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Generation of TIM3 inhibitory single-domain antibodies to boost
the antitumor activity of chimeric antigen receptor T cells
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Abstract. Targeting inhibitory immune checkpoint molecules
has significantly altered cancer treatment regimens. T cell
immunoglobulin and mucindomain 3 (TIM3) is one of the major
inhibitory immune checkpoints expressed on T cells. Blocking
the engagement of TIM3 and its inhibitory ligand galectin-9
may potentiate the effects of immunotherapy or overcome the
adaptive resistance to the therapeutic blockade of programmed
cell death protein 1, cytotoxic T-lymphocyte-associated protein
4, B- and T-lymphocyte attenuator and lymphocyte-activation
gene 3, amongst others, as each of these immune checkpoints
harbors unique properties that set it apart from the rest. Heavy
chain variable fragment (VH)-derived single-domain anti-
bodies (sdAbs) represent a class of expanding drug candidates.
These sdAbs have unique advantages, including their minimal
size in the antibody class, ease of expression, broad scope for
modular structure design and re-engineering, and excellent
tumor penetration. In the present study, two sdAbs, TIM3-R23
and TIM3-R53, were generated by immunizing rabbits with
the recombinant extracellular domain of TIM3 and applying
phage display technology. These sdAbs were easily expressed
in mammalian cells. The purified sdAbs were able to bind to
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both recombinant and cell surface TIM3, and blocked it from
binding to the ligand galectin-9. In vivo studies demonstrated
that TIM3-R53 was able to potentiate the antitumor activity
of chimeric antigen receptor T cells that targeted mesothelin.
In conclusion, the results of the present study suggested that
TIM3-R53 may be a novel and attractive immune check-
point inhibitor against TIM3, which is worthy of further
investigation.

Introduction

Immunotherapy has become the mainstay treatment
for cancer. One of the most successful, and still rapidly
progressing areas in immunotherapy is the blockade of inhibi-
tory immune checkpoint molecules expressed on T cells, such
as programmed cell death protein 1 (PD-1) and cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4). T cells are the
primary regulators of immune cells that participate in immune
surveillance and cancer immunity. Due to the potency of
T cells and the cascade amplification effect in immune
responses initiated by T cells, the activation state of T cells has
to be intricately regulated. Inhibitory immune checkpoints,
such as PD-1 and CTLA-4, negatively regulate the function
and dampen the antitumor immunity of activated T cells.
Therefore, unleashing a pre-existing immune response against
tumors through neutralization antibodies targeting inhibitory
immune checkpoints can enhance the antitumor activity of
T cells. Currently, anti-PD-1 antibodies have been approved
by the U.S. Food and Drugs Administration and are used in
the treatment of malignant melanoma (1), lung cancer (2), renal
cancer (3) and lymphoma (4).

T cell immunoglobulin and mucin domain 3 (TIM3)
represents a new target beyond the first generation of
immune checkpoints, CTLA-4 and PD-1. TIM3 is one of
the major negative regulators on the surface of activated
T cells. The TIM family has eight members in mice, but only
three members in humans (TIM1, TIM3 and TIM4) located
on chromosome 5 (5). TIM3 was identified as a molecule
expressed by interferon y-producing CD4* and CD8* T cells (6)
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and numerous other cell types, including regulatory T cells,
myeloid cells (7), natural killer cells (8) and mast cells (9).
Previous data have revealed that TIM3 served a critical role
in regulating the activities of different innate immune cells,
and it was associated with autoimmune diseases, chronic viral
infections and cancer (10). Several ligands of TIM3 have been
identified, including galectin-9, phosphatidylserine (PtdSer),
carcinoembryonic antigen-related cell adhesion molecule 1
(CEACAM1), and high-mobility group box 1 protein (11,12).
TIM3 and its ligand galectin-9 may constitute one of the
negative regulatory pathways that can inhibit T cell immu-
nity (6). Therefore, the blockade of TIM3 is currently being
investigated in clinical trials for the treatment of cancer (13).

Single-domain antibodies (sdAbs) are antibody fragments,
typically derived from the heavy chain variable fragment
(VH) domain, with a molecular weight of ~12 kD. The best
studied sdAbs include camelid Vyy, cartilaginous fish V,x
and human VH. Due to the small size, excellent thermal
stability, reversible refolding capacity and other outstanding
properties, sdAbs have demonstrated significant potential in
medical applications or as research tools (14,15). Numerous
sdAbs are being actively evaluated in clinical trials, and one
sdAb drug, caplacizumab (a humanized camelid V), has been
recently approved for the treatment of acquired thrombotic
thrombocytopenic purpura and thrombosis (16,17). Rabbits
have been identified as a convenient model to generate VH
domain antibodies via immunization and phage display (18).
In the present study, a similar strategy was adopted to generate
TIM3 inhibitory sdAbs that could be combined with chimeric
antigen receptor (CAR) T cell therapy to boost CAR T cell
efficacy in cancer treatment.

