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ABSTRACT
TIGIT is an immune checkpoint receptor that is expressed on subsets of activated T cells and natural killer 
(NK) cells. Several ligands for TIGIT, including poliovirus receptor (PVR), are expressed on cancer cells and 
mediate inhibitory signaling to suppress antitumor activities of the immune cells. Many studies support 
that the TIGIT signaling is a potential target for cancer immunotherapy. We developed an IgG4-type 
monoclonal antibody against human TIGIT, designated as MG1131, using a phage display library of single- 
chain variable fragments (scFvs). MG1131 interacts with TIGIT much more tightly than PVR does. The 
crystal structure of a scFv version of MG1131 bound to TIGIT was determined, showing that MG1131 could 
block the PVR-TIGIT interaction and thus the immunosuppressive signaling of TIGIT. Consistently, MG1131 
is bound to TIGIT-expressing cells and interferes with PVR binding to these cells. Moreover, MG1131 
increased NK cell-mediated tumor killing activities, inhibited immunosuppressive activity of regulatory 
T (Treg) cells from healthy donors, and restored interferon-γ secretion from peripheral blood mononuclear 
cells derived from multiple myeloma patients. MG1131 also increased T cell infiltration to the tumor site 
and inhibited tumor growth in mice. Collectively, these data indicate that MG1131 modulates the effector 
functions of T cells and NK cells positively and Treg cells negatively.
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Introduction

TIGIT is an immunosuppressive receptor that is expressed on 
CD8+ T cells, CD4+ T cells, Treg cells, and natural killer (NK) 
cells.1–3 It is composed of an extracellular Ig variable domain, 
a single-pass transmembrane segment, and a cytoplasmic 
region that contains an immunoglobulin tail tyrosine (ITT)- 
like motif and an immunoreceptor tyrosine-based inhibitory 
motif (ITIM).1,2,4 Upon phosphorylation, the ITT-like motif 
recruits Grb2 and the tyrosine phosphatase SHIP, which is 
a key inhibitor of phosphoinositide 3-kinase signaling.5 The 
role of ITIM in TIGIT is obscure.6 Poliovirus receptor (PVR; 
also known as CD155) and Nectin-2 (also known as CD112) 
are the two major physiological ligands of TIGIT that are 
expressed on antigen-presenting cells (APCs) and many 
human malignant tumors.7–9 Their binding to TIGIT induces 
immunosuppressive and regulatory profiles in NK cells and 
T cells.10,11 Structural and biochemical studies suggested that 
TIGIT and PVR form a cis-trans signaling cluster on the cell 
surface where TIGIT homodimers and PVR homodimers het-
erodimerize in trans in a zipper-like array.12

PVR and Nectin-2 also recognize DNAM-1 (DNAX acces-
sory molecule 1; CD226), a co-stimulatory receptor expressed 
on most immune cells.13,14 Their binding to DNAM-1 induces 
immune cell activation and cytotoxicity of effector T cells.15,16 

Notably, the binding affinity of PVR and Nectin-2 for TIGIT is 
higher than that for DNAM-1, indicating that they would 
preferentially interact with TIGIT and thus tumor-infiltrating 
lymphocytes (TILs) would be skewed toward immunosup-
pressed phenotypes.17 These and other supporting data high-
lighted TIGIT as a major emerging target for immunotherapy. 
Subsequently, blocking TIGIT using anti-TIGIT monoclonal 
antibodies (mAbs) demonstrated effective antitumor or anti-
viral responses.18–23 Currently, various formats involving an 
anti-TIGIT mAb are under preclinical investigation or in clin-
ical trials.24 Tiragolumab, one of the most advanced anti- 
TIGIT mAbs in clinical development, has shown encouraging 
efficacy in non-small cell lung cancer patients in combination 
with the anti-PD-L1 mAb, atezolizumab, in a Phase 2 clinical 
trial.25 However, there has been no report on any anti-TIGIT 
mAb whose molecular interaction has been structurally 
characterized.

We have developed an IgG4-type mAb against human 
TIGIT (hTIGIT), named MG1131, which binds to hTIGIT 
with much higher affinity than PVR does. We show that 
MG1131 augments NK cell-mediated tumor-killing activities 
in a PVR-dependent manner and suppresses the activity of 
Treg cells in vitro. Furthermore, MG1131 elicited anti-tumor 
activity in both the hTIGIT knock-in (KI) mouse model and 
the human colon cancer-derived xenograft mouse model. 
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Biochemical characterization and anti-tumoral activities of 
MG1131 are presented along with the crystal structure of an 
scFv of MG1131 (MG1131-scFv) bound to the ectodomain of 
hTIGIT at 1.5 Å resolution, which provides structural bases for 
the in vitro and in vivo properties of MG1131.

Results

Discovery, development, and characterization of MG1131

A total of 11 candidate antibodies against hTIGIT were chosen 
from a phage display library and subjected to experimental 
screening. Three clones, MG1131, WINB6, and WIND2, were 

chosen from the initial screening based on their high TIGIT- 
binding affinity (Figure 1a and Table 1) and high potency of 
blocking PVR binding to Jurkat T cells stably expressing hTIGIT 
(hTIGIT-Jurkat cells) (Figure 1b and Table 1). To select the final 
candidate, we compared the blockade of the TIGIT-PVR inter-
action by these antibodies using a luciferase reporter assay. Two 
cell lines were used in this assay: 1) Jurkat T cells expressing 
hTIGIT and a luciferase reporter driven by a native response 
element (TIGIT effector cells) and 2) Chinese hamster ovary 
(CHO)-K1 cells expressing human PVR and a T cell receptor 
(TCR)-activating protein (hPVR-aAPC/CHO-K1). The two cell 
lines were co-cultured in the presence of each of these anti- 
TIGIT mAbs, and the potency in the activation of TIGIT effector 
cells was measured by the luciferase activity. MG1131 demon-
strated superior T cell activation compared with WIND2, 
WINB6, and 1D3, the in-house version of tiragolumab used as 
a reference mAb (Figure 1c). Based on these data, MG1131 was 
selected as the final lead molecule.

