with A375-OKT3 in the presence of the indicated antibodies

peptide pool-treated peripheral blood CD8+ T cells obtained from relapsed (n = 11) or

final concentration of 66.8 nM is shown. Statistical significance was determined by paire

comparisons in (H) and (I). *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.001, and ns.
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fold) (Figure 6I), indicating that the abundance of LAG-3hiPD-1hi

memory CD4+ T cell subset has potential predictive value for
ABL501 therapy.

DISCUSSION
Therapeutic strategies for restoring T cell activity via co-blocking of
LAG-3 and PD-1/PD-L1 with mAbs have proven to be beneficial in
preclinical tumor models23,24 and humans.46–48 Especially with the
FDA approval of Opdualag (nivolumab and relatlimab-rmbw),27

new approaches targeting LAG-3 and PD-(L)1 with BsAbs, which
are expected to allow more selective binding of antibodies and a
simultaneous blockade of both LAG-3 and PD-(L)1, have been
actively developed in the preclinical and early clinical stages.28–31

However, despite the apparent benefits of BsAb, the functional and
mechanistic advantages of dual blocking of LAG-3 and PD-(L)1 by
BsAb over a combination of anti-LAG-3 and anti-PD-(L)1 mAbs
are still unclear.

Our study revealed that ABL501, a BsAb targeting LAG-3 and PD-L1,
promoted antigen cross-presentation by DCs and subsequently
induced CD8+ T cell activation to a higher extent than a combination
treatment with anti-LAG-3 and anti-PD-L1 mAbs. This result high-
lights the benefit of co-blocking LAG-3 and PD-L1 with the BsAb.
As it has been shown that PD-1/PD-L1 pathway blockade enhances
DC maturation and activation,38–40 the observed effect of ABL501
in DCs might come from the anti-PD-L1 part of the BsAb, which is
expected to provide either a stronger blocking effect or more stable
binding to PD-L1 on DCs than anti-PD-L1 mAbs. Indeed, we
observed enhanced mo-DC activation with the plate-coated anti-
PD-L1, but not with the soluble anti-PD-L1 treatment.

Although PD-L1 blockade directly affected DC activation, co-
blockade of LAG-3 and PD-L1 mounted a higher level of CD8+

T cell responses upon CMV lysate stimulation compared with
LAG-3 or PD-L1 blockade alone, which implies that LAG-3 blockade
can contribute to PD-L1 blockade-mediated DC activation. One
possible explanation is that LAG-3 blockade can augment CMV-spe-
cific CD4+ T cell responses, accompanied by an increased secretion of
IFN-g, IL-2, and TNF-a, supporting DC activation and leading to the
subsequent cross-priming of CD8+ T cells.49–51 A recent study sug-
gested that treatment with LAG-3xPD-L1 BsAb increased soluble
LAG-3 (sLAG-3) levels by promoting the shedding of LAG-3 from
the cell surface, although it is unclear how LAG-3xPD-L1 BsAb
induced the proteolytic cleavage of surface LAG-3.29 Because a re-
combinant sLAG-3Ig protein has been reported to stimulate the
maturation of DCs or macrophages by competitively binding to
MHC class II against surface LAG-3,52–55 increased sLAG-3 by
ls in the peripheral blood of relapsed or non-relapsed CCA patients overlaid with the

of IFN-g secretion by CD3+ T cells from relapsed (n = 12) or non-relapsed (n = 9) CCA

at a final concentration of 66.8 nM is shown. (I) Fold increase of IFN-g secretion by

non-relapsed (n = 9) CCA patients in the presence of the indicated antibodies at a

d t tests with two-tailed analysis in (B) or one-way ANOVA with Holm-Sidak multiple
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LAG-3xPD-L1 BsAb was suggested as an indicator of T cell or DC
activation.29 However, unlike recombinant sLAG-3Ig protein, the
role of sLAG-3 or its binding to MHC class II is unknown,56,57 war-
ranting further investigation of its biological relevance.

Cross-presenting conventional DC1s (cDC1s) that efficiently mount
CD8+ T cell responses against exogenous antigens, such as tumor an-
tigens, have been highlighted as a target of cancer vaccines.58–60

Recent approaches to deliver cancer vaccines specifically into
cDC1s have shown promising results in preclinical settings, with an
efficient induction of antigen-specific effector or memory CD8+

T cells and tumor regression.61–63 In this regard, the novel mechanism
of ABL501 in regulating cross-presenting DCs not only suggests a
non-redundant benefit of our bispecific antibody approach but also
provides a rationale for therapeutic strategies, including combination
with cross-presenting, DC-targeting cancer vaccines.