Materials and methods

Cell lines. The human mesothelioma cell line H226 (ATCC®
CRL-5826™; Genetimes ExCell Technology, Inc.) was
maintained as an adherent monolayer culture in RPMI-1640
medium (Invitrogen; Thermo Fisher Scientific, Inc.) supple-
mented with 10% FBS (HyClone; Cytiva), 2 mM L-glutamine
and 100 IU/ml penicillin-streptomycin (Invitrogen; Thermo
Fisher Scientific, Inc.). H9 (Feng Lab, Huazhong Agricultural
University, Wuhan, China) cells were also used, which were
an engineered human epithelial carcinoma A431 (ATCC®
CRL-1555; Genetimes ExCell Technology, Inc.) cell line
(mesothelin negative) that overexpressed cell surface meso-
thelin. A431 and all A431-derived cells were maintained
in DMEM (Invitrogen; Thermo Fisher Scientific, Inc.), and
incubated in 5% CO, at 37°C. These cells were harvested,
and the media were refreshed twice a week. Human 293F
cells (cat. no. 11625019, Invitrogen; Thermo Fisher Scientific,
Inc.) were maintained in SMM 293-TII Expression medium
(cat. no. M293TII; SinoBiological, Inc.) in 5% CO, at 37°C.
Cells were passaged every 4 days at the seeding density of
3x10° cells/ml.

Preparation of recombinant proteins. The extracellular domain
(ECD) of TIM3 (NP_033665.1, a.a. 22-202) was fused with
human IgGl1-Fc and cloned into mammalian expression vector
pFUSE-hIgGl1-Fc2 (pfuse-hglfc2; InvivoGen) to generate
TIM3-hFc. Galectin-9 (NP_033665.1, a.a. 2-355) was fused

with rabbit IgG-Fc and cloned into mammalian expression
vector pFUSE-rIgG-Fc2 (pfuse-rfc2; InvivoGen) to generate
Gal9-rFc. The mesothelin-coding sequence (NP_005814.2,
a.a. 296-580) was fused with either human IgG1-Fc or rabbit
IgG-Fc and cloned into the same expression vector. The
expression vectors were then introduced into 293F cells
using polyethylenimine (PEI) (cat. no. 23966-1, Polysciences,
Inc.) transfection. The PEI was dissolved at 1 ug/ul in endo-
toxin-free deionized water that had been heated to ~65°C. For
transfection, 300 pg expression plasmid and 750 ul PEI was
pre-diluted in 5 ml Opti-MEM medium (Invitrogen; Thermo
Fisher Scientific, Inc.) separately and then mixed for 20 min
at room temperature before being added to 3x10® 293F cells
that were passaged in 100 ml of SMM 293-TII Expression
medium. Following 24 h of transfection, 200 ml fresh cell
culture medium was added and cells were cultured at 37°C and
5% CO,, with gently shaking at 110-175 rotation per minute.
The cell density was maintained at 6x10° cells/ml by daily
supplementation with fresh medium. The cell culture medium
was collected 1 week after transfection, centrifuged at 4°C and
10,000 x g for 1 h and then filtered through 0.2-ym Nalgene
Bottle Top filters (cat. no. 291-4520; Thermo Fisher Scientific,
Inc.) and subsequently loaded onto the Protein A affinity chro-
matography column (cat. no. C600952-0501; Sangon Biotech
Co., Ltd.). After being washed with PBS buffer, the recombi-
nant protein was eluted with pH 2.0 buffer and immediately
neutralized with pH 8.0 Tris-HCI buffer. Protein concentra-
tion was measured by bicinchoninic acid (BCA) method. The
purity of the preparations was analyzed by 10% SDS-PAGE,
and 5 pg protein was loaded per lane. The protein band was
visualized with Coomassie Blue staining solution at room
temperature for 4 h.

Construction of phage-displayed sdAb library. In total,
2 rabbits (3-4 months old, 1.5-2.0 kg, provided by the Animal
Facility of Huazhong Agricultural University, Wuhan, China)
were immunized with the recombinant TIM3-hFc. Each rabbit
was primed with a subcutaneous injection of 100 ug protein
mixed with 100 ¢l Complete Freund's adjuvant (Sigma-Aldrich;
Merck KGaA). Then, 14 days later, rabbits were boosted
with half the amount of the protein mixed with Incomplete
Freund's adjuvant. Seven days later after boosting, rabbits were
euthanized by ear vein injection of sodium pentobarbital at
100 mg/kg according to the previous protocol (19), and the
immunized spleens were harvested. The total splenic RNA
was isolated using TRIzol® (cat. no. 15596018; Invitrogen;
Thermo Fisher Scientific, Inc.) and reverse transcribed into
cDNA at 37°C for 15 min using a PrimeScript™ kit (Takara
Bio, Inc.). PCR amplification of the VH domains was
performed as previously described (18). The VH fragments
were digested with the restriction enzyme Sfil and cloned into
the phage display vector pComb3x (cat. no. 3498425, Biovector
NTCC, Inc.). Then, 10 pg ligation product was introduced into
0.5 ml competent E.coli TG1 cells (cat. no. DE1055; Shanghai
Weidi Biotechnology Co., Ltd.) by electroporation using the
following parameters: 25 yF, 200 Q and 1.8 kV. The resultant
library contained 1x10® original transformants.

