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Abstract T cell engaging bispecific antibody (TCB) is an effective immunotherapy for cancer treat-

ment. Through co-targeting CD3 and tumor-associated antigen (TAA), TCB can redirect CD3þ T cells

to eliminate tumor cells regardless of the specificity of T cell receptor. Tissue factor (TF) is a TAA that

involved in tumor progression. Here, we designed and characterized a novel TCB targeting TF (TF-TCB)

for the treatment of TF-positive tumors. In vitro, robust T cell activation, tumor cell lysis and T cell pro-

liferation were induced by TF-TCB. The tumor cell lysis activity was dependent upon both CD3 and TF

binding moieties of the TF-TCB, and was related to TF expression level of tumor cells. In vivo, in both

tumor cell/human peripheral blood mononuclear cells (PBMC) co-grafting model and established tumor

models with poor T cell infiltration, tumor growth was strongly inhibited by TF-TCB. T cell infiltration

into tumors was induced during the treatment. Furthermore, efficacy of TF-TCB was further improved by
curve from time zero to the last quantifiable concentration; CL, clearance; Cmax, the maximum plasma con-

orimetry; FVII, factor VII; H-scores, Histo scores; i.p., intraperitoneally; i.v., intravenously; IHC, immunohis-

nsity; PBMC, human peripheral blood mononuclear cells; PEI, polyethyleneimine; PK, pharmacokinetics; s.c.,

-high performance liquid chromatography; t1/2, half-life; TAA, tumor-associated antigen; TCB, T cell engaging

LCeQTOF-MS, ultra-performance liquid chromatography coupled with quadrupole time-of-flight mass spec-

tribution.
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combination with immune checkpoint inhibitors. For the first time, our results validated the feasibility of

using TF as a target for TCB and highlighted the potential for TF-TCB to demonstrate efficacy in solid

tumor treatment.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

T cell engaging bispecific antibody (TCB) is an essential
component in T cell-based immunotherapy for cancer treatment.
Through co-targeting CD3 on T cells and tumor-associated anti-
gen (TAA) on tumor cells, TCB can recruit T cells to kill tumor
cells independent of epitope specificity of T cell receptor and
bypassing major histocompatibility complex restriction1. Almost
all CD3þ T cells, including CD8þ T cells, CD4þ T cells, regu-
latory T cells can act as effector cells to eliminate tumor cells2e4.
Therefore, unlike immune-checkpoint inhibitors, TCB can be
efficacious even for tumors with a low neoantigen burden and T
cell infiltration4e6. The therapeutic potential of TCB was exem-
plified by blinatumomab, a TCB approved by the US Food and
Drug Administration and dozens of TCBs in the clinical trials for
the treatment of hematological malignancies1,7.

In solid tumor, only a few TCBs (cibisatamab and tebentafusp)
have shown early signs of anti-tumor activity in the clinical tri-
als5,8. More efficacious TCBs targeting new antigens, new epi-
topes or using new molecular formats and/or combination
strategies are highly desirable to enrich this pipeline.

Tissue factor (TF), also known as CD142, is a 47 kDa trans-
membrane glycoprotein belonging to class II cytokine receptors
superfamily9. It is highly expressed in a variety of cancers, such as
pancreatic cancer, hepatocellular cancer, colorectal cancer, breast
cancer, prostate cancer and bladder cancer. High TF expression
level is frequently associated with poor prognosis10e16. Under
normal physiologic conditions, TF expression is restricted to the
cells of the subendothelial vessel wall, like fibroblasts, and body
surfaces, like epithelial cells17,18. Upon binding to its ligand factor
VII (FVII), TF converts it into activated isoform (FVIIa). The
TF:FVIIa complex is involved in tumor growth, angiogenesis and
metastasis through its procoagulant activity and ability to induce
intracellular signaling19.

TF represents an appealing target for the treatment of solid
tumors. Versteeg et al.20 reported that direct blockage of TF:FVIIa
mediated intracellular signaling by TF antibody 10H10 effectively
inhibited tumor growth. Tisotumab Vedotin, an antibodyedrug
conjugate targeting TF showed potent TF dependent cytotoxicity
in vitro and in vivo21. In all patients-derived xenograft models,
complete tumor regression was achieved, even in tumors with only
25% to 50% tumor cells expressing TF21. In two phase I/II clinical
trials, Tisotumab Vedotin showed manageable safety profile and
encouraging antitumor activity (15.6% objective response was
achieved among patients with relapsed, advanced, or metastatic
cancer, 22% objective response was achieved among patients with
recurrent or metastatic cervical cancer)22,23.

After confirming TF expression profile and screening primary
activities, we constructed a novel TCB targeting TF (TF-TCB)
adopting the IgG-[L]-scFv structure. TF-TCB was highly potent
against a panel of tumor cell lines expressing TF in vitro. In vivo, it
inhibited tumor growth in both tumor cell/human peripheral blood
mononuclear cells (PBMC) co-grafting model and established
tumor models with intravenous transfer of PBMC. The CD3 and
TF labeling of the stripped tumors demonstrated TF-TCB-
mediated T cell infiltration and TFþ tumor cells cleaning up as
mechanism of tumor inhibition. Furthermore, combining TF-TCB
with immune checkpoint inhibitors showed synergistic effect.

2. Materials and methods

2.1. Cells

HEK 293F cells were purchased from Invitrogen (Carlsbad, CA,
USA). Jurkat, AsPC-1, PANC-1, MDA-MB-231, SKOV-3, NCI-
H292 and CT-26 cells were obtained from Cell Bank of the
Chinese Academy of Sciences (Shanghai, China), where they
were authenticated by short tandem repeat profiling and tested
mycoplasma free. All cell lines were cultured under supplier-
recommended conditions and used within 2 months after resus-
citation. PBMC used for the reconstruction of human immune
system in NOG mice and CD3þ T cells used for the T cell acti-
vation test were bought from AllCells (Shanghai, China). PBMC
used in other experiments were isolated from leukocyte concen-
trate (AllCells) using Ficoll-Paque PLUS (GE Healthcare Life
Sciences, Uppsala, Sweden).

2.2. Antibody production and characterization

Genes of TF-TCB, TF-011 and CD22-TCB were synthesized by
General Biosystems (Hefei, China), and were subcloned into a
mammalian expression vector pCDNA 3.4 (Invitrogen) through
homologous recombination. Plasmids with antibody genes were
then extracted using Endo-Free Plasmid Maxi Kit (Omega Bio-
Tek, Norcross, GA, USA) following manufacturer’s instructions
and transiently transfected into HEK 293F cells24. The trans-
fection process is as follows: HEK 293F cells were seeded at
0.6 � 106e0.7 � 106 cells/mL. Twenty-four hours later, cells were
counted and diluted to 1 � 106 cells/mL. Plasmids (0.6 mg/
106 cells) were diluted with FreeStyle 293 Expression Medium
(Gibco, Carlsbad, CA, USA) to a concentration of 40 mg/mL and
mixed with 25-kDa polyethyleneimine (PEI, Polysciences, War-
rington, PA, USA) (DNA:PEI Z 1:4, w/w). After incubation for
10e15 min at room temperature, the mixture was added to the cell
culture. The culture supernatant was harvested 4e6 days post
transfection and antibodies were purified by protein A affinity
chromatography (GE Healthcare Life Sciences) as previously
described25.