Aside from this DC-mediated mechanism through which ABL501
promotes CD8+ T cell activation, we also found that ABL501 can
directly enhance the cytotoxic activity of CD8+ T cells against tumor
cells by promoting CD8+ T cell conjugation with tumor cells. A recent
study also showed a bridging function of LAG-3xPD-L1 BsAb in
LAG-3- or PD-L1-overexpressing cell lines without TCR engage-
ment,64 but it insufficiently addressed the bridging role of LAG-
3xPD-L1 BsAb in a situation where T cells are engaged with tumor
cells through pMHC-I-TCR binding. We employed NY-ESO-1-spe-
cific, TCR-engineered (1G4 TCR) CD8+ T cells to address the mech-
anistic and functional roles of ABL501 against NY-ESO-1-expressing
tumor cells under a more physiological condition. ABL501 treatment
resulted in nearly complete tumor regression in A375-PD-L1-bearing
NSG mice subjected to adoptive transfer of 1G4 TCR-CD8+ T cells,
which argues that ABL501 can sufficiently support the antitumor re-
sponses of CD8+ T cells without the intervention of CD4+ T cells.
Another advantage of this model is that it provides a unique oppor-
tunity to study the biology of human tumor antigen-specific CD8+

TILs, which would allow better prediction of patients’ responses to
T-cell-targeting reagents, including ABL501.65 Regardless of these
obvious benefits, this model cannot fully recapitulate human tumor
microenvironment due to the NSG mouse background. We exploited
human LAG-3, PD-1, and PD-L1 knockin (KI) syngeneic mouse
models to compensate for the limitation of the xenograft model.
ABL501 showed an ability to elicit efficient antitumor responses by
immune cells in the intact tumor microenvironment, which further
supports its potential as cancer immunotherapeutics. However, we
cannot rule out the possibility that the reconstitution of human recep-
tors affects endogenous immune responses in KI mice. Therefore,
further investigation about the modulation of TILs by ABL501 and
its translational value is warranted.

Identification and characterization of the major immune cell popula-
tions responding to immune checkpoint inhibitor (ICI) therapies are
crucial for their clinical success, emphasizing the importance of im-
mune-monitoring studies in cancer patients. Compared with CD8+

T cell subsets that have been intensively investigated in the context
of predicting clinical responses to ICI therapies,66,67 the characteris-
tics and predictive value of CD4+ T cell subsets, other than Treg cells,
are less well known, despite the importance of CD4+ T cell support for
the antitumor immune responses of CD8+ T cells.68 Recent studies
have reported the correlation between CD4+ T cell immunity and
clinical responses to PD-1/PD-L1 blockade in cancer patients.69–71

In particular, one study used the immune monitoring of peripheral
blood from patients with non-small cell lung cancer to show that
the frequency of CD62Llo CD4+ T cells is a predictive biomarker.70

Our immune-monitoring studies also revealed that the decreased
abundance of CD62LloCD45ROlo effector CD4+ T cell populations
in peripheral blood was correlated to disease recurrence in patients
with CCA after GemCis therapy. Conversely, LAG-3hiPD-1hiCD62Lhi

memory CD4+ T cells exhibiting an activated phenotype with high
expression of both co-stimulatory and inhibitory markers were
more abundant in relapsed CCA patients, which implicates the slower
kinetics of GemCis-therapy-induced CD4+ T cell activation or repo-
pulation. A correlation between the LAG-3+ immunotype in periph-
eral blood and poor clinical outcomes was also found in patients with
melanoma or urothelial carcinoma after anti-PD-1 or anti-CTLA-4
therapies.64 This CD4+ T cell phenotype in relapsed CCA patients
turned out to be beneficial for eliciting T cell responses upon
ABL501 treatment. In relapsed patients, ABL501-mediated T cell acti-
vation might involve not only the CD62L+ memory characteristics
but also the increased LAG-3 expression on CD4+ T cells. Although
the expression level of immune checkpoint receptors on T cells is
not always positively correlated with the clinical response rate, as
shown in PD-1 expression and anti-PD-1 blockade,72 it was reported
in a small cohort study that melanoma patients with higher LAG-3
expression on TILs were more responsive to a combination of relatli-
mab (BMS-986016) plus nivolumab.46 Our study therefore proposes
new treatment strategies for LAG-3xPD-L1 BsAb therapy in combi-
nation with chemotherapies and offers novel criteria for patient
stratification.