Isolation of TIM3 sdAbs. Briefly, TIM3-hFc protein was
immobilized on a 96-well Nunc MaxiSorp™ plate (Thermo
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Fisher Scientific, Inc.) at a concentration of 100 yg/ml in PBS
for 30 min. After being washed with PBS-0.1% Tween-20
(PBST) buffer, 50 ul phage solution was added to the plate and
incubated for 1 h at room temperature. After being washed
with PBST four times, the bound phage was eluted with pH 2.0
buffer (0.2 M glycine-hydrochloric acid) and re-amplified in
TGl cells for the next round of panning. After three rounds of
panning, single colonies were randomly selected and mono-
clonal phage enzyme-linked immunosorbent assays (ELISAs)
were performed to identify the TIM3-specific binders. The
detailed phage panning and phage ELISA methods have been
previously described (20).

Production of TIM3 sdAb. Rabbit VH domain antibodies were
fused with His-FLAG tag, inserted into the expression vector
pFUSE-hIgGl-Fc2 (pfuse-hglfc2; InvivoGen), and expressed
as a VH-His-FLAG-hFc format in 293F cells according to
the aforementioned method. The 6x His tag was used for
Nickel column affinity purification and the hFc tag was used
in the cell binding assay by flow cytometry that used goat
anti-human polyclonal antibody (cat. no. 109-135-170, Jackson
ImmunoResearch Laboratories, Inc.) as secondary antibody.

ELISAs. A 96-well MaxiSorp plate was coated with 5 pg/ml
TIM3-hFc protein and incubated at 37°C for 30 min. After
being washed twice with PBST, the plate was blocked for
30 min with blocking buffer (2% BSA in PBS buffer). After
removing the blocking buffer, biotinylated TIM3 sdAbs were
incubated with the plate at variable concentrations starting from
200 pg/ml and followed by 1:2 serial dilutions. TIM3 sdAbs
binding was detected using HRP-conjugated streptavidin
(Invitrogen; Thermo Fisher Scientific, Inc.; 1:4,000).

Neutralization assay of TIM3 sdAbs. The neutralization assay
was performed using a competitive ELISA to determine the
ability of the TIM3 sdAbs to block TIM3 from binding to
its ligand galectin-9. Briefly, a 96-well MaxiSorp plate was
coated with 5 pg/ml TIM3-hFc at 37°C for 30 min. After
blocking, variable amounts of TIM3 sdAbs were added to the
plate and incubated at 37°C for 30 min to allow the sdAbs to
bind to TIM3-hFc. Following the incubation, 5 ug/ml biotinyl-
ated galectin-9-rFc was directly added to the wells without
removing the TIM3 sdAbs solution and galetin-9-rFc binding
was performed at 37°C for 30 min. After the plate was washed
twice with PBST, galectin-9-rFc binding was detected by
HRP-conjugated streptavidin (1:4,000; cat. no. D111054-0001,
Sangon Biotech Co. Ltd.). Subsequently, the plate was washed
four times and the binding was visualized using the HRP
substrate 3,3',5,5'-tetramethylbenzidine (Beyotime Institute
of Biotechnology), and quantified using a spectrometer at
450 nm.

Packaging of lentiviral virus. Lentivirus was generated
from 293T cells (ATCC® CRL-3216; Genetimes ExCell
Technology, Inc., China) that were co-transfected with a
3rd generation lentiviral expression plasmid pLenti-LG or
pLenti-MesoCAR-IRES-mScarletl (both were constructed in
Feng Lab, Huazhong Agricultural University, Wuhan, China)
carrying the gene of interest, together with packaging plasmid
psPAX2 and enveloping plasmid pMD2.G. A total of 10 ug of

the plasmids were mixed at 1:3:1 ratio in 0.5 ml Opti-MEM
medium, associated with 25 pg PEI that was diluted in 0.5 ml
Opti-MEM medium. The complex of DNA-PEI was formed
by incubating at room temperature for 20 min, and then
transferred to 1x107 293T cells seeded on T-75 flask. The
lentivirus was collected at 72 h post transfection, then filtered
with 0.45-ym filter unit (EMD Millipore), immediately used
or stored at -80°C before the transduction experiment. For
the transductions, the lentiviral particles were directly added
to the target cell culture at MOI of 10, followed by 24 h of
co-incubation. After changing the medium, transduced cells
were cultured for 3 days before subsequent experimentation.

