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ABSTRACT
Background  Triple negative breast cancer (TNBC) is 
a subtype of breast cancers with poor prognosis and 
targeted drug therapies are limited. To develop novel and 
efficacious therapies for TNBC, we developed a bispecific 
antibody F7AK3 that recognizes both trophoblast cell 
surface antigen 2 (TROP2) and CD3 and evaluated its 
antitumor activities both in vitro and in vivo.
Methods  The binding affinities of F7AK3 to the two 
targets, TROP2 and CD3, were evaluated by surface 
plasmon resonance. Binding of F7AK3 to TNBC 
cells and T cells were evaluated by flow cytometry. 
Immunofluorescent staining was performed to 
demonstrate the interactions between T cells with 
TNBC cells. The cytotoxicity of T cells against TNBC cell 
lines and primary tumor cells mediated by F7AK3 were 
determined in vitro. In vivo antitumor activity of F7AK3 
was investigated in a xenograft TNBC tumor model, using 
immunodeficient mice that were reconstituted with human 
peripheral blood mononuclear cells.
Results  We demonstrated that F7AK3 binds specifically 
to human TROP2 and CD3 antigens, as well as TNBC cell 
lines and primary tumor cells. Human T cells can only be 
activated by F7AK3 in the presence of target tumor cells. 
F7AK3 recruits T cells to TROP2+ tumor cells in vitro and 
into tumor tissues in vivo. Antitumor growth activity of 
F7AK3 is observed in a xenograft TNBC tumor model.
Conclusion  This study showed the antitumor potential 
of an anti-TROP2xCD3 bispecific antibody F7AK3 to 
TNBC tumor cells both in vitro and in vivo. These data 
demonstrate that F7AK3 has the potential to treat TNBC 
patients, which warrants further preclinical and clinical 
evaluation of the F7AK3 in advanced or metastatic TNBC 
patients.

BACKGROUND
Triple negative breast cancer (TNBC) 
represents a diverse subgroup of breast cancers 
that are characterized with the absence of 
expression of the estrogen receptor (ER), 
progesterone receptor (PR), and ERBB2 
(also known as HER2).1 2 TNBC is associated 
with a poor prognosis.1 2 Chemotherapy has 
been the mainstay for the treatments of TNBC 
patients, however, most patients experience 
relapse following an initial response.2–4 Over 

the last few years, the therapeutic regimens 
for TNBCs have been expanded.5 6 Olaparib 
and talazoparib, two poly ADP-ribose poly-
merase (PARP) inhibitors were approved by 
U S Food and Drug Administration (FDA) 
and European Medicines Agency for locally 
advanced/metastatic TNBC with germline 
BRCA mutations.7–9 Atezolizumab in combi-
nation with nab-paclitaxel was approved 
in 2019 by FDA as first-line treatment for 
unresectable locally advanced or metastatic 
TNBC whose tumors express programmed 
cell death 1 ligand 1 (PD-L1) and pembroli-
zumab plus chemotherapy was approved 
for inoperable locally advanced/metastatic 
TNBC.10–12 Sacituzumab govitecan, a first-
in-class antibody-drug conjugates (ADCs) 
targeting trophoblast cell surface antigen 2 
(TROP2) has been approved in 2020 by FDA 
for metastatic TNBC who have received at 
least two prior therapies.13–15

TROP2, encoded by TACSTD2, is a calcium 
signal transducer that is associated with 
transformed cell growth and a paralog of 
epithelial specific cell adhesion molecule.16 
TROP2 is upregulated in a variety of solid 
cancers including breast cancer, colorectal 
cancer, lung cancer, and gastric cancer, and 
the level of its expression is associated with 
prognosis.16–19 Overexpression of TROP2 
has been shown to drive cancer cell growth 
consistently across cell type and species.20 
Sacituzumab govitecan consists of a human-
ized IgG1 anti-TROP2 antibody that is cova-
lently linked via a hydrolysable linker to a 
topoisomerase inhibitor SN-38, the active 
metabolite of irinotecan.14 21 In a random-
ized, phase 3 ASCENT trial, patients with 
metastatic TNBC receiving sacituzumab had 
significantly longer progression-free survival 
(5.6 vs 1.7 months) and overall survival (12.1 
vs 6.7 months) compared with single-agent 
chemotherapy treatment.14
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Tumor-infiltrating lymphocytes (TILs) are critical for 
antitumoral activity with prognostic values.22 23 The pres-
ence of TILs is associated with improved survival and 
metastatic TNBC tumors tend to have significant reduc-
tions of TILs compared with primary tumors.24 25 Thus, 
regimens that can redirect T cells to and activate them 
within tumors may provide further therapeutic benefits 
for TNBC patients.