In summary, our study illustrates the divergent ability of LAG-3xPD-
L1 bispecific antibody to enhance the potency of T cell activation and
highlights how this bispecific antibody can exert the immune modu-
lation not achievable by a combination of mAbs. The favorable
toxicity profile and potent antitumor activity of ABL501 support its
clinical evaluation in patients with cancer.

MATERIALS AND METHODS
Cell lines

A375, Jurkat, and HCC1954 cells were purchased from American
Type Culture Collection (CRL-1619, TIB-152, and CRL-2338).
SNU-324 cells were obtained from Korean Cell Line Bank (KCLB)
(00324). CHO-S cells were purchased from Invitrogen. All cells
were maintained as recommended by the suppliers.

Stable cell line generation

A375 cell lines stably expressing firefly luciferase and/or human PD-
L1 were generated (A375-Fluc, A375-PD-L1, and A375-Fluc-PD-L1)
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using a Sleeping Beauty transposon system.73 Full-length human
PD-L1 gene was cloned into a bicistronic BFP expression vector,
pSBbi-BP (Addgene plasmid no. 60512). For the generation of
T cell stimulator cells, A375-Fluc and A375-Fluc-PD-L1 cells were in-
fected with a lentivirus encoding mouse anti-human CD3 (OKT3)
scFv fused to CD28 transmembrane domain (A375-Fluc-OKT3
and A375-Fluc-PD-L1-OKT3). OKT3 scFv expression on cell
surface was verified by FACS using an anti-mouse IgG antibody.
PD-L1 or HLA-DR in A375-Fluc cells was knocked out via
CRISPR-Cas9. The guide sequences (PD-L1: 50-TCTTACCACTCA
GGACTTGA-30, HLA-DR: 50-GAGTACTGGAACAGCCAGA-30,
designed by the CRIPSPR Gold online tool) were cloned into
pX330-mCherry vector (Addgene plasmid no. 98750). A375-Fluc
cells were transfected with single guide RNA (sgRNA)-expressing
plasmids, and the resulting transfected cells were single cell
subcloned.74

Mixed lymphocyte reaction (MLR) assay

Human CD3+ T cells were separated form PBMCs using an EasySep
Human T cell Isolation Kit (STEMCELL Technologies). CD3+ T cells
were stained with CellTrace Violet (CTV) (Invitrogen). The prolifer-
ation of T cells was evaluated by measuring CTV dilution by flow cy-
tometry. To assess allospecific T cell activation, CD14+ monocytes
were separated from allo-PBMCs using MojoSort Human CD14
Nanobeads (BioLegend) and cultured in complete RPMI 1640
medium with granulocyte-macrophage colony-stimulating factor
(GM-CSF) (80 ng/mL) and IL-4 (80 ng/mL) for 5 days. Allogenic
immature DCs were co-cultured with CTV-stained CD3+ T cells
for 5 days at a ratio of 15:1 (T:DC).

1G4 TCR-T cell assay

A lentiviral vector encoding a 1G4 TCR that recognizes the HLA-
A*0201 restricted NY-ESO-1 peptide (NY-ESO-1:157-165) was
generated in the pHR lentiviral backbone (Addgene plasmid no.
79125). Lentivirus was generated by transient transfection of 293FT
cells with the packaging plasmids psPAX2 (Addgene plasmid no.
12260) and pVSVg (Addgene plasmid no. 8454). Human primary
CD8+ T cells were isolated from PBMCs and stimulated with Dyna-
beads Human T-Activator CD3/CD28 (Invitrogen) in the presence
of IL-2 (100 ng/mL; Peprotech). A lentivirus encoding a 1G4 TCR
was transduced into CD8+ T cells 3 days after the stimulation by spi-
noculation in the presence of polybrene (8 mg/mL). The expression of
1G4 TCR was assessed by flow cytometric analysis using an anti-hu-
man Vb13.1 TCR chain antibody (BioLegend).