Production of CAR T cells. The CAR expression cassette
was based on the second generation format, and was
constructed by de novo gene synthesis, which consisted
of the CD8a leader sequence (NP_001139345, a.a. 1-21),
followed by anti-mesothelin scFv YP158 (21), a CD8a hinge
(NP_001139345, a.a. 138-182), a CD8a transmembrane
region (NP_001139345, a.a. 183-206), a 4-1BB intracellular
domain (NP_001552.2, a.a. 214-255), a CD3C intracellular
domain (NP_932170, a.a. 52-164), an internal ribosome entry
site (from encephalomyocarditis virus) and a red fluores-
cent protein mScarlet-I. The amino acid sequence of the
CAR-YP158 cassette was as follows: MALPVTALLLPL
ALLLHAARPDIQSLEESGGDLVKPGASLTLTCTASGFSF
SGDY YMCW VRQAPGKGLEWIACIGGGSNTATY YATW
AKGRFTISKTSSTTVTLQMTSLTAADTATYFCARDL
GFVDYALELWGPGTLVTVSSGGGGSGGGGSGGGGSD
VVMTQTPASVEVAVGGTVTIKCQASENMYNSLAWYQ
QKPGQPPKLLIYRASTLESGVPSRFKGSGSGTEYTLTIS
DLECADAATY YCQCTFYSHNNNYGGAFGGGTEVVVK
SGTTTPAPRPPTPAPTIASQPLSLRPEACRPAAGGAVHT
RGLDFACDIYIWAPLAGTCGVLLLSLVITLYCKRGR
KKLLYIFKQPFMRPVQTTQEEDGCSCRFPEEEEGGC
ELRVKFSRSADAPAYQQGQNQLYNELNLGRREEYDV
LDKRRGRDPEMGGKPQRRKNPQEGLYNELQK
DKM AEAYSEIGMKGERRRGKGHDGLYQGLSTATKD
TYDALHMQALPPR (underlined sections correspond to the
cloning enzyme sites EcoRV and BspEI).

The whole blood samples were collected with informed
consent from healthy donors using a protocol approved
by the Wuhan Blood Center. Ethics of using human blood
samples was reviewed and approved by Biomedical Research
Ethical Committee, Huazhong Agriculture University and
ethics committee-approved oral consent was obtained
from donors. Human peripheral blood mononuclear cells
(PBMCs) were isolated by Ficoll gradient centrifugation
(Stemcell Technologies, Inc.). The PBMCs were activated
with Dynabeads™ CD3/CD28 Human T-Activator (cat.
no. 11131D; Thermo Fisher Scientific, Inc.) and cultured in
RPMI-1640 medium supplemented with 200 TU/ml human
recombinant interleukin (IL)-2 (cat. no. GMP-TL104, T&L
Biological Technology) for 3 days, according to the manu-
facturer's protocol. The activated T cells were subsequently
transduced with the lentivirus carrying the CAR cassette
by co-incubation for 24 h. After transduction, fresh medium
containing 200 IU/ml IL-2 was supplemented to maintain
the growth of CAR T cells for an additional 3 days before the
functional studies. The expression of CAR genes was indicated
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Figure 1. Preparation of TIM3-hFc and Gal9-rFc. (A) SDS-PAGE analysis of the purified TIM3-hFc, Gal9-rFc, mesothelin-hFc and mesothelin-rFc; 5 ug
protein was loaded per lane. (B) ELISA analysis of biotinylated Gal9-rFc binding to immobilized TIM3-hFc. Biotinylated mesothelin-rFc was used as the
isotype control. (C) ELISA analysis of biotinylated TIM3-hFc binding to immobilized Gal9-rFc. Biotinylated mesothelin-hFc was used as the isotype control.
TIM3, T cell immunoglobulin and mucin domain 3; ELISA, enzyme-linked immunosorbent assay; Gal9, galectin-9.

by the expression of mScarlet-I protein, which can be detected
by flow cytometry.

In vitro cytotoxicity assay of CAR T cells. The cancer cell
lines, A431, H9 and H226, were stably transduced with a 3rd
generation lentiviral vector pLenti-LG (Feng Lab, Huazhong
Agricultural University, Wuhan, China; details mentioned
previously) to express firefly luciferase (ffLuc2)-green fluo-
rescent protein (GFP) fusion protein. The ffLuc2-GFP gene
was synthesized by GenScript and the pLenti-LG plasmid was
constructed by the Feng Lab, Huazhong Agricultural University,
Wuhan, China. Subsequently, 200 ul cancer cells were plated
into a 96-well plate (1x10* cells/well), followed by the addition
of CAR T cells at a 5:1 ratio (CAR T: Cancer cells). Following an
18 h co-incubation, the surviving cells were collected by centri-
fuging the plate at 400 x g at 4°C for 10 min. After removing the
medium, the cell pellet was resuspended in 100 x1 PBS buffer
and lysed by two rounds of freezing-thawing. The activity of
the released luciferase was measured with 10 pl cell lysate
mixed with 100 ul substrate D-Luciferin buffer (Pierce Firefly
Luc One-Step Glow Assay Kit, cat. no. 16196, Thermo Fisher
Scientific Inc.) according to the manufacturer's instruction. The
enzymatic activity was used to quantify the cell viability. The

interval between CAR T cell transduction and activity measure-
ment was 3 days. The viability percentage (%) was, therefore,
equal to the experimental signal/maximal signal.

Flow cytometry. Unstimulated PBMCs and CAR T cells were
co-incubated with 10 zg/ml TIM3 sd Abs that had the fused hFc
tag for 1 h on ice. Cell binding of TIM3 sdAbs was detected
with APC-conjugated goat anti-human polyclonal antibody
(1:1,000; cat. no. 109-135-170, Jackson ImmunoResearch
Laboratories, Inc.). The fluorescence intensity was measured
on a FACS Calibur flow cytometer (BD Biosciences) and used
to analyze sdAbs binding. The expression level of CAR in
CAR T cells was quantified by measuring the fluorescence
intensity of the co-expressed mScarlet-I.