Bispecific T cell engager antibodies (BiTEs) recog-
nizing both tumor surface antigens and CD3 are a new 
class of immunotherapy agents.26 27 Blinatumomab, a 
protype of such agents that binds to both CD19 and CD3, 
was approved for the treatment of relapsed or refractory 
precursor B cell acute lymphoblastic leukemia.28 There 
are different strategies to design the bispecific antibodies 
and modify the characteristics of the antibodies. Never-
theless, the majority of BiTEs under investigation in the 
clinic share the mechanism of dual engagement of T 
cell and tumor cells and activation of T cells, regardless 
of the intrinsic antigen specificity of the T cell receptor 
(TCR).26 27

Herein, we developed and characterized a bispecific 
antibody F7AK3 that binds to both TROP2 and CD3. We 
examined F7AK3-mediated T cells activation and cytotox-
icity for TNBC cell lines and primary cells in vitro and 
evaluated in vivo antitumor efficacy of F7AK3 in a xeno-
graft TNBC tumor model.

METHODS
Generation, expression and purification of bispecific anti-
TROP2xCD3 antibody
The anti-CD3 scFv arm (named as K3) was developed 
as described previously.29 A large human naïve phage 
display library with the size of 5×1010 cfu (colony forming 
unit), constructed by Excyte Biopharma, was used for the 
panning of human TROP2 (Acrobio systems, cat. TR2-
H82E5-25 μg) as previously described.30 A lead clone F7 
was identified after monophage ELISA,31 and the binding 
specificity was verified by FACS. To increase the affinity 
of F7, parsimonious mutation32 was applied to identify 
beneficial replacements in CDRs (complementarity-
determining region) and a combinatory library was built 
to combine selected substitutions. Affinity and liability 
optimized clones were screened by both ELISA and FACS 
to yield the final clone F7A.

The tetravalent bispecific antibody F7AK3 was built 
by FIST (fusion of IgG and scFv technology) platform 
in Excyte Biopharma. It is composed of F7A IgG4P and 
anti-CD3 scFv, assembled in an in-house vector pG4HK 
by standard molecular cloning methods. The plasmid was 
stably transfected into CHO-K1 (Shanghai Biochemical 
Institute, China Academia of Sciences) suspension cells. 
High expression clones were selected, and fermentation 
supernatants were purified by Protein-A affinity chro-
matography using MabSelect column (GE Healthcare, 
Princeton, New Jersey, USA).33 The bispecific antibody 
was further purified by cation exchange chromatography 

using Capto MMC (GE Healthcare) and ion exchange 
chromatography using Q HP (GE Healthcare) columns. 
The purified protein was concentrated and stored in 
50 mM PBS containing 0.15M NaCl buffer. The purity was 
analyzed with intact mass spectrometry, sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
and size-exclusion chromatography.

Primary tumor cell isolation and culture
For primary cell isolation, tumor specimens were isolated 
at the time of surgery with informed consent and were 
gently minced into small pieces, then digested with 6 mL 
PBS containing 50 µL 25 mg/mL collagenase IV (Invit-
rogen, 17104019) and 25 µL 10 mg/mL DNase I (Roche, 
10104159001) for 1 hour at 37°C. Cell suspensions were 
filtered twice and centrifuged at 1500 rpm for 5 min. 
Tumor cells and TILs were enriched and collected sepa-
rately after Percoll gradient centrifugation (GE health-
care, 17-0891-01) following the manufacturer’s protocol. 
Afterwards, primary tumor cells were cultured with dulbec-
co's modified eagle medium (DMEM) supplemented 
with 10% heat-inactivated fetal calf serum (FCS) (Gibco, 
1715753) and antibiotic antimycotic (Gibco, 15240062) 
for 2 weeks, then used for the indicated experiments.