CMV lysate assay

To analyze recall responses of memory T cells in an antigen-specific
manner, PBMCs were treated with 100 ng/mL of CMV lysates
(Microbix Biosystems) for 5 days. T cell responses were evaluated
by IFN-g ELISA and CTV dilution assays.

Human Treg cell suppression assay

CD3+CD4+CD25+CD127� Treg cells were isolated from PBMCs and
stimulated with Dynabeads Human T-Activator CD3/CD28 (Invitro-
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gen) at a cell-to-bead ratio of 4:1 in complete RPMI 1640 medium
with IL-2 (100 ng/mL; Peprotech) and TGF-b (20 ng/mL; Peprotech).
To avoid allogenic immune responses, PBMCs from the same donor
with Treg cells were used for isolating CD4+ T cells and CD8+ T cells.
CD4+ and CD8+ T cells were separated using Mojosort Human CD4
Nanobeads (BioLegend) and EasySep Human CD8+ T cell Enrich-
ment Kit (STEMCELL Technologies), respectively. T cells were
stained with CTV. A375-PD-L1-OKT3-Fluc cells were treated mito-
mycin C for 20 min at 37�C and then co-cultured with CTV-stained
T cells at a T:A375 cell ratio of 5:1. Next, the isolated immunosuppres-
sive autogenic Treg cells were stained with CFSE (Invitrogen) and
added into the A375-T cell co-culture. After 5 days of incubation,
the immunosuppressive activity of Treg cells was measured from the
proliferation of CTV-stained CD4+ and CD8+ T cells via quantifica-
tion of CTV dilution. The culture mediumwas collected and analyzed
with ELISA for IL-2 (BioLegend).
Cell conjugation assay

CFSE-stained human CD3+ T cells were stimulated with Dynabeads
Human T-Activator CD3/CD28 (Invitrogen) for 48 h, and surface
LAG3 expression on T cells was verified by flow cytometry.
LAG3+ T cells were incubated with A375-Fluc-PD-L1 cells (BFP-
positive) at a T to A375 ratio of 1:1 for 1 h at 37�C. The conjugation
ratio was calculated as the portion of CFSE/BFP double-positive
events.
Antibodies and flow cytometry

Mouse and human single cells were stained with fluorochrome-con-
jugated antibodies for 20 min at 4�C after blocking with anti-mouse
CD16/32 (BioLegend) and human TruStain FcX (BioLegend) in
FACS buffer (phosphate-buffered saline [PBS] containing 1% BSA
and 0.1% sodium azide). For intracellular staining, cells were fixed
and permeabilized using a Cytofix/Cytoperm Kit (BD Biosciences)
or Foxp3/Transcription Factor Staining Buffer Set (Invitrogen). The
following fluorochrome-conjugated anti-human antibodies were
used: anti-CD3 (HIT3a), anti-CD4 (OKT4), anti-CD8 (SK1), anti-
CD11c (3.9), anti-CD14 (63D3), anti-CD19 (HIB19), anti-CD25
(BC96), anti-CD45RO (UCHL1), anti-CD56 (5.1H11), anti-CD62L
(DREG-56), anti-CD69 (FN50), anti-CD80 (2D10), anti-CD86
(IT2.2), anti-CD96 (6F9), anti-4-1BB (4B4-1), anti-Lag3
(11C3C65), anti-CD226 (11A8), anti-PD-1 (EH12.2H7), anti-Tim3
(F38-2E2), anti-TIGIT (MBSA43), anti-HLA-DR (BB7.2), anti-
HLA-ABC (W6/32), anti-Foxp3 (236A-E7), and anti-mouse-TCRb
(H57-597).
Luminex multiplex cytokine assay

To measure multi-cytokine production, human monocyte-
derived DCs were stimulated with plate-bound parental anti-PD-L1
(10 mg/mL) or soluble parental anti-PD-L1 (10 mg/mL) for 48 h.
Supernatants were collected, and cytokines were detected using
Luminex assay kit (R&D systems) according to the manufacturer’s
instructions (R&D Systems).
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Human samples and study approval

Blood samples were obtained from healthy donors and CCA patients
who received adjuvant gemcitabine plus cisplatin (GemCis) after
curative resection under the clinical trial (ClinicalTrials.gov identifier
NCT03079427) approved by Asan Medical Center Institutional Re-
view Board (2021-0677).