In vivo animal studies. The therapeutic potential of sdAb
TIM3-R53 was tested using H9 xenograft model mice. Four
to six-week old female athymic nude mice (average ~22 g,
provided by Animal Facility of Huazhong Agricultural
University, Wuhan, China) were assigned to 4 groups, 5 mice
per group. Mice were housed at 25°C, 45% humidity, 12 h
light/dark cycle and had free access to food and water. Briefly,
nude mice were injected subcutaneously on the right flank with
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Figure 2. Generation of TIM3 sdAbs. (A) Serum titer of rabbit RO55 immunized with the recombinant TIM3-hFc. The control antigen, IAB-hFc, was a recom-
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Figure 3. Binding and neutralization properties of TIM3 sdAbs. (A) SDS-PAGE analysis of purified TIM3 sdAbs; 1 ug protein per lane was loaded. HN3, a
sdAb to glypican-3 (20), was used as an irrelevant sd Ab-hFc control. (B) ELISA analysis of sdAbs binding to TIM3. The plate was coated with 5 yg TIM3-hFc
and incubated with increasing amounts of biotinylated sdAbs. Binding of the sdAbs was detected using HRP-conjugated streptavidin. Biotinylated Gal9-rFc
was also included for comparison. (C) Neutralization assay of the sdAbs. The ability of TIM3 sdAbs to block galectin-9 binding to TIM3 was analyzed using
a competitive ELISA. The MaxiSorp™ plate was coated with 5 yg TIM3-hFc and preincubated with increasing amount of sdAbs, followed by the addition
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T cell immunoglobulin and mucin domain 3; sdAbs, single-domain antibodies; CAR, chimeric antigen receptor; PBMCs, peripheral blood mononuclear cells.

2x10° H9 cells. After the tumor had formed and reached a size
of 100 mm?, treatment was started by intraperitoneal injection
of 5x10° mesothelin-targeted CAR T cells or control PBMCs.
TIM3 sdAb was intravenously delivered every two days at a
concentration of 10 mg/kg. Tumor growth was measured every
two days with a caliper; the tumor volume (mm?®) was calcu-
lated using the following formula: (a x 5%) x0.5, where a is the
tumor length and b is the tumor width in mm. Five mice per
group were assigned and mice were considered at the end point
when tumor size exceeded 1,000 mm?®. Mice were euthanized

with inhaled CO, when the tumors grew to >1,000 mm?. The
flow rate for CO, was 10% as the volume displacement per
min, and death was verified by lack of cardiac pulse and fixed
and dilated pupils.

Statistical analysis. For the quantitative experiments, >3 exper-
imental repeats were performed. All statistical analyses were
conducted using GraphPad Prism 5 software (GraphPad
Software, Inc.). The data are expressed as the mean + SEM.
Comparisons between two groups were performed using an
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Figure 5. In vivo antitumor activity of mesothelin-targeted CAR T cells
combined with TIM3-R53 single-domain antibody. (A) Cytotoxicity
measurement of mesothelin CAR T cells. All the cancer cell lines were
stably transduced to express a firefly luciferase reporter gene (ffLuc2).
Subsequently, 1x10* cancer cells were co-incubated with CAR T cells for 48 h
at a ratio of 5:1 (CAR T: Cancer cells). The cell viability was quantified by
measuring the intracellular luciferase activity. "P<0.05; “P<0.01; ““P<0.001.
The experiment was performed in triplicate for each sample. Statistical
significances were analyzed using unpaired Student's t-test. (B) In vivo effi-
cacy of mesothelin-targeted CAR T cells combined with TIM3-R53. Briefly,
2x10® H9 cells were subcutaneously inoculated into female athymic nude
mice. When the tumor reached a size of 100 mm?, treatment was initiated by
the intraperitoneal injection of 5x10° CAR T cells or peripheral blood mono-
nuclear cells. The arrows indicate the time point of 10 mg/kg TIM3-R53
delivery by tail vein injection; n=5/group. Tumor volume was measured every
2 days. "P<0.05; “'P<0.01. Statistical significances were analyzed using a
one-way ANOVA followed by Tukey's multiple comparison test. TIM3, T cell
immunoglobulin and mucin domain 3; CAR, chimeric antigen receptor.

unpaired Student's t test (two-tailed). Comparisons among
=3 groups were performed using a one-way ANOVA followed
by Tukey's multiple comparison test. P<0.05 was considered to
indicate a statically significant difference.