The antibody purity was assessed by SDS-PAGE and size
exclusion-high performance liquid chromatography (SE-HPLC).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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The SE-HPLC was performed on an Agilent HPLC system using a
TSKgel G3000SWXL HPLC Column (7.8 mm � 300 mm) (Agi-
lent Technologies, Santa Clara, CA, USA). The molecular weight
of intact and deglycosylated TF-TCB were determined as follows:
TF-TCB was buffer-exchanged into 50 mmol/L ammonium bi-
carbonate (pH 8.0) and concentrated to 2 mg/mL by ultrafiltration;
half of the sample was get out for intact molecular weight mea-
surement; the other half was incubated with PNGase F (Yeasen
Biotech, Shanghai, China) at 37 �C for 24 h to remove the N-
glycan; the molecular weight was determined using ultra-
performance liquid chromatography coupled with quadrupole
time-of-flight mass spectrometry (UPLCeQTOF-MS; Waters,
Etten-Leur, Netherlands).

2.3. Stability analysis

The conformational stability of TF-TCB was measured by differen-
tial scanning calorimetry (DSC) using NanoDSC (TA instruments,
New Castle, DE, USA). TF-TCB and control antibody TF-011 (in
PBS buffer) were heated from 20 �C up to 95 �C at a rate of 1 �C/min.
The data were analyzed using NanoAnalyze software.

The storage stability of TF-TCB (0.5 mg/mL in PBS buffer)
was evaluated by SE-HPLC and cation exchange chromatography
analysis after 1, 2, 3 or 4 weeks of storage at 4, 25 or 40 �C. The
cation exchange chromatography was performed on an Agilent
HPLC system using a ProPac WCX-10 HPLC column
(4 mm � 250 mm; Thermo Scientific, Waltham, MA, USA).

2.4. Binding analysis

2.4.1. Biacore
The affinities and kinetics of the TF-TCB binding to
CD3D � CD3E and TF antigen were evaluated by surface plas-
mon resonance (Biacore 8K, GE Healthcare Life Sciences). TF-
011, an anti-TF antibody sharing the same TF binding moieties
with the TF-TCB, was used as control21. CD3D � CD3E heter-
odimer (Sino Biological, Beijing, China) or the TF antigen
(Peprotech, Rocky Hill, NJ, USA) was immobilized to CM5 chip
surface using routine 1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide/N-hydroxysuccinimide amine coupling protocols. The
immobilization buffer was 10 mmol/L sodium acetate (pH 4.5, GE
Healthcare Life Sciences). Surface densities after immobilization
ranged from 50 to 100 RU. Two-fold serial dilutions of antibodies
(TF-TCB or TF-011) ranging from 0.318 to 162.8 nmol/L in HBS-
EP running buffer (GE Healthcare Life Sciences) were used to
analyze binding. Running buffer alone was used as a zero refer-
ence. The antibodies were injected for 200 s followed by 180 s of
dissociation time. Surface was regenerated by 0.1 mol/L glycine
(pH 1.5) for 30 s. Data were analyzed using a 1:1 Langmuir
binding model to calculate the kinetics and binding constants.

2.4.2. Cellular binding
The binding ability of TF-TCB to cell surface CD3 and TF was
measured by flow cytometry. MDA-MB-231 cells (2 � 105 cells/
well) or Jurkat cells (2 � 105 cells/well) were placed into 96-well
U bottom-plate (Corning, Corning, NY, USA) after resuspension
in FACS buffer (2% fetal bovine serum in PBS buffer). Test an-
tibodies were serially diluted 1:3 in FACS buffer and added to the
cells in a total volume of 100 mL. After incubation on ice for
30 min, cells were washed 3 times with FACS buffer and resus-
pended in 100 mL 1:200 goat anti-human IgG (H þ L) secondary
antibody (FITC-labeled, Invitrogen) in FACS buffer. Cells were
incubated for another 30 min on ice. After washing 3 times with
FACS buffer, mean fluorescence intensity (MFI) of cells was
analyzed on FACSCalibur (Beckman Coulter, Fullerton, CA,
USA). The binding EC50 value based on MFI was calculated in
GraphPad Prism using non-linear regression analysis for single
site binding26.

2.5. Conjugates formation test

CD3þ Jurkat cells and TFþ AsPC-1 cells were labeled with
PKH26 (SigmaeAldrich, St. Louis, MO, USA) and CFSE (Invi-
trogen) respectively under manufacturer’s guidelines. The two
labeled cell lines were resuspended in FACS buffer and mixed at a
ratio of 1:1. TF-TCB (50 ng/mL), TF-011 (50 ng/mL) or PBS was
added to the mixture in a total volume of 100 mL. After incubation
at 37 �C, 5% CO2 for 30 min, the mixtures were analyzed on
FACSCalibur. Crosslinking of CD3þ Jurkat cells and TFþ AsPC-
1 cells by TF-TCB or TF-011 was evaluated through the appear-
ance of PKH26þ/CFSEþ cellecell conjugates.

2.6. T cell activation and cytokine release determination

AsPC-1 cells (1.2 � 104 cells/well) or culture medium were added
in flat-bottom 96-well plate (Corning). After 24 h of adherent
culture, effector cells (PBMC or CD3þ T cells; E:T, 10:1) and TF-
TCB (or TF-011) were added into the well and co-incubated for
20 h. Then, effector cells and supernatant were collected. Effector
cells were washed 1 time using FACS buffer and stained with
FITC-labeled anti-CD8 (Sino Biological), PE-labeled anti-CD4
(Sino Biological) and APC-labeled anti-CD69 antibodies (BD
Biosciences, San Jose, CA, USA) under manufacturer’s in-
structions. After washing 3 times with FACS buffer, effector cells
were analyzed on FACSCalibur. The percentages of CD69þ cells
within CD4þ and CD8þ T cell populations was calculated. Cy-
tokines (IFNg and IL-2) released into the supernatant were
measured using IFNg immunoassay kit (R&D Systems, Minne-
apolis, MN, USA) and IL-2 immunoassay kit (R&D Systems).

2.7. T cell proliferation assay

AsPC-1 cells were seeded in flat-bottom 96-well plate and
cultured for 24 h. CD3þ T cells were isolated from PBMC by
human CD3 isolation kit (Invitrogen) and were labeled with
CFSE. Labeled T cells were added into AsPC-1 cell culture (E:T,
10:1) in the presence of TF-TCB (1 mg/mL). Labeled T cells
alone, labeled T cells incubated with AsPC-1 cells or TF-TCB
were used as controls. Ninety-six hours later, the T cells were
harvested and analyzed for fluorescence on FACSCalibur.