Mouse studies

Murine experiments were approved and performed in accordance
with the guidelines of the Institutional Animal Care and Use
Committees of the Asan Medical Center (201904103) or
GemPharmatech (GPTAP20200713-4 and GPTAP20201230-2).

Xenogeneic tumor model

A375-PD-L1 tumor cells were implanted in the right flank of immune-
deficient NSG mice (JA Bio, Suwon, Korea). After tumors were estab-
lished (mean volume of 150 mm3), the mice were randomly assigned
into five groups. One group received a single intravenous tail-vein
injection of PBS, and four groups were administered 1G4 TCR-ex-
pressing human CD8+ T cells (2 � 106 cells). At 1 day following
T cell transfer, mice were treated intraperitoneally every 3 days 4 times
with human IgG (10 mg/kg), anti-PD-L1 (10 mg/kg), anti-LAG3
(10 mg/kg), or a molar equivalent amount of ABL501 (14 mg/kg).
Tumor growth and body weight were measured every 3 days.

Syngeneic tumor model

Syngeneic tumor studies were carried out in BALB/c mice expressing
human LAG-3 and PD-1 (BALB/c-hPD1/hLAG3, T004622;
GemPharmatech) and C57BL/6 mice expressing human LAG-3,
PD-1, and PD-L1 (C57BL/6-hPD1/hPDL1/hLAG3, T006876;
GemPharmatech). hPD1/hLAG3 humanized mice (seven mice/
group) were implanted with 2 � 106 CT26-hPD-L1(Tg)-mPD-
L1(KO) colon cancer cells (GemPharmatech) by subcutaneous injec-
tion on the right flank. When the average tumor size reached 87 mm3,
antibodies were administered via intraperitoneal injection of hIgG1
(7.5 mg/kg), hPD-L1 (7.5 mg/kg), or ABL501(1, 3 or 10 mg/kg) three
times at 7-day intervals. hLAG-3/hPD-1/hPD-L1 humanized
mice (five mice/group) were implanted with 2 � 106 MC38-hPD-
L1(Tg)-mPD-L1(KO) colon cancer cells (GemPharmatech) by sub-
cutaneous injection on the right flank. ABL501 (10 mg/kg) or human
IgG1 isotype control (8.5 mg/kg) was subsequently administered by
intraperitoneal injection four times every 3 days. Tumor growth
was monitored over time via caliper measurements. Mice were eutha-
nized when the tumor size reached 2,500 mm3.

Cytobank analysis

viSNE, FlowSOM, and CITRUS analyses were performed using Cyto-
bank software (Beckman Coulter). For viSNE analysis, equal number
of cells (1,000 cells) from each flow cytometry standard (FCS) file
were used, and resulting viSNE maps were fed into FlowSOM anal-
ysis.75 For each cell subset, a new self-organizing map was generated
using hierarchical consensus clustering on the tSNE axes. For
CITRUS analysis, association models of significance analysis of mi-
croarrays and nearest shrunken centroid were selected as statistical
methods. Abundance mode was selected to quantify and characterize
individual clusters in samples. The minimal cluster size was 3%, and
the cross-validation fold was 5.45

Good Laboratory Practices toxicity study in cynomolgus

monkeys

The cynomolgus monkey study was conducted in accordance
with guidelines of the Institutional Animal Care and Use
Committee (IACUC) (SZ20200416-monkeys). Cynomolgus
monkeys (five/sex/group) were administered a slow intravenous
injection of ABL501 at 0, 20, 60, or 200 mg/kg twice weekly, eight
times (days 1, 4, 8, 11, 15, 18, 22, and 25). Necropsy was per-
formed on day 29 for the main groups (three/sex/group), followed
by a recovery period for 56 days (two/sex/group). Safety and
toxicity were assessed based on standard parameters. The study
was conducted in accordance with the Safety and Quality Assur-
ance guidelines in the Guideline for Experiments Document of
WuXiAppTec.

Statistical analysis

Statistical analyses were performed using the appropriate statistical
comparison, including the two-tailed paired or unpaired Student’s
t test, one-way ANOVA with Holm-Sidak multiple comparisons, or
two-way ANOVA with Tukey’s multiple comparisons. p < 0.05
were considered statistically significant (*p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001).
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