Before further analyses, we constructed MG1131 into an 
IgG4-type mAb to avoid potential death of NK or T cells by 
IgG1-type mAb via the effector function of its Fc domain. 1D3 
was also constructed in the same type. We first measured and 
compared the binding affinities of MG1131 and 1D3 for hTIGIG 
(22–141), the ectodomain of the protein, by biolayer interfero-
metry (BLI). In this experiment, which essentially evaluated the 
bivalent interaction of the mAbs with the antigen, MG1131 

Figure 1. Screening of anti-hTIGIT antibodies selected from a phage display library. (A) hTIGIT-binding affinity. Eleven selected antibodies (IgG1 type) were analyzed for 
their binding interaction with hTIGIT by ELISA and by a cell-based assay using hTIGIT-Jurkat cells. EC50 is the antibody concentration at which 50% of maximal 
fluorescence intensity is achieved (Table 1).(B) Competition assay. hTIGIT-Jurkat cells were pretreated with PVR-Fc (50 μg/mL) and exposed to varying concentrations of 
the antibodies. After washing, the remaining PVR-Fc were detected by PE-conjugated anti-PVR antibody. IC50 is the antibody concentration at which 50% reduction of 
the fluorescence intensity is achieved (Table 1).(C) Luciferase reporter assay. TIGIT effector cells and CHO-K1 cells were co-cultured with the four indicated antibodies at 
varying concentrations. Activation of TIGIT effector cells was measured by the luciferase activity. N = 2.Figure 1a Alt text: (Left) Eleven selected antibodies were tested 
for their binding to the target protein (hTIGIT) in solution, and the line graph shows their binding signal as a function of the antibody concentration. (Right) Similarly, 
their binding to the cells expressing hTIGIT on the cell surface were measured and plotted.Figure 1b Alt text: Eleven selected antibodies were tested for their potency in 
competing with a natural ligand (PVR) for binding to hTIGIT-expressing cells. Reduction of PVR binding to the cell is plotted as a function of their concentration.Figure 1c 
Alt text: Three selected antibodies were tested for their ability to activate effector cells. A line graph shows that MG1131 exhibited the highest activity.

Table 1. Cell-based binding assay and competition assay.

Binding to hTIGIT-Jurkat cell Competition with PVR-Fc

Antibodies EC50 (μg/ml) IC50 (μg/ml)
MG1131 0.017 0.093
1B11 0.041 0.285
1 C3 0.053 0.398
1E12 0.068 0.236
1E4 0.015 0.082
1F2 0.017 0.143
1F10 0.080 0.380
WINB6 0.016 0.068
WINB11 0.021 0.076
WIND2 0.017 0.071
E8_2nd 0.021 0.102
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exhibited an apparent dissociation constant (KD) of 2.1 pM. This 
potent binding affinity was better than that of 1D3 (KD of 8.1 
pM) (Figure 2a). We evaluated the monovalent interaction of 
MG1131 by producing the antigen-binding fragment (Fab) form 
(MG1131-Fab) and measuring the binding affinity by the same 
BLI experiment to find that MG1131-Fab binds to hTIGIT(22– 
141) with the KD of 2.2 nM (Figure 2a). This tight monovalent 
interaction explains the potent bivalent interaction of MG1131. 
Subsequent cell-based binding experiments showed that 
MG1131 binds to hTIGIT-Jurkat cells, peripheral blood mono-
nuclear cell (PBMC)-derived NK cells and Treg cells with EC50 
values of 0.024 μg/mL, 0.035 μg/mL and 0.018 μg/mL, 

respectively, which were lower or at least comparable to that of 
1D3 (Figure 2b). A competition assay using hTIGIT-Jurkat cells 
pre-treated with recombinant PVR-Fc showed that MG1131 
efficiently inhibited PVR-Fc binding to the cells with IC50 of 
0.246 μg/mL, presumably by competing with PVR-Fc for bind-
ing to TIGIT on the cell surface (Figure 2c). In these experi-
ments, MG1131 exhibited better or at least comparable activities 
in comparison with 1D3, which is consistent with the binding 
affinity measurement. Of note, neither MG1131 nor 1D3 exhib-
ited any considerable binding to Jurkat cells, which do not 
express TIGIT (Figure 2b), indicating good target specificity of 
MG1131 and 1D3.

Figure 2. MG1131 binds to hTIGIT and outcompetes PVR. (A) Quantification of binding affinity by BLI. MG1131 and 1D3, both in the IgG4 form, at the indicated 
concentrations were reacted with hTIGIT(22–141) immobilized on a biosensor tip (Left, Middle). The same BLI experiment was performed for MG1131 in the Fab form 
(Right). Shown are the KD values calculated by curve fittings (red lines) of the association and dissociation kinetics (black lines).(B) MG1131 binds to the indicated cell 
lines, as does 1D3. Both MG1131 and 1D3 do not exhibit detectable binding to Jurkat cells, which do not express TIGIT. The NK cells were expanded from human PBMCs, 
and the Treg cells were isolated from human PBMCs. Cell-bound MG1131 and 1D3 were detected by flow cytometry.(C) Competition assay. MG1131 was challenged 
against PVR pre-bound to hTIGIT-Jurkat cells. Cell-bound PVR was detected by flow cytometry. In B to E, representative data are shown from two independent 
experiments. In B to E, 1D3 was used as a reference for potency comparison, and human IgG4 as a negative control.Figure 2a Alt text: The binding affinities of MG1131 
and 1D3 for hTIGIT were measured and the binding kinetics curves are shown on the left and middle panels. MG1131 binds hTIGIT more tightly than 1D3, a reference 
antibody developed by a company. The right panel shows the binding kinetics curves used for measuring the binding affinity of the Fab form of MG1131 for hTIGIT. 
Figure 2b Alt text: MG1131 and ID3 were tested for their binding to four different cells expressing hTIGIT, and their binding signals were plotted as a function of their 
concentration (in four panels).Figure 2c Alt text: MG1131 and ID3 were tested for their potency in competing with PVR for binding to hTIGIT-expressing cells. Reduction 
of PVR binding to the cell is plotted as a function of the concentration of the two proteins. In all these assays, MG1131 was better than or at least comparable to 1D3.
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Structural analyses of MG1131-scFv‒hTIGIT(23-128)