2.8. Measurement of relative antigen expression on tumor cells
and T cells

For measurement of TF expression, tumor cells (1� 105 cells/well)
were placed into 96-wellU bottom-plate after resuspension in FACS
buffer and stained with or without FITC-labeled anti-TF antibody
(Sino Biological) under manufacturer’s instructions. Relative TF
expressionwas represented bycomparing cell fluorescence intensity
of anti-TF antibody group with blank control group.

For measurement of PD-L1 expression on tumor cells,
FITC-labeled anti-TF antibody was replaced by APC-labeled
anti-PD-L1 antibody (Sino Biological).
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For PD-1 staining of CD3þ T cells, PBMC were harvested
after 36 h of incubation with or without TF-TCB in the presence
or absence of tumor cells, and stained with FITC-labeled anti-CD3
antibody (Sino Biological) and APC-labeled anti-PD-1 antibody
(Sino Biological) under manufacturer’s instructions. PD-1
expression on CD3þ T cells was then analyzed on FACSCalibur.

For PD-L1 staining of AsPC-1 and NCI-H292 cells, AsPC-1
and NCI-H292 cells were harvested after 36 h of incubation with
or without TF-TCB in the presence or absence of PBMC, and
stained with FITC-labeled anti-TF antibody (Sino Biological) and
APC-labeled anti-PD-L1 antibody (Sino Biological) under man-
ufacturer’s instructions. PD-L1 expression on TFþ tumor cells was
then analyzed on FACSCalibur.

2.9. In vitro tumor cell lysis assays

In vitro tumor cell lysis was assayed by CytoTox 96 Non-
Radioactive Cytotoxicity Assay Kit (Promega, Madison, WI,
USA) as described previously25. Briefly, tumor cells were seeded
in a flat-bottom 96-well plate. After 24 h of adherent culture, test
antibodies were added and incubated for 30 min at 37 �C. Then
PBMC were added into the culture. After additional 24 or 36 h of
incubation, the lactate dehydrogenase activity in the supernatant
representing cell lysis was measured. The percentage of tumor cell
lysis was calculated as Eq. (1):

Tumor cell lysis (%) Z (Experimental lysiseSpontaneous PBMC
lysis�Spontaneous tumor cell lysis)/(Maximum tumor cell
lysis�Spontaneous tumor cell lysis) � 100 (1)

The tumor cell lysis EC50 was calculated in GraphPad Prism
software using non-linear regression analysis for log (inhibitor) vs.
response-variable slope.

2.10. In vivo studies

All animal experiments were conducted in compliance with guide-
lines from Institutional Animal Care and Use Committee of the
School of Pharmacy of Shanghai Jiao Tong University (Shanghai,
China). Six-to eight-week-old mice at experiment initiation were
purchased from Charles River Laboratories (Beijing, China).

2.10.1. Pharmacokinetics (PK) analysis
Male BALB/c mice were divided into two groups based on body
weight (nZ 5/group). TF-TCB and control antibody TF-011 were
single-intravenously (i.v.) injected into mice at 5 mg/kg. Mice
blood was then collected at the following time points: 0 (predose),
15 min, 6 h, 1, 2, 4, 7, 10, 15, 21 and 28 days. The antibody
concentration in blood serum was quantified by ELISA. PK pa-
rameters were determined with a noncompartmental analysis
model using PKsolver.

2.10.2. AsPC-1/PBMC co-grafting model
AsPC-1 cells (2 � 106 cells) and PBMC (2 � 106 cells, freshly
isolated) were admixed in a total volume of 100 mL in RPMI 1640
medium (Gibco) and implanted subcutaneously (s.c.) into female
NOD/SCID mice. NOD/SCID mice were then divided into five
groups based on body weight (n Z 6/group). Vehicle control
(PBS), TF-011 (1 mg/kg) or TF-TCB (0.2, 1 or 5 mg/kg) was
administered i.v. following the experimental schedule (Fig. 5A).
Mice weight and tumor dimensions (length and width) were
recorded from Day 4 to study completion. Tumor volume was
estimated using Eq. (2):

Tumor volume (mm3) Z (Length � Width � Width)/2 (2)

After mice were sacrificed, tumors were stripped, weighed, and
photo recorded.

2.10.3. AsPC-1 xenograft model with intravenous transfer of
PBMC
Female NOG mice were injected s.c. with AsPC-1 cells
(2 � 106 cells) on Day 0, 9 days later, tumor dimensions were
measured and tumor volume was estimated as above. Mice were
divided into four groups (PBS/PBS group, PBS/Gemcitabine
group, PBMC/PBS group and PBMC/TF-TCB group, n Z 6/
group) based on tumor volume. Gemcitabine was bought from
Haosen (Jiangsu, China). On Day 10, 5 � 106 resuscitated
PBMC were injected i.v. into mice of PBMC/PBS group and
PBMC/TF-TCB group. Mice in other two groups were injected
with PBS instead. On Day 11, mice in PBS/PBS group and
PBS/Gemcitabine group were administrated with PBS and
gemcitabine (100 mg/kg) intraperitoneally (i.p.) respectively,
mice in PBMC/PBS group and PBMC/TF-TCB group were
administrated with PBS and TF-TCB (5 mg/kg) i.v. respectively
following the experimental schedule (Fig. 6A). Tumor di-
mensions were measured once per week till study completion
and tumor volume was estimated as above. Graft-versus-host
disease is a common phenomenon in this tumor model. Study
was terminated when graft-versus-host disease was evident.
After mice were sacrificed, tumors were stripped, weighed, and
photo recorded.

On Day 24, 14 days after PBMC transfer, reconstruction of
human immune system in NOG mice was evaluated. 100 mL blood
of mice was collected and incubated with FITC labeled anti-
human CD45þ antibody (Sino Biological) at room temperature for
30 min. Then the blood was added 2 mL red blood cell lysis buffer
(Invitrogen) and incubated for another 10 min. Cells were washed
2 times using FACS buffer, and percentage of human CD45þ cells
in mice peripheral blood was evaluated on FACSCalibur.

2.10.4. NCI-H292 xenograft model with intravenous transfer of
PBMC
Female NOG mice were injected s.c. with NCI-H292 cells
(3 � 106 cells) on Day 0. Three days later, 5 � 106 resuscitated
PBMC were injected i.v. into mice. On Day 9, mice were divided
into four groups based on tumor volume, and were administrated
with PBS, nivolumab (10 mg/kg, i.p.), TF-TCB (5 mg/kg, i.v.) or
combination of nivolumab (10 mg/kg, i.p.) and TF-TCB (5 mg/kg,
i.v.) following the experimental schedule (Fig. 9A). Tumor di-
mensions were measured till study completion and tumor volume
was estimated. After mice were sacrificed, tumors were stripped,
weighed, and photo recorded. Fourteen days after PBMC grafting,
reconstruction of human immune system in NOG mice was
evaluated as mentioned above.