Results

Preparation of TIM3-hFc and Gal9-rFc proteins. The ECD
of TIM3 was fused with human IgGl Fc (TIM3-hFc) and
galectin-9 was fused with rabbit Fc (Gal9-rFc). Recombinant
mesothelin-hFc and mesothelin-rFc were used as the Fc isotype
control. Mesothelin is a glycosylphosphatidylinositol-linked cell
surface protein that has been discovered to be highly expressed
in numerous types of malignancy, such as mesothelioma, ovarian
cancer, pancreatic cancer and non-small cell lung cancer (22).
All the recombinant proteins were expressed in 293F cells and
purified via protein A chromatography. The yield of the recombi-
nant proteins was 1-3 mg/1 of the cell culture medium, depending
on the protein. As shown in Fig. 1, SDS-PAGE analysis revealed

that the purity of the recombinant proteins was estimated to be
>90%. The reduced monomers of both TIM3-hFc and Gal9-rFc
migrated at ~60 kD, and mesothelin Fc fusions migrated at
~70 kD (Fig. 1A). The binding of Gal9-rFc to the immobilized
TIM3-hFc was confirmed by ELISA, and the half maximal
effective concentration (ECs,) value was calculated to be
138 nM (Fig. 1B). A reverse binding assay was also performed,
which tested the binding of TIM3-hFc to immobilized Gal9-rFc
(Fig. 1C). In both cases, the rFc and hFc isotype control did not
reveal any non-specific binding to TIM3 or galectin-9.

Generation of anti-TIM3 sdAbs. After immunization of the
two rabbits with TIM3-hFc, the titer and specificity were
analyzed using an ELISA, with IAB-hFc as the hFc control
(Fig. 2A and B). IAB was a fragment of mesothelin (Q13421,
amino acid 296-359) (22). The serum of the immunized rabbit
RO55 (R055-M2) showed increased binding to TIM3-hFc
compared with the IAB-hFc control. Therefore, this rabbit was
chosen to make the phage-displayed sdAb library. After three
rounds of panning, the results of polyclonal phage ELISAs
from each round of panning revealed the gradual increased
binding to TIM3-hFc (Fig. 2C). A total of 96 colonies from
the third panning were randomly picked, and a monoclonal
phage ELISA was performed to determine the TIM3-specific
binders. Sequencing of the resultant 89 ELISA-positive clones
identified that only two representative sequences, named
TIM3-R23 and TIM3-R53, were enriched. The monoclonal
phage ELISA data and the amino acid sequences of these two
clones are presented in Fig. 2D and E.

Binding and neutralization activity of TIM3 sdAbs. The sdAbs
TIM3-R23 and TIM3-R53 were expressed in 293F cells as a
VH-His-FLAG-hFc format and purified using a HiTrap Nickel
column. SDS-PAGE analysis revealed that the purified sdAbs
migrated at ~40 kD as a monomer under reducing conditions
(Fig. 3A). The control sdAb HN3 is a VH domain antibody
that targets glypican-3 (20). The binding affinity of the sdAbs
to TIM3 was analyzed using ELISAs and the EC, values for
R53 and R23 were calculated to be 123 and 243 nM, respec-
tively (Fig. 3B), which were similar to that of the galectin-9
binding (100 nM). The HN3 sdAb control did not reveal any
background binding in the assay.

Subsequently, the neutralization activity of TIM3 sdAbs
was analyzed by measuring its ability to inhibit TIM3 binding
to galectin-9 (Fig. 3C). The results of the competitive ELISA
illustrated that both sd Abs were able to inhibit TIM3-galectin-9
binding (Fig. 3C); TIM3-R53 exhibited stronger blocking
activity compared with TIM3-R23, and therefore the ability
of this sdAb to boost the function of CAR T cells was further
investigated in vivo.

Cellular binding activity of TIM3 sdAbs. Cell surface TIM3
binding was analyzed using mesothelin-targeted CAR T cells.
Unstimulated PBMCs were used as the TIM3-negative counter-
part. CAR T cells were generated by lentiviral transduction of
activated PBMCs, which produced an ~15% transduction effi-
ciency (Fig. 4A). Flow cytometric analysis demonstrated that
the two TIM3 sdAbs selectively bound to CAR T cells, but not
to PBMCs (Fig. 4B and C). To further confirm the cell binding
and TIM3 expression kinetics on activated CAR T cells, the
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Table I. Measurement of tumor growth. (a) x width (b) in mm; volume was calculated as (axb*)/2 in mm®.