We constructed an scFv version of MG1131 by connecting the 
variable domains of the heavy and the light chains together 
with a (Gly4Ser)4 linker. The complex between MG1131-scFv 
and hTIGIT(23–128) was crystallized and its crystal structure 
was determined (Table 2). The crystal contained two MG1131- 
scFv‒hTIGIT(23–128) complexes in the asymmetric unit. No 
significant conformational differences were found between the 
two copies. Although MG1131-scFv is a single polypeptide, the 
structure has two chains labeled H and L, as we followed the 
Kabat numbering scheme of the heavy and light chains of an 
IgG antibody by using the abYsis annotation tool.26,27 

MG1131-scFv sits on one side of the beta-sandwich of 
hTIGIT(23–128) (Figure 3a), and buries the solvent- 
accessible surface area of 1676 Å2 according to the PISA 
program.28

The high-resolution structure of the complex reveals 
detailed views of the intermolecular interactions. All of the 
paratope residues of MG1131-scFv, defined here as those 
within 4.5 Å of hTIGIT(23–128), belong to the complementar-
ity-determining regions (CDRs) of the heavy and light chains 
(CDRH1-CDRH3 and CDRL1-CDRL3) (Figure 3b, Table 3). 
On the other hand, the epitope residues of hTIGIT are on β- 
strands (β5, β6, β8, β10 and β11) and on two loops (β5-β6 and 
β6-β7) (Figure 3b, Table 3). Of the paratope residues, TrpH100 

(on CDRH3) appears as a key residue; its side chain is inserted 
into a pocket composed of the side chains of five hTIGIT 
epitope residues (I68, L73 Q56, N70, H76), while the ring – 
NH of TrpH100 interacts indirectly with hTIGIT (carbonyl 
oxygen of W75) via a water molecule (Figure 3c). Other nota-
ble paratope residues are TyrL32 (on CDRL1) and GlyL92 (on 
CDRL3), which make a hydrogen-bonded network with Q56, 
N58, and E60 of hTIGIT (Figure 3c). This network is partly 
covered by the hydrophobic interactions between L65 and I68 
of hTIGIT and PheH100A and TrpH100 of MG1131-scFv (on 
CDRH3).

To ensure that the MG1131-scFv‒hTIGIT(23–128) crystal 
structure reflects the actual binding interaction between the 
two proteins, we introduced alanine substitution of TrpH100, 

whose side chain is involved in extensive interaction with 
hTIGIT (Figure 3c). The resulting mutant, MG1131-scFv 
(WH100A), exhibited virtually no detectable binding affinity 
(Figure 3d), demonstrating that the crystal structure is bio-
chemically relevant.

Structural basis for blocking TIGIT by MG1131

The crystal structure of the D1 domain of PVR (residues 1– 
143) in complex with hTIGIT (residues 23–128) revealed that 
the PVR(1–143) forms a homodimer, and both monomers 
interact with hTIGIT(23–128), resulting in a bivalent 
interaction.12 A structural comparison between MG1131- 
scFv‒hTIGIT(23–128) and PVR(1-143)-hTIGIT(23–128) 
(PDB: 3UDW) shows that MG1131 binds to a surface of 
hTIGIT(23–128) that partly overlaps with the PVR(1-143)- 
binding interface on hTIGIT (Figure 3e). Especially, MG1131, 
via CDRH1-CDRH3 and CDRL3, interacts extensively with the 
conserved AX6G motif (Ala67 to Gly74) of TIGIT, which 
makes a lock-and-key interaction with a conserved T(F/Y)P 
motif of PVR.12 The binding affinity (in terms of KD) between 
PVR and TIGIT was reported as 3.15 nM,1 which is weaker 
than that between MG1131 and hTIGIT (KD of 0.59 nM). 
These results are in line with the competition assay 
(Figure 2c) and indicate that MG1131 would be able to block 
PVR binding to hTIGIT, thereby inhibiting the immunosup-
pressive signaling of TIGIT in vivo. Although the structure of 
1D3 bound to hTIGIT is unavailable, a patent (WO2017/ 
053748A2) lists the epitope residues interacting with 1D3. 
Mapping these residues together with the MG1131 epitope 
residues on the hTIGIT structure reveals that, while the 
hTIGIT-binding orientations of MG1131 and 1D3 are appar-
ently different from each other, the two epitope surfaces partly 
overlap, with six epitope residues shared by the two mAbs 
(figure 3f). The comparison shows that 1D3 epitope surface 
also partly overlaps with the PVR(1-143)-binding site on 
hTIGIT, suggesting a similarity in the modes of action of the 
two mAbs. Consistently, in vitro and in vivo experiments 
showed that MG1131 potently suppresses TIGIT signaling, as 
described below.

Effects of MG1131 on the activities of NK cells and Treg 
cells

Engagement of PVR on target cells with TIGIT on NK cells 
contributes to the suppression of immunological activities of 
the effector cells.29 TIGIT is also known to be highly expressed 
on Treg cells and contributes to their immunosuppressive 
functions on the antitumor activities of effector T cells.30–32 

Table 2. X-ray data collection and structure refinement statistics.

Data Collection MG1131-scFv─hTIGIT(23–128)

Space group P21

Unit cell dimensions
a, b, c (Å) 69.67, 79.82. 77.97
α, β, γ (°) 90.0, 100.55, 90.0
Wavelength (Å) 0.97957
Resolution (Å) 28.98–1.53 (1.585–1.53)a

R-merge 0.065 (1.283)a

I/σ(I) 16.00 (1.47)a

Completeness (%, > −3σ) 99.94 (99.93)a

Redundancy 7.0
Refinement
No. of reflections 126,310 (12,548)a

Rwork/Rfree (%) 20.1/22.8
R.m.s deviations
Bond (Å)/Angle (º) 0.012/1.19
Average B-values (Å2) 25.80
Ramachandran plot (%)
Favored/Additional allowed 98.64/1.36
Outliers 0.0

aThe numbers in parentheses are the statistics from the highest resolution shell.