2.11. Immunohistochemistry (IHC) analysis

Stripped tumors were fixed in 4% paraformaldehyde (Servicebio,
Wuhan, China) for 24 h, and embedded in paraffin. Tumor sections
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(3 mm) were cut, followed by deparaffinization, heat antigen
retrieval and endogenous peroxidase blocking of the tumor sections.
Subsequently, the tumor sections were blocked with 3% bovine
serum albumin in PBS for 30 min and incubated with anti-human
CD3 rabbit antibody (Sino Biological), anti-human PD-L1 rabbit
antibody (Cell Signaling Technology, Beverly, MA, USA) or anti-
human TF rabbit antibody (Cell Signaling Technology) for over-
night at 4 �C. Biotinylated goat anti-rabbit IgG (Servicebio) were
then added and incubated for 50 min. Detection was conducted with
DAB detection kit (Dako, Carpinteria, CA, USA) according to
manufacturer’s instructions. The tumor sections were counter-
stained with hematoxylin (Servicebio). Images were acquired using
the OLYMPUS BX53 Microscope.

A multi-tumor tissue microarray and a multi-organ normal
tissue microarray were bought from Bioaitech (Xi’an, China) and
stained with anti-TF antibody following the same protocol applied
to tumor sections.

The tumor sections and tissue microarrays were evaluated for
TF, CD3 or PD-L1 expression based on Histo scores (H-scores)
and/or percentage of positive cells. Staining intensity (not colored,
light brown, brown and tan were defined as 0, 1, 2 and 3) and
percentages of stained cells of each staining intensity were
recorded by a certified pathologist. The H-scores were calculated
as Eq. (3):

H-score Z 1 � percentage of cells staining at 1 þ 2 � percentage
of cells staining at 2 þ 3 � percentage of cells staining at 3

(3)

2.12. Statistical analysis

Data are shown as mean � standard deviation (SD) and sta-
tistical analysis was based on two-tailed heteroscedastic Stu-
dent’s t-test. The value of P < 0.05 was considered statistically
significant

.

Figure 1 Tissue factor (TF) expression in tumor and normal tissues. (A) H

squamous cell carcinomas, invasive breast carcinomas of no specific type, co

adenocarcinomas. (B) Representative photomicrographs of TF staining of tu
3. Result

3.1. Target determination

TAAs are potential targets for anti-tumor treatment including
cancer immunotherapy. Hundreds of TAAs have been evaluated in
cancer immunotherapy including CD19, BCMA, HER2, GPC3
and TF. A number of TCBs targeting different TAAs were pro-
duced using BAPTS platform, a high throughput bispecific anti-
body platform25,28,55, to validate whether TF was suitable to be a
target of TCB. The TCBs were evaluated through T cell activation
and tumor cell lysis activity, and TCB targeting TF revealed
excellent anti-tumor activities (data not shown).

In parallel, TF expression in tumor and normal tissues was
confirmed by IHC analysis performed upon a multi-tumor tissue
microarray and a multi-organ normal tissue microarray. In tumor
tissues, 92.1% lung squamous cell carcinomas, 55.2% invasive
breast carcinomas of no specific type, 88.9% colonic adenocar-
cinomas, 85.7% prostate adenocarcinomas and 94.7% pancreatic
ductal adenocarcinomas appeared positive (H-score � 0) for TF.
Except for invasive breast carcinomas, more than 40% carcinomas
of other four types had high (H-score � 100) TF expression level
(Fig. 1A and Supporting Information Table S1). Correlation of TF
expression intensity with pathological tumor grade or clinical
stage was somewhat controversial13,29e31. In our study, in all
carcinoma types, no such correlation was observed (Supporting
Information Tables S1 and S2). Although TF expression was
found in several normal organs and limited cell types (such as
epithelial cells, myocardial cells, neuroglial cells and ovarian
granular cells), TF expression level in tumor tissues was higher
than most normal tissues tested (Fig. 1B and Tables S1 and S3).

Based on expression differentiation in tumor vs. normal tissues,
TF is a valuable target to be explored for TCB treatment,whichwas at
certain degree validated by our initial anti-tumor experiments with
isto scores (H-scores) describing TF cell surface expression across lung

lonic adenocarcinomas, prostate adenocarcinomas and pancreatic ductal

mor and normal tissues. Scale bar is indicated in each panel.
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TCB targeting TF. Therefore, these data encouraged us to investigate
further on characterization of the TCB targeting TF-positive tumors.

3.2. Design and production of TF-TCB

The variable regions of TF-011 and a humanized version of
OKT-3 were used as the binding moieties of TF-TCB21,32. TF-011
is the antibody component of Tisotumab Vedotin. It could hinder
TF:FVIIa induced intracellular signaling while having low inter-
ference with the pro-coagulant activity21. The preclinical and
clinical evaluation of Tisotumab Vedotin illustrated the feasibility
of targeting TF þ tumors using TF-01121,22,33. Besides target
binding moieties, format is important in most cases in developing
a good therapeutic TCB. IgG-[L]-scFv is a normal IgG1 with an
additional scFv linked to the C-terminus of each light chain. TCBs
adopting this structure have shown better anti-tumor activity than
that using normal IgG1, BITE or IgG-[H]-scFv structure (a normal
IgG1 with an additional scFv linked to the C-terminus of each
heavy chain) due to its dual bivalency and suitable interdomain
space34. Therefore, in our study, IgG-[L]-scFv format was adopted
for TF-TCB (Fig. 2A). The linker of scFv to IgG was
TSGGGGSGGGGSGGGGS. The IgG1 heavy and light chain was
stabilized by introducing an interchain disulfide bond (G100C in
the VL domain and G44C in the VH domain), so was the scFv35.
In order to abrogate the Fc-mediate non-specific activation of T
cell, P329G LALA mutations were introduced to the Fc of TF-
TCB. The TF-TCB therefore lacked complement-dependent
cellular cytotoxicity and antibody-dependent cellular cytotox-
icity activities with T cell being the only effector cell, as previ-
ously described36. The nucleotide sequences of TF-TCB were
shown in Supporting Information Table S4.

The TF-TCB was transiently expressed at around 10 mg/L.
After one step of protein A affinity chromatography, purity of the
TF-TCB in the eluate was higher than 95% by SE-HPLC and
SDS-PAGE analysis (Fig. 2B and C). The molecular weight of
intact TF-TCB and deglycosylated TF-TCB measured by
UPLCeQTOF-MS were 200.952 kDa and 203.843 kDa respec-
tively (Fig. 2D). The measured molecular weight of deglycosy-
lated TF-TCB was consistent with its theoretical molecular weight
(200.955 kDa) with error lower than 5 ppm (Fig. 2D). The
measured molecular weight of intact TF-TCB was also in accor-
dance with the non-reducing band of TF-TCB in the SDS-PAGE
analysis (Fig. 2C and D). CD22-TCB employed the same struc-
ture of TF-TCB, while TF-011 was a normal IgG1 antibody. Their
nucleotide sequences are shown in Table S4. CD22-TCB and TF-
011 were expressed and purified in the same way as TF-TCB.
SDS-PAGE analysis of CD22-TCB and TF-011 showed a purity
over 90% (Supporting Information Fig. S1A and S1B). Nivolumab
was expressed in a stably transfected CHO cell line constructed in
our lab and purified through protein A affinity chromatography37.