Cell lines and cell culture
Cells were cultured at 37℃ with 5% CO2 in a humidified 
incubator. MDA-MB-231, MDA-MB-468, MCF7, 4T1, and 
HCC1395 were from ATCC. MDA-MB-231 was authenti-
cated by STR profiling. All of the cell lines were passaged 
less than 2 months after each thaw and tested to be free 
of mycoplasma contamination.

Peripheral blood mononuclear cells collection and activation 
of T cells
Peripheral blood mononuclear cells (PBMCs) were 
isolated from healthy donor blood (LDEBIO, Guang-
zhou) by density gradient centrifugation. PBMCs were 
cultured in RPMI 1640 medium supplemented with 10% 
heat-inactivated FCS, antibiotic antimycotic, 1 mM pyru-
vate (Gibco, 11360070), NEAA (Gibco, 11140050) and 
50 µM β-mercaptoethanol (Sigma, m3148). Cells were 
activated by TCR stimulation using plate-bound human 
anti-CD3/CD28 (clone OKT-3 and clone 9.3 Bio X Cell, 
respectively, 5 µg/mL of each) for 3 days, followed by 
interleukin 2 (IL-2) (20 ng/mL, PeproTech, 200–02) 
stimulation for 5 days.

Binding analysis of antibody to tumor cells
Tumors cells were collected, washed with PBS, and 
incubated with FACS buffer (1×PBS with 0.5% BSA) 
containing various concentrations of F7AK3 for 30 min at 
room temperature. Subsequently cells were washed with 
FACS buffer twice and stained with PE-conjugated goat-
anti human IgG Fc antibody (Invitrogen, 2234986). Dead 
cells were identified using Live/Dead Fixable Dead Cell 
staining kit (Invitrogen, 2123595). Samples were analyzed 
by flow cytometry with a FACS LSR II or FACS Verse (BD).
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RNA isolation and real-time PCR
RNA was isolated from cultured cells with TriZol (Ambion, 
318309) and cDNA was synthesized from 1 µg of RNA 
using the Reverse Transcription Kit (Toyobo, FSQ-201). 
All q-PCR was performed with the SYBR Green method 
on a Bio-Rad CFX Connect. The quantification of the 
results was performed by the comparative Ct (2–ΔΔCt) 
method. The Ct value for each sample was normalized to 
the value for the GAPDH gene. Primer sequences are as 
follows.

TACSTD2-F: 5’-​CCCG​AGGA​GAAG​AGGA​GTTTG-3’.
TACSTD2-R: 5’-​CATCCAAACTGCGTTCAGGC-3’.
GAPDH-F: 5’-​ACAA​CTTT​GGTA​TCGT​GGAAGG-3’.
GAPDH-R: 5’-GCCATCACGCCACAGTTTC-3’.

Immunoblot assay
Cells were lysed with RIPA lysis buffer containing 
phenylmethylsulfonyl fluoride (1 mM). Cell lysates were 
separated by SDS-PAGE and transferred onto PVDF 
membranes (Millipore). The blots were probed with 
the following primary antibodies overnight at 4°C: anti-
TROP2 (Abcam, ab214488) and anti-GAPDH (Servicebio, 
GB11002). Afterwards, the membrane was incubated with 
a horseradish peroxidase-conjugated secondary antibody 
for 1 hour, followed by detection using a chemilumines-
cence assay kit.

Cytotoxicity assay and intracellular cytokines staining
For cell cytotoxicity, activated T cells were co-cultured 
with tumor cells in a 5:1 ratio in the presence of different 
concentrations of F7AK3 for indicated times. Afterwards, 
T cell cytotoxicity was assessed by quantification of lactate 
dehydrogenase (LDH) amounts in the supernatants 
using the Cytotoxicity Detection KitPLUS (Sigma-Aldrich) 
according to manufacturer’s instructions.