Table 3. The paratope and epitope in the MG1131-scFv‒hTIGIT structure.

MG1131 hTIGIT

CDR Paratope residues Epitope residues
H1 TyrH53 Gln56, Asn58, Glu60, Asp63, Leu66, 

Ile68, Asn70, Asp72, Leu73, 
His76, His111, Tyr113, Thr117

H2 IleH50, SerH56, SerH58, GlnH61

H3 TrpH100, PheH100A

L1 Gln,L27 Ser,L29 Ser,L30 Ser,L31 TyrL32

L2 None
L3 TyrL91, SerL93, SerL94, ProL95
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Figure 3. Interaction of MG1131-scFV with hTIGIT(23–128). (A) Crystal structure of the MG1131‒scFV-hTIGIT(23–128) complex. MG1131-scFv interacts with a tip side of 
the elongated structure of hTIGIT(23–128) by sitting on one side of the β-sandwich.(B) The paratope and epitope residues are shown in sticks and labeled (tabulated in 
Table 3). The CDRs are color-coded and labeled.(C) Key paratope–epitope interactions. Residues involved in the interactions are shown in sticks. The dotted lines 
indicate hydrogen bonds.(D) WH100 is a critical paratope residue. BLI kinetics curves are shown for MG1131-scFv (31.3 nM) and MG1131-scFv(WH100A) that reacted with 
hTIGIT(22–141) immobilized on a biosensor chip. Unlike wild-type MG1131-scFv, the mutant protein exhibited undetectable binding response at 31.3 nM.(E) MG1131- 
scFv and PVR(1–143) bind to an overlapping surface on hTIGIT. The structures of MG1131-scFv‒hTIGIT(23–128) and PVR(1–143)‒hTIGIT(23–128) (PDB: 3UDW) were 
superposed by aligning the common hTIGIT(23–128) molecule in the two structures. MG1131-scFv in surface representation overlaps severely with PVR (1–143) in 
ribbon representation due to a partial overlap of the binding surfaces on TIGIT.(F) Epitope ComparisonFigure 3a Alt text: Crystal structure of the scFv form of MG1131 
bound to hTIGIT is shown to illustrate the binding interaction between the antibody and the antigen.Figure 3b Alt text: (Left) Paratope residues of MG1131, which are 
involved in binding to hTIGIT, are shown in stick and labeled. (Right) Epitope residues of hTIGIT, which are involved in binding to MG1131, are shown in sticks and 
labeled.Figure 3c Alt text: Key interactions between MG1131 and hTIGIT are shown in a magnified view. Of these, the tryptophan residue at the 100th residue position is 
outstanding.Figure 3d Alt text: A binding curve shows that the alanine substitution of this tryptophan residue drastically reduced the binding affinity for hTIGIT. 
Figure 3e Alt text: Structural superposition shows that MG1131-binding site overlaps with the PVR-binding site on the surface of hTIGIT.figure 3f Alt text: Mapping of the 
epitope residues of MG1131 and 1D3 on the crystal structure of hTIGIT shown in stick representation (left) and in surface representation (right). The two antibodies share 
six epitope residues.
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We first investigated whether MG1131 would affect the cyto-
toxicity of NK cells against PVR-positive target cells: a Raji 
stable cell line expressing PVR-GFP (PVR-GFP-Raji) and 
H358 cells. Upon treatment of these cells with MG1131, the 
cytotoxicity of the NK cells was enhanced in a dose-dependent 
manner and in a PVR-dependent manner (Figure 4a). Next, we 
evaluated the effect of MG1131 on the suppressive function of 
Treg cells by monitoring the proliferation of CD8+ T cells in 
total PBMCs co-cultured with Treg cells. Indeed, MG1131 
treatment decreased expression of inhibitory immune check-
point molecules, including CTLA-4, CD39, and PD-1 on Treg 
cells (Figure 4b). Consistently, the treatment significantly 
decreased the suppressive activity of Treg cells (Figure 4c). 
These data demonstrate that MG1131 enhances NK cell- 
mediated killing of cancer cells and downregulates the immu-
nosuppressive functions of Treg cells.

Effects of MG1131 on PBMCs from multiple myeloma 
patients

During the progression of multiple myeloma, CD8+ T cells exhibit 
increased expression of TIGIT and these TIGIT-positive CD8+ 

T cells exhibit impaired cytotoxicity.22 It was shown that TIGIT 
blockade by a mAb improved the cytotoxic activities of CD8+ 

T cells obtained from multiple myeloma patients.22 To examine 
whether MG1131 exerts similar effects, PBMCs from multiple 
myeloma patients were stimulated with anti-CD3/CD28 microbe-
ads and incubated with MG1131. Measurement of the secreted 
interferon (IFN)-γ level indeed demonstrated that MG1131 sig-
nificantly enhanced IFN-γ production by the PBMCs, presumably 
owing to restored cytotoxic functions of CD8+ T cells (Figure 4d). 
This result suggests that MG1131 could promote T cell immunity 
against multiple myeloma.