Group ID# Day 7 Day 9 Day 11  Day 13 Day 15 Day 17 Day 19
Control 790 Measurement, axb mm 7.32x6.41 7.75x6.70 8.48x6.93 9.60x8.18 11.02x8.47 12.70x9.38 13.48x10.81
Volume, mm?® 150.38 173.95 203.63  321.18 395.29 558.70 787.61
564 Measurement, axb mm 7.38x6.18 7.52x6.80 8.19x7.02 9.61x9.61 10.92x10.88 11.97x10.92 12.57x12.06
Volume, mm? 140.93 173.95 201.80  443.75 646.32 713.69 913.69
609 Measurement, axb mm 5.74x4.42 6.28x5.26 6.93x5.67 7.84x7.47 9.46x8.57 10.52x9.75 11.47x10.38
Volume, mm? 56.07 86.88 11140  218.74 347.39 500.03 617.83
566 Measurement, axb mm 5.58x4.47 6.14x5.04 6.87x5.53 8.74x6.47 12.28x8.25 13.27x9.06 14.47x10.69
Volume, mm?® 55.75 77.98 105.05 182.93 417.90 544.62 826.90
565 Measurement, axb mm 4.91x3.66 5.08x4.01 5.57x4.71 6.60x4.56 8.99x6.02 9.37x7.98 10.53x8.75
Volume, mm? 32.89 40.84 61.78 68.62 162.90 298.48 402.72
R53 661 Measurement, axb mm 7.21x5.73 7.8x6.45 8.21x6.86 9.53x9.21 11.62x10.98 12.01x10.88 13.41x12.17
Volume, mm? 118.51 162.19 19322  404.20 699.93 711.35 992.81
611 Measurement, axb mm 6.92x5.65 7.65x6.16 8.58x7.17 9.32x8.58 10.91x8.94 11.56x9.38 12.82x10.23
Volume, mm?® 110.36 145.05 22047  342.68 435.82 508.84 670.53
638 Measurement, axb mm 5.67x4.65 6.12x5.15 7.89x6.94 8.63x7.86 9.33x8.09 10.64x9.50 11.14x10.02
Volume, mm?® 61.21 81.23 189.76  266.63 305.06 480.37 559.74
791 Measurement, axb mm 5.12x3.92 5.67x5.06 6.77x6.38 7.41x6.94 9.21x8.66 11.02x9.70 11.98x11.25
Volume, mm? 39.24 72.49 13791 178.35 345.64 518.30 757.56
792 Measurement, axb mm 4.24x3.86 4.98x3.67 5.83x4.58 5.59x3.89 6.71x4.92 9.21x7.78 8.87x7.34
Volume, mm?® 31.60 33.52 61.24 42.38 81.13 278.94 239.25
CAR-T 947 Measurement, axb mm 7.32x5.64 6.20x4.58 4.90x3.38 7.63x5.75 9.35x6.83 9.62x8.12 11.51x8.86
Volume, mm? 116.42 65.03 27.99 126.05 218.08 317.40 451.46
568 Measurement, axb mm 7.17x4.59 6.70x3.98 6.58x3.43 8.34x6.56 9.96x8.02 10.28x9.43 10.95x10.23
Volume, mm? 75.53 52.94 38.71 179.62 320.33 456.99 612.79
610 Measurement, axb mm 6.23x4.63 5.31x3.98 3.74x3.31 3.87x3.67 5.89x5.13 6.35x5.45 7.03x6.32
Volume, mm?® 66.65 41.99 20.44 26.00 7743 94 .24 140.36
563 Measurement, axb mm 5.45x4.59 4.13x3.84 3.66x3.30 4.23x1.66 4.89x2.95 520x4.00 6.79x5.30
Volume, mm? 5742 3045 19.97 5.82 21.30 41.56 95.22
578 Measurement, axb mm 4.07x3.66 2.57x2.07 1.00x1.00 0.00x0.00 0.00x0.00 2.91x2.75 4.96x4.92
Volume, mm? 27.26 5.51 0.50 0.00 0.00 11.00 60.00
CAR-T+R53 960 Measurement, axb mm 7.02x5.50 6.42x5.10 7.55x6.14 7.63x6.60 7.88x7.32 7.56x7.08 8.56x7.16
Volume, mm?® 106.18 83.49 142.24 165.94 211.11 189.65 219.65
794 Measurement, axb mm 6.78x5.46 5.98x5.02 6.53x5.49 6.87x5.80 7.38x6.28 6.72x5.73  7.58x6.19
Volume, mm? 101.00 75.30 98.50 115.40 145.70 110.30 145.20
585 Measurement, axb mm 6.55x5.20 5.43x4.77 7.08x5.78 7.47x5.69 7.24x5.79 6.82x5.20 7.28x5.34
Volume, mm? 88.56 61.77 118.41 120.81 121.51 92.21 103.76
665 Measurement, axb mm 6.21x5.18 5.34x4.39 6.10x4.02 6.53x3.55 6.98x4.49 6.54x4.79 6.74x5.03
Volume, mm?® 83.20 51.50 49.30 41.20 70.30 75.10 85.20
636 Measurement, axb mm 6.50x5.01 6.23x3.80 5.03x3.07 4.18x2.28 4.42x2.74 6.19x3.88 6.36x3.86
Volume, mm? 81.58 44 98 23.64 10.89 16.61 46.49 4744

Volume was calculated as (axb?)/2. a, length; b, width; CAR, chimeric antigen receptor. ID#, ear ring tagging number of mice.

CAR T cells were cultured for different days and sd Abs binding
was analyzed (Fig. 4D). The results clearly demonstrated that
the percentage of TIM3-positive CAR T cells was increased as
the culturing time was prolonged from day 5 to 9.

In vivo antitumor activity of CAR T cells is boosted by
TIM3-R53. As TIM3-R53 revealed stronger in vitro neutral-
ization activity, it was chosen for the in vivo study. Firstly, the

in vitro cytotoxicity of the mesothelin-targeted CAR T cells
was confirmed by the co-incubation with mesothelin-positive
H?226 and H9 cells and mesothelin-negative A431 cells. The
aforementioned cells were genetically labeled with luciferase
and the cell viability after CAR T cell killing was deter-
mined by measuring the remaining luciferase activity. As
shown in Fig. 5A, the CAR T cells efficiently killed H226
and H9 cells, with only some background killing apparent
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on antigen-negative A431 cells. The in vivo activity testing
of CAR T cells was performed on H9 nude model mice. As
shown in Fig. 5B, mesothelin-targeted CAR T cells signifi-
cantly suppressed H9 tumor growth compared with the PBS
control group, and the largest tumor size was ~14x11 mm
(Table I). In addition, the combination of TIM3-R53 and CAR
T cells could moderately boost the activity of the CAR T
cells, suggesting that the sdAb had the potential to be further
explored as a TIM3 inhibitory drug candidate, but further
optimization was required to increase its potency.