For measurements of T cell activation and cytokine 
expression, PBMCs from human donors were cocultured 
with tumor cells in an Effector:Target (E:T) ratio of 3:1 
in the presence or absence of F7AK3 (1 µg/mL) for 72 
hours. T cell activation were assessed by incubating cells 
with directly conjugated antibodies to CD4 (Biolegend, 
980812), CD8 (BD, 557746), CD69 (BD, 560738), CD25 
(Biolegend, 302603), PD1 (BD, 558694). For cyto-
kine expression, cocultured cells were stimulated with 
phorbol 12-myristate 13-acetate (PMA), ionomycin and 
Golgiplug for 4 hours and antibodies against interferon 
γ (IFN-γ) (BD, 563287), tumor necrosis factor α (TNF-α) 
(Biolegend, 502944), Granzyme B (Invitrogen, 1893847), 
IL-2 (Biolegend, 500322) were used for intracellular 
staining. Data were analyzed by flow cytometry with a 
FACS LSR II or FACS Verse (BD).

Cell proliferation and apoptosis analysis
For in vitro proliferation, tumor cells were cultured 
in 96-well plate, treated with 1 µg/mL F7AK3 for indi-
cated days. Cell viabilities were analyzed with CCK8 kit 
(Dojindo, CK04) following the manufacturer’s protocol. 
For apoptosis analysis, tumor cells were incubated in 

12-well plate, treated with 1 µg/mL F7AK3 for 48 hours. 
Cells were harvested, washed twice with ice-cold PBS and 
stained with Annexin V-FITC (Biolegend, 640906) and 
propidium iodide (Sigma, P4170) in Annexin V binding 
buffers. Samples were analyzed on a BD Verse flow cytom-
etry and data were analyzed using FlowJo software.

Immunofluorescence
Tumor cells were seeded at 3×104 cells per well in glass 
slides and cultured for 12 hours. Then activated T cells 
were added to the culture in the absence or presence 
of F7AK3 (1 µg/mL) for 30 min. Afterwards, cells were 
washed twice with PBS and fixed with 4% paraformal-
dehyde, permeabilized with 0.1% Triton X-100, and 
blocked with 5% BSA. Cells were incubated with anti-
TROP2 (Abcam, ab214488) and anti-CD3 (Servicebio, 
GB13440) overnight at 4°C. Secondary fluorescent 
antibodies conjugated with FITC and Cy3 (Servicebio, 
GB22303 and GB21301) were added for 1 hour and 
4',6-diamidino-2-phenylindole (DAPI) (Servicebio, 
G1012) was used for nuclear staining. The percentages 
of CD3+ T cells in tumor tissues were quantified manually 
as the percentage of green labeled cells (CD3+ T cells) 
to all cells (DAPI). Images were obtained with a confocal 
microscope (Olympus) under a 60×oil objective.

Immunohistochemical analysis
Paired tumor and adjacent non-tumor tissue samples 
were obtained with informed consent from Tongji 
Hospital of HUST (Wuhan, China). The demographic 
and clinical characteristics of the enrolled patients are 
presented in online supplemental table S1. The speci-
mens were isolated at the time of surgery, formalin fixed 
and paraffin embedded, and stained with H&E. TROP2 
expression was scored as follows: multiplication of the 
intensity of immunostaining ((1) mild; (2) moderate; (3) 
strongly positive) and the percentage of positive tumor 
cells, which resulted in a score of 0–300. A score <10 was 
considered as 0, a score of 10–40 was considered as 1, 
41–140 as 2 and 141–300 as 3. Standard immunohisto-
chemistry was performed with antibodies against TROP2 
(Abcam, ab214488), CD3 (Servicebio, GB13440) then 
examined by two blinded pathologists.

Mouse xenograft model
Seven weeks old female NOD/ShiLtJGpt-
Prkdcem26Il2rgem26/Gpt (NCG) mice were purchased from 
Gempharmatech (Nanjing, China). 2×106 MDA-MB-231 
cells were subcutaneously injected into the right dorsal 
flank of animals. When tumors reached a size between 
70 and 100 mm³, mice were randomized into groups 
and 5×106 PBMCs were injected intravenously. Then 
mice were received without or with indicated concen-
trations of F7AK3 twice a week for 4 weeks. Tumor 
sizes were measured by an electronic caliper twice per 
week and calculated according to the formula ‘tumor 
volume=length × width2/2’. At day 42, all mice were sacri-
ficed and tumors were collected.
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Statistics
Data were graphed using GraphPad Prism software. Statis-
tical significance was determined by unpaired Student’s 
t-test, one-way analysis of variance (ANOVA) or two-way 
ANOVA. A p value of less than 0.05 was considered signif-
icant. *p<0.05; **p<0.01; ***p<0.001; ns, not significant.