Antitumor efficacy of MG1131 in transgenic mouse models

Since human TIGIT cross-reacts with mouse PVR,33 and since 
MG1131 does not cross-react with mouse TIGIT (data not 
shown), the in vivo efficacy of MG1131 was evaluated using 
the TIGIT HuGEMM mice, which were genetically engineered 
to express a chimeric human/mouse TIGIT protein with the 
extracellular domain of human TIGIT and the transmembrane 
and intracellular domains of mouse TIGIT. The mice success-
fully engrafted with the Hepa 1–6 tumor cells were randomly 
divided into treatment groups, and 10 mg/kg of MG1131 or 
phosphate-buffered saline (PBS) was administered twice per 
week. MG1131 exhibited 58% tumor growth inhibition (TGI) 
with increased infiltration of CD3+ T cells into the tumor 
(Figure 5a). The antitumor efficacy of MG1131 was further 
evaluated in a mouse xenograft tumor model using the immu-
nodeficient NOG mice in which human immune cells can be 
reconstituted. NOG mice were injected with HT29 cell (human 
colorectal adenocarcinoma cell line) and reconstituted with 
human PBMCs. Administration of MG1131 to NOG mice 
engrafted with HT29 cells resulted in 28% TGI (Figure 5b). 
The reduction of the tumor volume in the treatment group in 
comparison with the control group is significant, but not 
striking. We speculate that this modest efficacy is due to devel-
opment of xenograft-versus-host disease (xGvHD), which is 

the primary drawback of human PBMC engraftment into the 
mouse.34 Initially, upon infusion of 10 ~ 15x106 human 
PBMCs into the mouse, we observed severe effects of the 
xGvHD in a few weeks. We therefore reduced the number to 
7x106, which might not have been sufficient for inducing 
maximum efficacy. Moreover, the influences of the xGvHD 
and the graft-versus-tumor reactivity may lead to slow growth 
of the engrafted tumor, which was at day 15 to 18 in our case, 
resulting in less pronounced differences of tumor growth inhi-
bition between the two groups, as similarly observed by 
others.35 These data together with the results from the 
in vitro study suggest that MG1131 is a promising candidate 
for cancer immunotherapy.

Discussion

The extracellular domain of TIGIT is relatively small (with a single 
Ig variable domain), and notably contains many exposed hydro-
phobic residues (Leu65, Ile68, Leu73, Phe107, Ile109, Pro124, 
Phe123) on one face of the β-sandwich, which is a part of the 
binding interface for PVR. Likely, antibodies discovered by using 
TIGIT as bait would interact with some of these residues, and thus 
compete with PVR for binding to TIGIT. Consistently, all of the 11 
positive clones found in the phage display library of scFvs exhib-
ited competitive binding to TIGIT in the presence of PVR, sug-
gesting the relative ease of finding an array of anti-TIGIT 
antibodies with a varying binding mode and binding affinity. To 
our knowledge, the reported structure is the first structure of an 
antibody or antibody fragment bound to TIGIT, although many 
preclinical or clinical trials involving an anti-TIGIT mAb are 
currently underway. It is hard to predict whether a mAb, with its 
bivalent binding mode, would promote or disrupt homodimeriza-
tion of TIGIT in cis, which is known to be a weak interaction, but 
critical for signaling. Additional reports on structures and proper-
ties of other anti-TIGIT mAbs may pave the way to suppress 
TIGIT for potent antitumor efficacy and successful clinical 
application.

We deliberately constructed MG1131 as the IgG4 type, rather 
than the IgG1 type, to avoid potential depletion of antitumor 
effector cells, such as T cells and NK cells, owing to the reduced 
binding of the IgG4 Fc to Fc-gamma receptors (FcγRs) (in com-
parison with the IgG1 Fc) and thus to the reduced induction of 
effector functions of the Fc.36 However, another possibility is that 
IgG1-type mAb might be advantageous, since it may remove Treg 
cells from tumor microenvironment by invoking antibody- 
dependent cellular cytotoxicity via the Fc, although it accompanies 
the risk of damaging antitumor effector cells simultaneously. So 
far, the question of whether the Fc-FcγR engagement is required 
for the full therapeutic efficacy of TIGIT mAb has not clearly been 
answered.37 Further studies that directly compare the antitumor 
efficacy of mAbs of different IgG types, but with the same Fab, are 
needed. Considering the enhanced antitumor activity of chimeric 
antigen receptor-T cells (CAR-T cells) upon blocking immune 
checkpoint inhibition by an anti-PD-1 or anti-PD-L1 
antibody,38–40 adoptive cell therapy could benefit from incorpor-
ating an anti-TIGIT mAb. In this combination, the IgG4-type 
might be advantageous, since the IgG1-type mAb could damage 
CAR-T cells by the effector functions of its Fc.
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In conclusion, we developed MG1131, a high-affinity 
IgG4-type mAb against hTIGIT. It exhibits antitumor activ-
ities in vitro and in vivo, which is likely to arise at least 
from blocking the interactions between TIGIT and its 

cellular binding partners. Combined with another immune 
checkpoint inhibitor, such as anti-PD-1 mAb, or with CAR- 
T cells, MG1131 may be further developed into a cancer 
immunotherapy biologic.