Discussion

TIM3 is generally considered as an inhibitory immune
checkpoint that is preferentially expressed on activated
T cells and other immune cells. TIM3 interacts with multiple
ligands including galectin-9, CEACAMI, PtdSer, HMGBI,
and causes exhaustion and apoptosis of antigen-specific Thl
cells and CTLs, which correlates with impaired antitumor
immune response (23). The blockade of TIM3 has exhibited
beneficial effects in T cell-based immunotherapies in some
preclinical studies (24,25). However, more studies showed
that antibodies to TIM3 could enhance T cell function, but
the efficacy looks moderate or may work best in synergy with
PD1/PDLI1 blockade (26-28). A recently completed phase Ia/b
study on non-small cell lung cancer indicated that TIM3
blocking antibody LY3321367 had acceptable safety profile
with favorable pharmacokinetics/pharmacodynamics but only
modest antitumor activity (27). In such a complicating and
disappointing scenario, it was worthwhile to develop and test
more antibodies with different epitopes and binding properties
more rigorously in the preclinical studies.

To date, most TIM3-blockade antibodies are conventional
IgG types. Plenty of preclinical studies heavily relied on one
rat monoclonal antibody, RMT3-23, as a research tool to block
TIM3 function (11,29,30). RMT3-23 is commercially avail-
able as research reagent and recognizes mouse TIM3 but not
human TIM3. However, detailed characterization showed that
RMT3-23 weakly blocks CEACMAL and PtdSer from binding
to TIM3, but not galectin-9 (11). Very recently, a fully human
anti-human TIM3 monoclonal antibody M6903 was developed
from human immunoglobulin (Ig) transgenic rats (OmniRat®)
immunized with His-tagged recombinant human TIM3 extra-
cellular domain (31). M6903 binds human TIM3 with strong
affinity (K, 2.3 nM), but moderately blocks the engagement
of three TIM3 ligands, PtdSer (IC,,, ~1 ug/ml), CEACAMI1
(ICy, ~0.5 pg/ml), and galectin-9 (IC,,, ~1.5 ug/ml). However
the in vivo antitumor activity by M6903 monotherapy was
still moderate (31), probably due to the insufficient blocking
activity. Apart from the aforementioned IgGs, one camel
sdAb to human TIM3 was previously generated (32), however
this sdAb has not been rigorously tested for the binding and
blocking activity in vitro and in vivo. Taken together, good
monoclonal antibodies that could potently block human TIM3
from binding to any of its ligands are still lacking. The present
study aimed to develop new sd Abs that could block the binding
of galectin-9 to human TIM3.

By using protein immunization and phage display, the current
study successfully isolated two rabbit TIM3 sdAbs, R53 and R23.
The binding affinity of these two sdAbs to TIM3 was similar and

close to that of the ligand galectin-9, all of which were within
the 100 nM range. As lead molecules, these sd Abs demonstrated
weak but acceptable affinity and it is still possible to further
improve their affinity through antibody engineering. The neutral-
ization assay revealed that sdAb R53 inhibited galectin-9-TIM3
binding to a greater extent compared with R23. Thus, the present
study focused on R53 for the following functional studies.

It was reported that CAR T cells could overexpress
TIM3 for ~10 days after transduction (33). The present study
confirmed the cell binding specificity of the sdAbs through
their ability to selectively bind to mesothelin-targeted CAR T
cells, but not to PBMCs. In addition, the expression of TIM3
in the CAR T cells was discovered to gradually increase with
the extended culture time. As a proof-of-concept study on the
in vivo antitumor activity of the sdAb, mesothelin-targeted
CAR T cells were constructed and the efficacy of CAR T cells
in combination with TIM3 sdAbs were analyzed. The combi-
nation of R53 could boost the CAR T cell activity moderately
(Fig. 5B), probably due to its low affinity. The affinity of R53
was about 50-fold lower than M6903 (31), however their in vivo
efficacy seems quite similar, if disregarding the difference of
the experimental conditions, such as tumor cell lines, immune
effector cells, and the immune competency of the mice. To the
best of our knowledge, R53 and M6903 are the only reported
monoclonal antibodies against human TIM3 that have been
well characterized and functionally tested in vitro and in vivo;
further antibody engineering may improve their efficacy.

It has been reported that PD-1 blockade therapy could
produce adaptive resistance in numerous patients, and that the
combined therapy of anti-PD-1 and anti-TIM3 significantly
inhibited the growth of tumors in preclinical studies (34,35).
Therefore, it is worthwhile to further evaluate the efficacy of
the sdAb isolated in the present study in more diverse and
translational settings.
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