RESULTS
TROP2 is highly expressed in TNBC tissues and cells
To evaluate the expression of TROP2 in human primary 
breast cancer tissues, we analyzed TROP2 abundance 
with immunohistochemistry in 33 breast cancer tissues 
and adjacent tissues from three subtypes: HER2+, luminal 
and TNBC. We found that TROP2, as well as KI67, was 
highly expressed in breast cancer tissues compared 
with para-carcinoma tissues in all three subtypes, with 
no significant difference among the three subtypes 
(figure  1A,B, online supplemental figure S1A,B). In 
contrast, CD3 positive lymphocytes were largely identified 
in the stromal areas around the tumor nests (eight out 
of nine TNBC cases, figure  1A,C, online supplemental 
figure S1A,B). Next, we compared TROP2 expression 
in four human breast cancer cell lines, including three 
basal-like, triple negative subtypes (MDA-MB-468, MDA-
MB-231 and HCC1395) and one luminal, HER2 negative 
subtype (MCF7). While MCF7 cells had low expression 
of TACSTD2, the gene encoding TROP2, MDA-MB-231, 
MDA-MB-468 and HCC1395 cells had evident expression 
of TACSTD2 (figure 1D). Of which, MDA-MB-468 had the 
highest expression (figure 1D). We further evaluated the 
amounts of TROP2 protein with immunoblot and flow 
cytometry assays. Comparing to MCF7 cells, all other 
three cell lines had significant enhanced expression of 
TROP2 (figure  1E,F, online supplemental figure S1C). 
Taken together, these data demonstrated that TROP2 is 
highly expressed in TNBC tumor cells, tumor tissues but 
not adjacent normal tissues.

Characterization and binding capacity of F7AK3 to the breast 
cancer cells
To facilitate the traffic of T cells into tumor foci and 
enhance their killing of TNBC tumor cells, we sought to 
develop a bispecific antibody recognizing both CD3 and 
TROP2 but with higher affinity to TROP2. This would 
prevent unwanted activation of T cells in periphery and 
trap T cells within tumors. To this end, we developed 
a bispecific antibody (referred as F7AK3) that fused a 
single chain variable fragment of anti-CD3 with a human 
anti-TROP2 IgG at its Fc part, as depicted in figure 2A.

The purity of monomeric bispecific antibody was >99% 
(online supplemental figure S2A,B). We saw a dose-
dependent increase of antibody heavy chain and light 
chain band intensities with higher concentration of anti-
body (online supplemental figure S2B). F7AK3 inter-
acted with the CD3 protein with a calculated dissociation 
constant Kd of 16.51 nM (online supplemental figure 
S2C,E). There was a stronger interaction between F7AK3 

with TROP2 protein with a calculated Kd of 4.35 nM 
(online supplemental figure S2C–E).

Next, we used flow cytometry to determine the binding 
activities of the F7AK3 to the aforementioned four breast 
cell lines. While MCF7 cells had minimal binding to 
F7AK3, MDA-MB-231 had intermediate binding and 
MDA-MB-468, HCC1395 had higher binding (online 
supplemental figure S2F). Calculated EC50 values were 
from 53.24 ng/mL for HCC1395 to 204.8 ng/mL for 
MCF7 (figure  2B–E and G), which correlates with the 
expression levels of TROP2. Consistent with the lower 
affinity to CD3, the binding EC50 for T cells was 568.3 ng/
mL (figure  2F,G). To investigate whether the antibody 
can facilitate the engagement of T cells with tumor 
cells, we cocultured previously activated human T cells 
with HCC1395 with or without F7AK3. In the presence 
of the antibodies, we found TROP2 positive tumor cells 
were surrounded with CD3+ T cells but not in the F7AK3 
untreated group (figure 2H).

Together, these data demonstrated that the binding 
affinities of F7AK3 to the tumor cells correlate with the 
expression levels of TROP2 and the antibody is capable 
of facilitating the engagement of T cells with TROP2 posi-
tive tumor cells.