Figure 4. Antitumor activity of MG1131 in cell-based assays. (A) Increased cytotoxic activity of NK cells. Expanded NK cells were co-cultured with the indicated target 
cells (stained with calcein AM) with an E:T ratio of 10:1, and the levels of fluorescence from the supernatant were measured as a function of the concentration of MG1131 
or 1D3. N = 3. Bars: mean ± standard error of the mean. (B) Decreased expression of immune checkpoint proteins. Following T cell activation, Treg cells were treated 
with MG1131 or 1D3 at 10 μg/mL. The expression of the indicated immune checkpoint proteins on Treg cells was detected by flow cytometry. Treg cells were 
CD3+CD4+CD25hiCD127loFoxP3+ cells. Treg cells from nine different donors were used. *, p < .05; **, p < .01 by paired t-test. In A-C, human IgG4 was used as a control. 
(C) Decreased activity of Treg cells. CFSE-labeled Tresp cells were activated with anti-CD3/CD28 microbeads, treated with MG1131 or 1D3 at 10 μg/mL, and cultured with 
or without Treg cells for 5 days. The suppressive activity of Treg cells was calculated based on the proliferation of Tresp cells (see Materials and Methods). Five pairs of 
the marks (○, ■) represent five different donors. p < .05 by paired t-test.(D) Improved cytotoxic activities of CD8+ T cells derived from multiple myeloma patients. 
Following T cell activation with anti-CD3/CD28 microbeads, PBMCs from multiple myeloma patients were incubated with MG1131 or human IgG4 (control) at 10 μg/mL 
for 4 days. Secretion of IFN-γ was measured by flow cytometry. Results from five different donors (MM1-MM5) are shown. Bars: mean ± SEM. *, p < .05, ***, p < .005 by 
unpaired t-test.Figure 4a Alt text: The effect of MG1131 and 1D3 on the cell killing activity of natural killer cells were measured for three different cell lines. Line graphs 
show the increase in the cytotoxicity activity of natural killer cells as a function of the concentration of the two antibodies.Figure 4b Alt text: The effects of MG1131 and 
1D3 on the expression of immune checkpoint proteins are shown on the left and right panel, respectively. The two antibodies decrease the expression of these proteins. 
Figure 4c Alt text: The effects of MG1131 and 1D3 on the suppression of regulatory T cells are shown on the left and right panel, respectively. In these experiments (in 
Figure 4a-4c), MG1131 was better than or at least comparable to 1D3.Figure 4d Alt text: A bar graph showing the secretion of IFN-γ in PBMCs derived from multiple 
myeloma patients. MG1131 treatment enhanced the IFN-γ secretion in comparison with the control IgG4 antibody.
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Materials and methods

Discovery of anti-hTIGIT antibodies

hTIGIT-His (Creative biomart) was used as bait to screen a naïve 
human scFv phage library (Myxengo) to identify 11 clones, which 
were converted into IgG1-type mAbs. The binding affinity of these 
mAbs for hTIGIT was analyzed by the enzyme-linked immuno-
sorbent assay (ELISA) on a plate coated with on hTIGIT-Fc (R&D 
systems, Cat # 7898_TG) as previously described.41

Expression and purification of MG1131 and a reference 
antibody 1D3

Codon-optimized DNA fragments encoding the heavy and the 
light chain of MG1131 or tiragolumab were each cloned into the 
pCIW2 vector (GC Pharma) or the pMSID2 vector (GC Pharma), 
respectively, to construct IgG4-type mAb. This in-house version of 
tiragolumab, named 1D3, was used as a reference mAb. MG1131 
and 1D3 were produced by using CHO DG44 cells (originated 
from Dr. Lawrence Chasin at Columbia University) and ExpiCHO 
Expression System Kit (Thermo Fisher Scientific), respectively. 
For both mAbs, harvested cell culture fluid was loaded onto an 
XK 50/20 column packed with MabSelect SuRe resin (Cytiva). The 
column was washed with 5 column volumes (CVs) of the PBS 
buffer (pH 7.0), and bound 1D3 or MG1131 was eluted with 0.1 M 
glycine buffer (pH 3.0 ~ 3.2), titrated to pH 5.5 by adding 1 M Tris, 
dialyzed against the PBS buffer and filtered through a 0.22 μm 
filter.

Binding affinity measurement by biolayer interferometry 
(BLI)

BLI experiments were performed using an Octet R8 protein ana-
lysis system (Sartorius). Each well contained 200 μL of solution, 
and the assay buffer was the Kinetics Buffer (Satorius, PBS+ 0.02% 
Tween20, 0.1% BSA, 0.05% sodium azide). Streptavidin biosensor 

tips (Sartorius) were loaded with biotinylated hTIGIT(22–141) 
(Acrobio Systems) at 2 ng/μL for 120 s (threshold of 1.5 nm 
response), incubated in the Kinetics Buffer for 60 s to acquire the 
baseline measurement, dipped into the solution containing the 
analyte for 300 s (association step) and dipped into the same buffer 
for 900 s (dissociation step). The kinetics data were analyzed with 
the Octet BLI Analysis 12.2 software package (Sartorius).

Generation of stable cell lines

To generate a TIGIT-expressing stable Jurkat cell line (hTIGIT- 
Jurkat), full-length hTIGIT cDNA (Origene) was cloned into the 
pEF1α-AcGFP-N1 vector (Clontech), and the plasmid was intro-
duced into Jurkat E6.1 cells (ATCC). GFP-positive Jurkat cells 
were sorted out using a FACSAria II (BD). PVR-GFP-Raji and 
control stable Raji cells expressing GFP (GFP-Raji) were generated 
similarly by using full-length human PVR cDNA (Dharmacon) 
and Raji cells (ATCC).

Isolation of Treg cells and expansion of NK cells from 
human PBMCs

Leukapheresis products were collected from healthy donors at 
Samsung Medical Center (institutional review board: No. 2018– 
01-089) and PBMCs were isolated by centrifugation on a Ficoll 
density gradient (GE Healthcare). Treg cells were isolated from 
the human PBMCs using the EasySepTM Human 
CD4+CD127lowCD25+ Regulatory T cell isolation kit 
(STEMCELL Technologies). The purity of isolated Treg cells 
(CD4+CD127−CD25+FoxP3+ cells) was determined by flow 
cytometry using the fluorochrome-conjugated antibodies 
(Table 4) and an LSRFortessa instrument (BD). Intracellular 
staining was performed using the FoxP3/Transcription Factor 
Staining Buffer (eBioscience). For NK cell expansion, human 
PBMCs were cultured in the CellGro SCGM (CellGenix) sup-
plemented with 10 ng/mL OKT3 (anti-CD3 mAb; eBioscience), 