3.3. In vitro stability analysis of TF-TCB

The conformational stability of TF-TCB in PBS buffer was
assessed by DSC. TF-TCB displayed three peak transitions,
indicating 3 thermal unfolding events (Fig. 2E). Based on IgG
structural framework of TF-TCB and DSC thermogram of TF-
011, the three peaks (Tm1, Tm2 and Tm3) of TF-TCB may be
associated with the unfolding of its scFv domain, CH2 domain and
CH3/Fab domains, respectively27,38,39. And this could be further
validated by comparing with the unfolding of CD3 scFv domain in
future studies. Compared with TF-011, the introduction of two
CD3 scFv domains deceased the onset temperature of TF-TCB
unfolding (Fig. 2E). In order to test the storage stability of TF-
TCB, TF-TCB was stored at different temperature for different
length of time. Charge variant profile of TF-TCB started to change
after two-week storage at 25 �C and one-week storage at 40 �C
(Supporting Information Fig. S2A). TF-TCB degradation repre-
sented by reduction of main peak area in SE-HPLC analysis
started after one-week storage at 40 �C (Fig. S2B). However, there
was no detectable change over 4-week storage at 4 �C, indicating
the storage stability of TF-TCB at 4 �C (Fig. S2A and S2B).

3.4. Binding properties of TF-TCB

TF-TCB was a quadrivalent bispecific antibody with two CD3 and
two TF binding moieties (Fig. 2A). The binding affinities of TF-
TCB to CD3D � CD3E heterodimer and TF antigen measured
by Biacore were 14.9 and 0.839 nmol/L respectively, comparable
with other TCBs in clinical trials (Fig. 2F)1.

For cell based binding analysis by flow cytometry, cell lines
MDA-MB-231 (TFþ) and Jurkat (CD3þ) were used (Fig. 2G and
H). TF-TCB dose-dependently bound to these two cell lines at
EC50 of 10.56 nmol/L (Jurkat) and 5.25 nmol/L (MDA-MB-231).
TF-TCB shared the same TF binding moieties with TF-011. At
both molecular and cellular level, their affinities to TF antigen
were similar, suggesting that the binding affinity of a IgG1 was not
interfered with by introduction of a scFv to the C terminus of light
chain, which was in line with other TCBs using similar structure
(Fig. 2G and H)34,40,41.

3.5. Mechanism of action of TF-TCB

Upon simultaneous binding to TFþ tumor cells and CD3þ T cells,
TF-TCB could cross-link these two groups of cells, induce T cell
activation, cytokine release, tumor cell lysis and subsequently T
cell proliferation. As shown in Fig. 3A, when TFþ AsPC-1 cells
(CFSE labeled) and CD3þ Jurkat cells (PKH26 labeled) were
incubated with TF-TCB, cross-linking of these two groups of cells
were induced by TF-TCB with the appearance of CFSEþ/PKH26þ

cellecell conjugates. While in the TF-011 or blank control group,
there were almost no detectable CFSEþ/PKH26þ cellecell con-
jugates (Fig. 3A). To evaluate T cell activation mediated by TF-
TCB, PBMC were incubated for 20 h with AsPC-1 cells and
ten-fold serial dilutions of TF-TCB (or TF-011), and then
collected for flow cytometry analysis. CD69 is an early sign of T
cell activation. Compared with TF-011, dose-dependent activation
of both CD4þ and CD8þ T cells was induced by TF-TCB as
presented by percentage increase of CD69þ cells (Fig. 3B). TF-
TCB showed similar activation of CD4þ and CD8þ T cells,
with similar EC50 (0.10 ng/mL for CD4þ T cells and 0.23 ng/mL
for CD8þ T cells). Cytokine release (IL-2 and IFNg), a hallmark
of T cell activation upon tumor cell lysis was also induced by TF-
TCB (Fig. 3C). In order to test the target-dependency of TF-TCB
mediated T cell activation, CD3þ T cells were incubated with TF-
TCB in the presence of target cells (AsPC-1 cells) or not for 20 h.
It was shown that, only in the presence of AsPC-1 cells, CD4þ and
CD8þ T cells could be activated by TF-TCB (Supporting
Information Fig. S3). This suggested T cell activation induced
by TF-TCB was target-dependent and two CD3 binding moieties
of TF-TCB might not bind to the same T cell simultaneously.
Tumor cell lysis was detected after 24 h (for MDA-MBA-231) or
36 h (for AsPC-1 and SKOV-3) of incubation of tumor cells with
PBMC and test antibodies (Fig. 3D). Although TF-011 without
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CD3 binding moiety could lysis TFþ tumor cells through
antibody-dependent cellular cytotoxicity as previously described,
TF-TCB had a much better activity, with much lower EC50 and
higher maximum percentage of tumor lysis (Fig. 3D)21. CD22-
TCB had the same structure with TF-TCB, except that the TF
binding moieties were replaced by CD22 binding moieties. Lysis
of SKOV-3 cells was almost lost for CD22-TCB compared with
TF-TCB, illustrating that the activity of TF-TCB was dependent
on both its CD3 and TF binding moieties (Fig. 3D). In a CFSE
cell division assay, apparent T cell proliferation was observed
after incubation of T cells with both TF-TCB and target cells
(AsPC-1) for 96 h, while co-incubation of T cells with TF-TCB or
AsPC-1 cells alone was unable to promote T cell proliferation
(Fig. 3E). T cell proliferation mediated by TF-TCB could support
its serial elimination of tumor cells.
Figure 2 Structure and physico-chemical characterization of TF-TCB.

performance liquid chromatography (SE-HPLC) analysis of TF-TCB: the m

(10.1 min, 3.33%) might be the aggregates. (C) SDS-PAGE analysis of T

quadrupole time-of-flight mass spectrometry (UPLCeQTOF-MS) analysi

Differential scanning calorimetry (DSC) thermogram and corresponding T

TF-TCB and TF-011, measured by Biacore. (G) Binding affinity of TF-TC

to TFþ MDA-MB-231 cells. MFI, mean fluorescence intensity of tested c
3.6. Association between TF expression level and tumor cell
lysis activity of TF-TCB

To investigate the relationship between TF expression level and
TF-TCB mediated tumor cell lysis activity, five tumor cell lines
(CT-26, PANC-1, AsPC-1, SKOV-3 and MDA-MB-231) with
different TF expression levels were used (Fig. 4A). After 36 h of
incubation of these cells with PBMC (E:T, 15:1) and ten-fold
serial dilutions of TF-TCB, tumor cell lysis was measured
(Fig. 4B). TF-TCB could induce effective lysis of TF þ tumor
cells with EC50 ranging from 0.01 to 1.71 ng/mL (Fig. 4B). All
TFþ tumor cells were killed with TF-TCB concentration higher
than 100 ng/mL. For TF negative tumor cells, TF-TCB showed
almost no lysis activity indicating the target dependence of cell
lysis activity of TF-TCB (Fig. 4B). In general, tumor cell lysis
(A) Schematic diagram of TF-TCB structure. (B) Size exclusion-high

ajor peak (11.7 min, 96.7%) was the TF-TCB, the much smaller peak

F-TCB. (D) Ultra-performance liquid chromatography coupled with

s of the molecular weight of intact and deglycosylated TF-TCB. (E)

m values of TF-TCB and TF-011. (F) Binding kinetics and affinities of

B to CD3þ Jurkat cells. (H) Binding affinities of TF-TCB and TF-011

ells. Data are mean � SD, n Z 3.