F7AK3 activates T cells requiring the presence of TROP2-
positive tumor cells
Next, we investigated the ability of F7AK3 to activate T 
cells in the absence or presence of TROP2-positive MDA-
MB-231 tumor cells. Using CD25 and CD69 as markers of 
T cell activation, neither tumor cells nor antibodies alone 
activated CD4+ or CD8+ T cells (figure 3A,B). In contrast, 
in the presence of tumor cells, F7AK3 significantly acti-
vated T cells, to a greater extent than commercial CD3 
agonist antibody (clone OKT-3, figure  3A,B). A similar 
pattern was observed for the expression of PD-1, another 
marker for T cell activation (figure 3C).

We next compared the expression of cytokines in T 
cells activated by F7AK3 including TNF-α, IFN-γ, and IL-2. 
We found little production of cytokines by T cells when 
PBMCs were unstimulated, or stimulated with either 
antibodies or tumor cells alone (figure 3D–F). However, 
in the presence of MDA-MB-231 cells, F7AK3 induced 
significantly enhanced percentages of TNF-α-, IFN-γ-, and 
IL-2-postive CD4+ and CD8+ T cells, comparable to the 
agonist CD3 antibody (figure  3D–F). The same pattern 
was observed for Granzyme B expression in CD8+ T cells 
(figure 3G). Subsequently, we compared the extent of T 
cell activation measured by CD25 and CD69 expression 
and the amounts of cytokine production between TROP2 
high expression HCC1395 cells and TROP2 low expres-
sion MCF7 cells. In the group of HCC1395 cells, F7AK3 
elicited a higher extent of T cell activation and induced 
heightened percentages of cytokine production cells 
(online supplemental figure S3A–D).

Taken together, these data suggest that F7AK3 only acti-
vated T cells in the presence of TROP2 positive tumor 
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Figure 1  TROP2 is highly expressed in TNBC tumor tissues and cells. (A) H&E and IHC staining of TROP2, CD3 and KI67 
in TNBC tumor and paratumor tissues and representative images are shown (n=9). Scale bar, 100 µm. (B) TROP2 expression 
scores in TNBC tumor and paratumor tissues measured by IHC (n=9). (C) The percentages of T cells in TNBC tumor and 
paratumor tissues measured by IHC staining with anti-CD3 antibody (n=9). (D) Quantitative PCR analysis of TACSTD2 
expression in four breast cancer cell lines. (E) TROP2 expression in four breast cancer cell lines was determined by flow 
cytometry using anti-TROP2 (Biolgend, 363804) and histograms of the MFI (median fluorescence intensity) of TROP2 from three 
experiments were shown (F). Experiments were repeated for three times (D–E). Significance measured by unpaired t test (C) 
and one-way ANOVA (F). Mean±SEM; *p<0.05; **p<0.01; ***p<0.001. ANOVA, analysis of variance; IHC, immunohistochemistry; 
TNBC, triple negative breast cancer; TROP2,trophoblast cell surface antigen 2.
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cells and this activation was dependent of the presence of 
TROP2 antigen.

F7AK3 induces T cell cytotoxicity to tumor cell lines
Next, we compared the T cell cytotoxicity induced by 
F7AK3 among different tumor cell lines. Each of tumor 
cell lines were co-incubated with activated T cells at 
various concentrations of F7AK3 for 24 hours. While 
103 ng/mL F7AK3 induced maximum killing of all tested 
tumor cells, the cytotoxic potency was approximately 25% 
in MCF7, 50% in MDA-MB-231, 75% in MDA-MB-468 and 
82% in HCC1395 cells (figure 4A–D). These percentages 
correlated with the levels of TROP2 expression. F7AK3 
did not bind to murine 4T1 breast cancer cells (online 
supplemental figure S4A), a TROP2-negative cell line.34 
Accordingly, the antibodies did not elicit any T cells cyto-
toxicity to 4T1 cells, irrespective of concentration (online 
supplemental figure S4B).

To evaluate whether F7AK3 affects tumor cell prolif-
eration and apoptosis, we incubated tumor cells with or 
without F7AK3. We found that antibodies alone affected 
neither the cell apoptosis nor the cell proliferation of 
tested cell lines (online supplemental figure S5A–H). 
Taken together, these data demonstrated that F7AK3 elic-
ited T cell-mediated cytotoxicity to TROP2-positive cells 
and the extent of cytotoxicity is associated with the levels 
of TROP2 expression.