Figure 5. Antitumor efficacy of MG1131 in mouse tumor models. (A) Hepa1-6 cell-derived xenograft was established in C57BL/6 mice that were engineered to express 
hTIGIT. At day 5, MG1131 or PBS was administered intraperitoneally at 10 mg/kg twice per week. Time-course tumor volume (Left) and % of CD3+ T cells in TILs at day 18 
(Right) are shown. N = 5. **, p < .05 by unpaired t-test.(B) NOG mice were implanted with HT29 cells subcutaneously and injected with healthy donor PBMCs 
intraperitoneally on day 0. At day 5, MG1131 or PBS was administered intraperitoneally at 10 mg/kg three times per week. Time-course tumor volume is shown. N = 8 
(MG1131) or 12 (PBS). *, p < .05 by unpaired t-test on day 18.Figure 5a Alt text: (Left) MG1131 suppressed tumor growth in Hepa1-6 cell-based xenograft mice, which 
was traced in a time course manner. PBS buffer was used as a control. (Right) Furthermore, MG1131-treated mice showed more CD3-positive cells in tumor-infiltrating 
lymphocytes compared with PBS buffer-treated mice.Figure 5b Alt text: Time course measurement of tumor volume is shown, which was measured for NOG mice 
implanted with HT29 tumor cells. MG1131 treatment retarded the tumor growth considerably in comparison with PBS buffer treatment.
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500 IU/mL IL-2 (Novartis) and 5% human plasma (Valley 
Biomedical) in a culture bag (NIPRO). Fresh culture medium 
was added every 2–3 days to reach the cell density of 1 × 106 

cells/mL.

Cell-based antibody-binding assay

The hTIGIT-Jurkat cells (3×105 cells/well), the isolated Treg 
cells (1×105 cells/well), or the expanded NK cells (2×105 cells/ 
well) on a 96-well round-bottom plate were treated with the 
anti-TIGIT mAbs including MG1131 at varying concentration 
and incubated for 90 min. Antibodies bound to the hTIGIT 
were detected with the anti-Human IgG F(ab’)2 Fragment- 
R-Phycoerythrin antibody (Sigma Aldrich, Cat # P8047) by 
flow cytometry. The IC50 values were determined by analyzing 
the mean fluorescence intensity (MFI).

Ligand competition assay

The hTIGIT-Jurkat cells (2×105 cells/well) on a 96-well round- 
bottom plate were treated with 50 μg/mL of human PVR-Fc 
and incubated for 1 h. Cells were washed and treated with the 
varying concentration of anti-TIGIT mAbs or control human 
IgG4 (Sigma Aldrich, Cat # I4639). Cells were incubated for 
90 min, stained with phycoerythrin (PE)-conjugated anti- 
human PVR antibody (R&D systems, Cat # FAB25301P), 
washed and analyzed by flow cytometry. The IC50 values 
were determined by analyzing the MFI.

Luciferase reporter assay in Jurkat cells

The assay was performed using the TIGIT/CD155 
Blockade Bioassay (Promega) according to the manufac-
turer’s instructions, and the luminescence intensity was 
measured using a GloMax Discover microplate reader 
(Promega).

In vitro cytotoxicity assay

On day 21 post expansion, NK cells as the effector cells were 
seeded (1×105 cells/well) and pre-incubated with varying concen-
tration of MG1131 or human IgG4 (Sigma Aldrich). Calcein AM 

(Invitrogen)-stained GFP-Raji, GFP-PVR-Raji or H358 cells 
(ATCC) as the target cells were added at the Effector:Target (E: 
T) ratio of 10:1. 100 μL of the supernatant was transferred to 
a black 96-well flat-bottom plate and fluorescence intensity was 
measured using a VICTOR X3 plate reader (PerkinElmer) 
(485 nm/535 nm, 0.1 s). The percentage of target cell lysis was 
calculated using the formula, Lysis % = [(Test release– 
Spontaneous release)/(Maximum release+(Assay media release– 
2% Triton X-100 release)–Spontaneous release)] x 100.

Immunophenotypic analysis of Treg cells

The human PBMCs (1×106 cells/well) on a 96-well round-bottom 
plate were stimulated with Dynabeads Human T-Activator CD3/ 
CD28 (Gibco) in the presence of 10 μg/ml of MG1131 or control 
human IgG4 for 6 days. Cells were stained with the fluorochrome- 
conjugated antibodies (Table 4). Intracellular staining was per-
formed using the FoxP3/Transcription Factor Staining Buffer 
(eBioscience). The expression of the immune checkpoint proteins 
on Treg cells (CD3+CD4+CD25hiCD127lowFoxP3+) was analyzed 
by flow cytometry.

In vitro assay for the suppression of PBMCs by Treg cells

Treg cells isolated from human PBMCs were used as 
effector cells and autologous total PBMCs were used as 
responder cells (Tresp cells). CFSE (Invitrogen)-labeled 
total PBMCs were seeded at 2 × 105 cells/well, and Treg 
cells were added at a Treg:Tresp ratio of 0.25:1 (or 0:1 for 
the control). Cells were stimulated with 2 μg/ml of anti- 
CD3 mAb (eBioscience, Cat # 16–0037-85) and anti-CD28 
mAb (eBioscience, Cat # 16–0289-81) for T cell activation 
in the presence of 10 μg/ml of MG1131 or control human 
IgG4 for 5 days. The proliferation of Tresp cells was 
analyzed by assessing the percentage of CFSElo dividing 
cells within the CD3+CD8+ cells by flow cytometry. The 
percentage of suppression was calculated according to the 
formula, [100-(% proliferated Tresp+% proliferated Treg)/ 
% proliferated Tresp] x 100.

Measurement of IFN-γ secretion from multiple myeloma 
patient-derived PBMCs

PBMCs from multiple myeloma patients (Axol and iQ 
Bioscience) were thawed and seeded at 1 × 106 cells/well. 
Cells were treated with Dynabeads Human T-Activator 
CD3/CD28 (Gibco) for activation of T cells in the pre-
sence of 10 μg/ml of MG1131 or control human IgG4 for 
4 days. The levels of IFN-γ in the culture supernatant 
were analyzed by flow cytometry using a CBA Human 
Th1/Th2/Th17 Cytokine Kit (BD).

Evaluation of the antitumor efficacy of MG1131 in the 
TIGIT HuGEMM mice

Each TIGIT HuGEMM mouse (background: C57BL/6; 
generated by Crown Bio) was inoculated subcutaneously 
at the right flank region with 5 × 106 Hepa 1–6 tumor 
cells in 0.1 mL of PBS. When the mean tumor volume 

Table 4. Fluorochrome-conjugated antibodies used for flow cytometry analyses.