Figure 3 Mechanism of action of TF-TCB. (A) Cross-linking of CD3þ Jurkat cells and TFþAsPC-1 cells by TF-TCB measured through flow

cytometry. Jurkat cells were labeled with PKH26 (PE) and AsPC-1 cells were labeled with CFSE (FITC), the two cells were mixed at equal ratio

in the presence of TF TCB (or TF-011) and incubated for 30 min. (B) and (C) T cell activation and cytokine release mediated by TF-TCB. T cell

activation (B) was assessed by measuring percentage of CD69þ cells within CD4þ and CD8þ T cells after 20 h of incubation of human peripheral

blood mononuclear cells (PBMC) with AsPC-1 cells (E:T, 10:1) and TF-TCB. IFNg and IL-2 released into culture supernatant were also

determined (C). TF-011 was used as control. (D) Percentage of tumor cell lysis detected after incubation of AsPC-1 (36 h), MDA-MB-231 (24 h)

and SKOV-3 cells (36 h) with PBMC and TF-TCB. TF-011 and CD22-TCB were used as controls. (E) T cell proliferation evaluated through the

decrease in CFSE labeling on T cells. Purified T cells were labeled with CFSE (FITC) and incubated with or without AsPC-1 cells, in the presence

of TF-TCB or not for 96 h, and the CFSE labeling on T cells was evaluated by flow cytometry. Data are mean � SD, n Z 3.
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activity of TF-TCB was positively related to TF expression level
on cell lines with higher potency for higher TF-expressing tumor
cells. PANC-1 has lower TF expression level than AsPC-1 and
SKOV-3, the stronger tumor cell lysis activity of TF-TCB towards
PANC-1 was possibly due to differences in response to T cell
cytotoxicity among the cell lines.

3.7. PK analysis of TF-TCB

The preliminary PK analysis of TF-TCB was performed in male
BALB/c mice at a single dose of 5 mg/kg. TF-TCB showed a
favorable PK profile with half-life (t1/2) ofw8.25 days, suggesting
its stability in vivo (Supporting Information Fig. S4A and S4B).
The longer t1/2 of TF-TCB compared with other bispecific
antibody formats (like BITE or TandAb) may be due to its Fc
domain and relatively larger molecular weight34,40. Compared
with TF-011, TF-TCB had a shorter t1/2, but similar area under
the curve from time zero to the last quantifiable concentration
(AUC0et, Fig. S4B). The smaller steady-state volume of distri-
bution (Vd,ss) of TF-TCB suggested that it may have lower tissue
penetration than TF-011 (Fig. S4B).

3.8. Tumor growth inhibition of TF-TCB in AsPC-1/PBMC co-
grafting model

PBMC (2 � 106) and human metastatic pancreatic cancer cells
AsPC-1 (2 � 106) were premixed and implanted s.c. in female
NOD/SCID mice (n Z 6/group). Mice were then treated i.v. with



Figure 4 Correlation between TF expression level and tumor cell lysis activity of TF-TCB. (A) Relative TF expression on five tumor cell lines,

detected by flow cytometry. Purple histogram, tumor cells stained with FITC-labeled anti-TF antibody; black histogram, Blank Control. (B)

Percentage of tumor cell lysis detected after 36 h of incubation of target cells (CT-26, PANC-1, AsPC-1, SKOV-3 and MDA-MB-231) with PBMC

(E:T, 15:1) and TF-TCB. (C) Cell lysis EC50 values of the five tumor cells. Data are mean � SD, n Z 3.

Figure 5 Inhibition of tumor growth by TF-TCB in AsPC-1/PBMC co-grafting model. (A) Schematic depiction of tumor inoculation and

treatment protocol. Female NOD/SCID mice (n Z 6/group) were implanted subcutaneously (s.c.) with mixture of AsPC-1 cells (2 � 106) and

PBMC (2 � 106) on Day 1, and administrated intravenously (i.v.) with PBS, TF-011 (1 mg/kg), or different doses of TF-TCB (0.2, 1 and 5 mg/kg)

twice per week for a total of six doses. (B) Tumor volume and mice weight measured throughout the study. (C) Digital image and weight of the

stripped tumors, two mice in the TF-TCB group (dose of 0.2 mg/kg) had no detected tumor when study completed. (D) Immunohistochemistry

(IHC) analysis of tumors gained 6 days after first treatment. Tumors were stained for human TF and human CD3 (all brown) and were coun-

terstained with hematoxylin (blue). Scale bar is indicated in each panel. Statistical analysis was based on two-tailed heteroscedastic t-test.

*P < 0.05 and ***P < 0.0001 vs. PBS group; ###P < 0.0001 vs. TF-011 group. Data are mean � SD, n Z 6.
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vehicle control (PBS), TF-011 (1 mg/kg), or TF-TCB at three
different dose levels (0.2, 1 and 5 mg/kg) following Fig. 5A.
Compared with PBS, TF-011 only exhibited moderate tumor
growth inhibitory effect. While for all three doses of TF-TCB,
significant tumor growth inhibition was observed from Day 7 to
study completion with two mice in the TF-TCB group (dose of
0.2 mg/kg) having no detectable tumor at the end of the study
(P < 0.005, Fig. 5B and C). The weight of tumors in the TF-TCB
groups determined at the end of study was also remarkably lighter
than that in the PBS group and TF-011 group (P < 0.0001,
Fig. 5C). There was no obvious difference between TF-TCB
groups with different doses, which was possible due to that the
dose of TF-TCB was not low enough to reach the efficacy
threshold (P > 0.05, Fig. 5B and C)42. Further study with lower
TF-TCB dose will reveal the doseeresponse manner. Mice weight
or other indicators of growth condition were not affected by any
treatments throughout the study (Fig. 5B).