F7AK3 induces T cell-mediated killing of primary TNBC tumor 
cells
To investigate whether the effects of F7AK3 on tumor 
cell lines can be recapitulated in primary TNBC cells, we 
repeated the experiments with human primary TNBC 
cells. The subtype of primary breast cancers was deter-
mined with immunohistochemistry staining of PR, ER, 
and HER2 (Data not shown). Human primary TNBC 

Figure 2  The characterisation of F7AK3 bispecific antibody. (A) Schematic of F7AK3 bispecific antibody that contains a single 
chain of variable fragment of anti-CD3 fused with anti-TROP2 IgG. (B–E) Flow cytometry analysis of binding of increasing 
amounts of F7AK3 to MCF7 (B), MDA-MB-231 (C), MDA-MB-468 (D), HCC1395 (E) and CD3+ T cells (F). (G) The EC50 of F7AK3 
binding capacities with target cells was calculated. (H) HCC1395 cells and activated T cells were cocultured for 30 min with 
or without F7AK3. Representative immunofluorescence images were shown. CD3 (green), TROP2 (red) and DAPI (blue). All 
experiments were repeated for three times. TROP2, trophoblast cell surface antigen 2.
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Figure 3  The activation of T cells by F7AK3 requires the presence of target tumor cells. (A–G) Isolated PBMCs from healthy 
donors were cultured with target MDA-MB-231 cells at an E:T ratio of 3:1, in the presence or absence of 1 µg/mL F7AK3 for 
72 hours. Afterwards, surface expression of CD25 (A), CD69 (B), PD1 (C) on CD4+ and CD8+ T cells were determined by flow 
cytometry. (D–G) After 72 hours, cocultured cells were stimulated with PMA, ionomycin and Golgiplug for another 4 hours. 
Cytokines production of TNF-α (D), IFN-γ (E), IL-2 (F) in CD4+ and CD8+ T cells and granzyme B production (G) in CD8+ T 
cells were determined by intracellular staining. All experiments were repeated for three times with similar results. Mean±SEM; 
*p<0.05; **p<0.01; ***p<0.001. IFN-γ, interferon γ; IL-2, interleukin 2; MFI, median fluorescence intensity; PBMCs, peripheral 
blood mononuclear cells; TNF-α, tumor necrosis factor α.
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cells also expressed TROP2 (figure  5A). In addition, 
F7AK3 bound to primary TNBC cells in a dose-dependent 
manner (figure 5B and C). In response to F7AK3, T cells 
were coalescent to primary TNBC tumor cells (figure 5D). 
Similar to the results obtained with cell lines, coculture 
of primary TNBC cells with PBMCs in the presence of 
F7AK3, both CD8+ T cells and CD4+ T cells had signifi-
cantly upregulation of surface CD25 and CD69, compared 
with the groups without F7AK3 (figure 5E,F). The acti-
vated CD8+ T cells had enhanced Granzyme B expression 
in the presence of F7AK3 (figure  5G,H). Meanwhile, 
F7AK3 elicited killing of primary TNBC cells by T cells 
in a dose-dependent manner (figure 5I). Together, these 
data demonstrated that F7AK3 induces dose-dependent 
T cell killing of primary TNBC cells.

F7AK3 inhibits the TNBC tumor growth in a xenograft model
To evaluate the effects of the F7AK3 on tumor growth, 
we employed a widely used tumor xenograft model with 
nonobese diabetic/severe combined immunodeficiency 
(NOD/ShiLtJGpt-Prkdcem26Il2rgem26/Gpt, NCG) mice, 
followed by reconstitution of human PBMCs at day 7 and 
antibody treatments, as depicted (figure 6A). Despite the 
relatively low expression of TROP2, the aggressive TNBC 
cell line, MDA-MB-231 cells grew better in NCG mice, 
compared with MDA-MB-468 (Data not shown). Thus, we 
chose MDA-MB-231 cells for the xenograft experiments. 
F7AK3 treatment did not affect mouse weights (online 