Species 
reactivity Antibody Clone Fluorochrome Supplier

Human CD3 SK7 APC-H7 BD
CD4 RPA-T4 APC-R700 BD
CD25 M-A251 BV421 BD
CD127 HIL- 

7RM21
BB515 BD

FoxP3 PCH101 PE eBioscience
CD39 eBioA1 PE-Cy7 eBioscience
PD-1 EH12.2H7 PE-Cy7 Biolegend
ICOS C398.4A Alexa647 Biolegend
LAG3 11 C3C65 PE-Cy7 Biolegend
CTLA-4 polyclonal APC R&D 

systems
Mouse CD45 30-F11 PerCP-Cy5.5 Biolegend

CD3 17A2 BUV395 BD
- Fixable viability 

dye
- eFluo780, 

V500
Invitrogen
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reached approximately 100 mm3, mice were randomly 
selected into treatment groups and treated with MG1131 
(10 mg/kg) or PBS by intraperitoneal injection twice per 
week. Mean TGI was calculated according to the formula, 
TGI % = (1–Ti/Ci) x 100, where Ti and Ci are the mean 
tumor volume of the treatment group and the control 
group, respectively, on the same measurement day. TILs 
were isolated by using the Tumor Dissociation Kit 
(Miltenyi Biotec) and gentleMACS Octo Dissociator 
(Miltenyi Biotec). Cells were treated with Mouse Fc 
Block (BD, Cat # 553141), stained with the fluorochrome- 
conjugated antibodies (Table 4) and analyzed by flow 
cytometry. All of the in vivo analyses using the TIGIT 
HuGEMM mice were conducted at the Crown Bio.

Evaluation of the antitumor efficacy in an HT29 xenograft 
mouse model

Six-week-old female NOG mice (NOD.Cg-PrkdcscidIl2rgtm1Sug/ 
Jic) were subcutaneously inoculated with 3.5 × 106 HT29 cells in 
0.2 mL of PBS at a right flank region on day 0. After 3–4 h, 
7 × 106 human PBMCs in 0.2 mL of PBS were injected intraper-
itoneally to reconstitute a human immune system. When the 
mean tumor volume reached approximately 100 mm3, mice 
were randomized into treatment groups and treated with 
MG1131 (10 mg/kg) or PBS by intraperitoneal injection three 
times per week. Tumor volume and TGI were calculated 
(IACUC of the GC Pharma: No. GC-18-008A).

Expression and purification of MG1131-scFv and hTIGIT 
(23-128)

To produce MG1131-scFv, (Gly4Ser)4 linker was inserted between 
the variable regions of heavy and light chains in the form of DNA 
by standard polymerase chain reaction. The DNA fragment was 
cloned into a modified version of the pET 22b vector (Novagen) 
and expressed with a C-terminally fused cysteine protease domain 
(CPD) of vibrio cholerae MARTX toxin with a (His)10 tag from 
E. coli BL21 (DE3) RIPL strain (Agilent). Cells were grown at 18°C 
after 250 μM isopropyl β-D-1-thiogalactopyranoside (IPTG) 
induction. Bacterial cell lysates were prepared by sonication in 
buffer A (20 mM Tris-HCl, pH 7.5 and 150 mM NaCl). The 
supernatant was applied to a HisPurTM Ni-NTA resin (Thermo 
Fisher Scientific). The CPD-(His)10 tag was cleaved autolytically 
on gel by adding 100 μM sodium phytate (Sigma Aldrich). The 
unbounded fraction was further purified using a Hitrap Q anion 
exchange column (Cytiva) and a HiLoad 26/60 Superdex 75 gel- 
filtration column (Cytiva). A fragment of hTIGIT encompassing 
residues 23–128, designated as hTIGIT(23–128), was produced 
and purified by the procedures that are virtually identical to those 
used for MG1131-scFv, except for using the E.coli Rosetta-gami 2 
(DE3) strain (Novagen).

Crystallization and structure determination of MG1131- 
scFv‒hTIGIT(23-128)

Purified MG1131-scFv and hTIGIT(23–128) were mixed 
together in an 1:1.2 molar ratio and then loaded onto 
a HiLoad 26/60 Superdex 75 gel-filtration column (Cytiva) 

equilibrated with buffer A. The fractions containing the 
MG1131-scFv‒hTIGIT(23–128) complex were concentrated 
by using Amicon Ultra-15 Centrifugal Filter (Merck 
Millipore). MG1131-scFv‒hTIGIT(23–128) (20 mg/mL) 
was crystallized in a solution composed of 200 mM ammo-
nium citrate and 20% (v/v) polyethylene glycol 3350 at 
20°C. For cryoprotection, the crystals were briefly 
immersed into the mother liquor containing additional 
20% (v/v) ethylene glycol. X-ray diffraction data were col-
lected at 100 K on the beamline 5 C at the Pohang 
Accelerator Laboratory and processed with XDS.42 Phases 
were determined by the molecular replacement protocol in 
PHENIX using the structure of an Fv (PDB: 6EHV) and the 
structure of the TIGIT IgV domain (PDB: 3UCR) as search 
models.43 Model building and structure refinement were 
performed using COOT and PHENIX.43,44 (Table 2)

Atomic coordinates have been deposited in the Protein Data 
Bank under the accession code 7VYT.

List of abbreviations

CAR-T cellsChimeric antigen receptor-T cells
DNAM1DNAX accessory molecule 1
FcγRsFc-gamma receptors
IgGImmunoglobulin G
ITIMImmunoreceptor tyrosine-based inhibitory motif TIGIT
ITTImmunoglobulin tail tyrosine
mAbMonoclonal antibody
PBMCPeripheral blood mononuclear cell
PVRPoliovirus receptor
TGITumor growth inhibition
TIGITT-cell immunoglobulin and ITIM domain
xGvHDxenograft-versus-host disease
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