In order to study the mechanism of anti-tumor activity of TF-
TCB in this model, tumors were stripped 6 days after first treat-
ment (started four days after tumor inoculation) and IHC was
performed. TF positive tumor cells in the tumors treated with TF-
TCB were almost completely killed with low TF staining level
observed (Fig. 5D and Supporting Information Table S5). There
were almost no T cells (CD3 staining) in the tumors treated with
PBS or TF-011, while in the tumors treated with TF-TCB,
abundant T cells were observed (Fig. 5D and Supporting
Information Table S6). These indicated that TF-TCB inhibited
Figure 6 Inhibition of tumor growth by TF-TCB in AsPC-1 xenograft m

tumor inoculation and treatment protocol. Female NOG mice were impla

divided into four groups (n Z 6/group) based on tumor volume and 5 �
11e29, mice receiving PBMC were treated i.v. with PBS (PBMC/PBS grou

were treated intraperitoneally (i.p.) with PBS (PBS/PBS group) and gem

individual mice in each group measured throughout the study. (C) Tumor v

tumors. There were only five tumors in the PBS/PBS and PBMC/TF-TCB g

Fourteen days after PBMC transfer, percentage of human CD45þ cells in

1e12 were mouse IDs, corresponding to tumor IDs in Fig. 6D. Statistical

**P < 0.01 vs. PBS/PBS group; #P < 0.05 and ##P < 0.01 vs. PBMC/PBS

mean � SD, n Z 6.
tumor growth though induction of T cell proliferation and killing
of TFþ tumor cells.

3.9. Tumor growth inhibition of TF-TCB in AsPC-1 xenograft
model with intravenous transfer of PBMC

The in vivo efficacy of TF-TCB was further evaluated in AsPC-1
xenograft model with intravenous transfer of PBMC. In this
model, PBMC were not co-grafted with tumor cells, and were
required to be recruited from periphery to the tumor sites. Female
NOG mice were firstly inoculated s.c. with AsPC-1 cells. Nine
days later, tumor-bearing mice were distributed into four groups
based on tumor volume (n Z 6/group) and transferred i.v. with
5 � 106 PBMC or PBS. The two groups receiving PBMC were
then treated i.v. with PBS or TF-TCB (5 mg/kg), while other two
groups were treated i.p. with PBS or gemcitabine (100 mg/kg) as
the negative or positive control (Fig. 6A). Gemcitabine has been
one of the effective chemotherapies in the clinic for treating
pancreatic cancer43. In some AsPC-1 xenograft models, anti-
tumor effect of gemcitabine has also been illustrated44,45. In this
tumor model, tumor growth was noticeably delayed by gemcita-
bine at the early stage (ten days after first dose) (P < 0.05,
Fig. 6B and C). However, its inhibitory activity weakened as
tumor grew, with no significant tumor growth inhibitory effects at
the end of the study (P > 0.05, Fig. 6BeD). Tumor growth was
slightly inhibited by PBMC/PBS treatment throughout the study,
while significant tumor growth inhibition was induced by PBMC/
odel with intravenous transfer of PBMC. (A) Schematic depiction of

nted s.c. with 2 � 106 AsPC-1 cells on Day 0. On Day 9, mice were

106 PBMC or PBS were injected i.v. into mice on Day 10. On Days

p) and TF-TCB (5 mg/kg, PBMC/TF-TCB group), mice receiving PBS

citabine (100 mg/kg, PBS/gemcitabine group). (B) Tumor volume of

olume of the four groups. (D) Digital image and weight of the stripped

roup due to that one mouse in each group died before study ended. (E)

peripheral blood of mice in PBMC/PBS and PBMC/TF-TCB group.

analysis was based on two-tailed heteroscedastic t-test. *P < 0.05 and

group; $P < 0.05 and $$P < 0.01 vs. PBS/gemcitabine group. Data are



Figure 7 IHC analysis of stripped tumors in AsPC-1 xenograft model with intravenous transfer of PBMC. Tumors were stained for human TF

and human CD3 (all brown) and were counterstained with hematoxylin (blue). Scale bar is indicated in each panel.
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TF-TCB treatment since Day 28 (P < 0.05). The weight of tumors
in PBMC/TF-TCB group was also remarkably lighter than that in
other three groups (P < 0.05, Fig. 6D). Due to the incomplete
immune system of this tumor model, more comparison
between TF-TCB and Gemcitabine will be conducted in future
study.

Fourteen days after PBMC engraftment, 4/6 mice in the
PBMC/TF-TCB group and 5/6 mice in the PBMC/PBS group had
succeeded in reconstruction of human immune system with
detectable human CD45þ cells in peripheral blood (Fig. 6E). The
Figure 8 Efficacy of combination treatment of TF-TCB and nivolumab

lines, detected by flow cytometry. Orange histogram, tumor cells stained wi

Relative PD-L1 expression on AsPC-1 and NCI-H292 cell lines, detected

labeled anti-PD-L1 antibody; Black histogram, Blank Control. (C) PD-1

ing of AsPC-1 and NCI-H292 cells after 36 h of incubation. (E) Percenta

(AsPC-1 and NCI-H292) with test antibodies and PBMC. Data are mean
two mice (mice ID: 4 and 5) in the PBMC/TF-TCB group that had
no detectable human CD45þ cells bore bigger tumor than other
three mice, illustrating PBMC dependence of TF-TCB activity
(Fig. 6D and E).

Tumors were collected at the end of the study and IHC was
conducted. T cell infiltration into tumor was observed in mice
bearing human immune system and receiving TF-TCB treat-
ment (Fig. 7 and Supporting Information Table S7). The result
confirmed the critical role of TF-TCB in tumor growth
inhibition.
in vitro. (A) Relative TF expression on AsPC-1 and NCI-H292 cell

th FITC-labeled anti-TF antibody; black histogram, Blank Control. (B)

by flow cytometry. Green histogram, tumor cells stained with APC-

staining of CD3þ T cells after 36 h of incubation. (D) PD-L1 stain-

ge of tumor cell lysis detected after 36 h of incubation of target cells

� SD, n Z 3.
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3.10. Combination treatment with anti-PD-1 antibody
(nivolumab)

AsPC-1 and NCI-H292 are two TFþ tumor cell lines with different
PD-L1 expression (Fig. 8A and B). It was revealed that PD-1
expression level on CD3þ T cells and PD-L1 expression level on
AsPC-1 and NCI-H292 cells were elevated during TF-TCB-
mediated tumor cell lysis (Fig. 8C and D). PD-1/PD-L1 interac-
tion is an escape mechanism against T cell-based immunotherapy,
whereas nivolumab is an anti-PD-1 antibody that can block PD-1/
PD-L1 interaction and restore anti-tumor activity of T cells46. To
further improve the efficacy of TF-TCB, combination treatment of
TF-TCB and nivolumab was evaluated in vitro and in vivo.

After 36 h of incubation of tumor cells (AsPC-1 or NCI-H292)
with PBMC and test antibodies (TF-TCB, or combination of TF-
TCB and nivolumab), cell lysis was measured (Fig. 8E). In spite of
PD-L1 expressing in NCI-H292 cells, strong tumor cell lysis was
achieved by TF-TCB. And for both AsPC-1 and NCI-H292 tumor
cells, combination with nivolumab enhanced the anti-tumor ac-
tivity of TF-TCB (by lowering TF-TCB dose to achieve the same
percentage of tumor cell lysis) (Fig. 8E).

The efficacy of combination treatment of TF-TCB and
nivolumab was further evaluated in vivo in NCI-H292 xenograft
model with intravenous transfer of PBMC (Fig. 9A). Nivolumab
has been approved by the US Food and Drug Administration for
the treatment of several types of cancer, including lung cancer.
However, it was only effective to tumors with enough T cell
Figure 9 Efficacy of combination treatment of TF-TCB and nivolumab

Schematic depiction of tumor inoculation and treatment protocol. Female NO

Day 3, 5 � 106 PBMC were injected i.v. into mice. On Days 9e24, mice w

treated with PBS (i.v.), TF-TCB (5 mg/kg, i.v.), nivolumab (10 mg/kg, i.p.) or

(B) Tumor volume of individual mice in each group measured throughout the

of the stripped tumors (one mice in the PBS and TF-TCB þ nivolumab gr

Percentage of human CD45þ cells in mice peripheral blood 14 days after PB

t-test. ***P < 0.0001 vs. PBS group; ###P < 0.0001 vs. Nivolumab group;
infiltration37,47. In this tumor model with poor T cell infiltration,
no significant tumor growth inhibitory effect was achieved by
nivolumab (P > 0.05, Fig. 9B and C). In contrast, tumor growth
was prominently inhibited by both TF-TCB alone and combi-
nation treatment with nivolumab from Day 21 to study
completion (P < 0.005). Additionally, combination treatment
had a much better anti-tumor activity than TF-TCB alone,
indicating that T cell activity was further enhanced by nivolu-
mab (P < 0.05, Fig. 9B and C). Tumor weight determined at the
end of the study also supported the remarkable tumor growth
inhibitory activity of TF-TCB and combination therapy
(Fig. 9D).

Fourteen days after PBMC engraftment, all mice had suc-
ceeded in reconstruction of human immune system with detect-
able human CD45þ cells in peripheral blood (Fig. 9E). In general,
mice treated with TF-TCB had a lower percentage of human
CD45þ cells than that treated with PBS. This may be due to that
CD45þ cells especially CD3þ T cells were recruited to the tumor
sites and needs further verification.

When study completed, tumors were retrieved and IHC was
performed. In the tumor treated with TF-TCB þ nivolumab and
the center of tumor treated with TF-TCB, much lower percentage
of TFþ cells was observed (Fig. 10 and Supporting Information
Table S8). This indicated that TFþ tumor cells elimination was
induced by TF-TCB treatment. The CD3 staining revealed that T
cells were recruited into the tumors in both TF-TCB group and
TF-TCB þ nivolumab group (Fig. 10 and Supporting Information
in NCI-H292 xenograft model with intravenous transfer of PBMC. (A)

G mice were implanted s.c. with 3 � 106 NCI-H292 cells on Day 0. On

ere divided into four groups (n Z 8/group) based on tumor volume and

combination of TF-TCB (5 mg/kg, i.v.) and nivolumab (10 mg/kg, i.p.).

study. (C) Tumor volume of four groups. (D) Digital image and weight

oup, three mice in the nivolumab group died before study ended). (E)

MC transfer. Statistical analysis was based on two-tailed heteroscedastic
$P < 0.05 vs. TF-TCB group. Data are mean � SD, n Z 8.



Figure 10 IHC analysis of stripped tumors in NCI-H292 xenograft model with intravenous transfer of PBMC. Tumors were stained for human

TF, human CD3 and PD-L1 (all brown) and were counterstained with hematoxylin (blue). Scale bar is indicated in each panel.
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Table S9). The higher H-Scores of PD-L1 staining of tumors in the
TF-TCB group and TF-TCB þ nivolumab group indicated that a
more inflamed tumor microenvironment was induced by TF-TCB
(Fig. 10 and Supporting Information Table S10).

4. Discussion

TCB is an efficacious immunotherapy for cancer treatment. Here
we designed and characterized a novel TCB targeting TF (TF-
TCB) to provide a potentially new direction to treat solid tumors.

TF was reported to be overexpressed in tumor tissues; however,
most studies only focused on one carcinoma type and had no
comparison with the normal tissues10e15,17,48. In our study, TF
expression was evaluated in five carcinoma types and normal
tissues, which was an addition to the TF expression profile and
provided basis for clinical studies. The overexpression of TF
observed in all evaluated carcinoma types but not in most normal
tissues made TF a specific ideal target for cancer treatment.
Although TF expression was only found in limited normal cell
types, toxicity of TF-TCB towards the normal tissues needs to be
carefully evaluated in future studies.

IgG-[L]-scFv structure was adopted to produce TF-TCB in this
study to avert the chain mis-pairing problems in bispecific antibody
production34,56. Our results demonstrate that the TF-TCB could be
expressed and purified similar as a normal IgG1, providing the po-
tential for large-scale production with good manufacturing practice.
The results from in vitro study show that TF-TCB was effective
against a wide range of tumor cell lines regardless of PD-L1
expression and tumor type of the cell lines, indicating the poten-
tial of TF-TCB to treat broad spectrum of solid tumors. In vivo, a
tumor cell/PBMC co-grafting model and two established tumor
models with poor T cell infiltration were used to evaluate the
efficacy of TF-TCB. Remarkably, strong tumor growth inhibition
was induced by the TF-TCB in all models, indicating its prom-
ising prospect in solid tumors treatment.

Our results reveal the limited anti-tumor activity of immune-
checkpoint inhibitors towards tumors with poor T cell infiltration.
In contrast, strong activity of TF-TCB in the same circumstance
was observed. Synergistic effect of combination of TF-TCB and
immune-checkpoint inhibitors has been observed in vitro and
in vivo, suggesting the TF-TCB mediated T cell activity was
further unleashed by immune-checkpoint inhibitors, which was
consistent with other TCBs49,50. The sequencing of combinations
and associated cytokine release syndrome should be evaluated in
future studies. Besides immune-checkpoint inhibitors, T cell
activation enhancer like CD28 antibody or OX40 antibody and
anti-angiogenesis agents may also be explored to further improve
the TF-TCB efficacy51,52.

Up to now, there has been three TF-targeting cancer therapies
in clinical trials (ALT-836, MORAb-066 and Tisotumab Vedotin).
ALT-836 and MORAb-066 are two anti-TF antibodies and had no
clinical progress since 2016. Tisotumab Vedotin is the only one
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being tested in the clinical trials. Our results could potentially be
an addition to the current approaches targeting TF. Although TF is
a high turnover protein with rapid internalization, our results
demonstrated that it could be targeted by TCB for cancer treat-
ment. The internalization of TF was not a limiting factor for TF-
TCB’s activity in our experiments, which was in accordance with
a report with CD33-TCB53,54.

5. Conclusions

We have designed and characterized a novel TCB targeting TF-
positive solid tumors. The TF-TCB showed powerful antitumor
activity in multiple in vitro and in vivo models. It was efficacious
in poorly T cell-infiltrated established tumors and had the ability
to alter tumor microenvironment. In addition, anti-tumor activity
of the TF-TCB was further enhanced by immune checkpoint
blockade agents. Altogether, our results demonstrated the suit-
ability of TF as a novel target for TCB and the effectiveness of the
TF-TCB as a promising approach for solid tumors treatment.
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