supplemental figure S6A). F7AK3 treatment at a concentra-
tion of 0.02 mg/kg or 0.1 mg/kg modestly reduced tumor 
burden. At a concentration of 0.5 mg/kg, F7AK3 treat-
ment significantly reduced tumor growth and tumor sizes, 
compared with the control group or PBMCs alone group 
(figure 6B, online supplemental figure S6B). In the PBMC 
alone group, there was no detectable presence of human 
CD45+ cells, CD3+ T cells, CD8+ and CD4+ T cells in the 
spleens or tumor tissues (figure 6C, online supplemental 
figure 6C–F). However, mice that received either dose of 
F7AK3 had significant expansion of human immune cells in 
the spleens and tumors. This was particularly evident in the 
group that received the highest antibody dose of 0.5 mg/
kg (figure 6C, online supplemental figure 6C–F). Further-
more, F7AK3 treated groups had skewed CD8+ T cells over 
CD4+ T cells (figure 6C, online supplemental figure 6C–F). 
Treatment of F7AK3 induced in vivo expression of CD69 
and PD1 in both CD8+ and CD4+ T cells (figure  6D,E, 
online supplemental figure 6G,H). In addition, antibodies 
significantly induced Granzyme B and IL-2 expression in 
CD8+ T cells (figure 6F,G). Moreover, we found a significant 
increase of T cells within tumor tissues in F7AK3 treated 
groups compared with PBMCs group using immunofluo-
rescence staining (figure 6H). Together, these data demon-
strated that the investigative F7AK3 bispecific antibody 
inhibits TNBC tumor growth in vivo via recruiting T cells 
into and activating T cells within tumor tissues.

Figure 4  F7AK3 induces cytotoxicity of T cells against breast cancer cells. (A–D) Human PBMCs were isolated and activated 
by TCR stimulation with plate-bound anti-human CD3/CD28 (clone OKT-3 and clone 9.3 BIO X cell, respectively, 5 µg/mL of 
each) for 3 days, followed by IL-2 (20 ng/mL) stimulation for 5 days. Tumor cells were cocultured with activated T cells at an 
E:T ratio of 5:1 in the presence of varying concentrations of F7AK3 for 24 hours. The cytotoxicity against tumor target cells 
MCF7 (A), MDA-MB-231 (B), MDA-MB-468 (C), and HCC1395 (D) was measured by the amounts of released LDH relative to 
a control containing 3% Trion X-100. Experiments were repeated for three times. IL-2, interleukin 2; PBMCs, peripheral blood 
mononuclear cells.
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Figure 5  F7AK3 bispecific antibody induces T cell killing of primary TNBC cells. (A) TROP2 expression in primary TNBC cells 
was determined by flow cytometry using anti-TROP2 (Biolgend, 363804). (B) Human primary TNBC cells were stained with 
F7AK3 (1 µg/mL), followed by PE-conjugated anti-human IgG Fc staining. Blank staining contains no first antibody. (C) Flow 
cytometry analysis of binding of increasing amounts of F7AK3 to primary TNBC cells. (D) Human PBMCs were isolated and 
activated by TCR stimulation (clone OKT-3 and clone 9.3 BIO X cell, respectively, 5 µg/mL of each) for 3 days, followed by IL-2 
(20 ng/mL) stimulation for 5 days. Human primary TNBC cells and activated T cells were cocultured for 30 min with or without 
F7AK3. Representative immunofluorescence images were shown. CD3 (green), TROP2 (red) and DAPI (blue). (E–H) PBMCs 
were cultured with primary TNBC cells at an E:T ratio of 3:1, in the presence or absence of 1 µg/mL F7AK3 for 72 hours. 
Surface expression of CD25 (E), CD69 (F) on CD8+ and CD4+ T cells were determined by flow cytometry. (G–H) After 72 hours, 
cocultured cells were stimulated with PMA, ionomycin and Golgiplug for another 4 hours. Granzyme B production in CD8+ T 
cells were determined by intracellular staining. Representative images (G) and histograms (H) were shown. (I) Human primary 
tumor cells were cultured with activated T cells in the presence of increasing amounts of F7AK3 for 24 hours. The amounts of 
LDH released were measured to determine the T cell-mediated tumor cell killing. All experiments were repeated for three times 
with similar results. The statistics significance was determined with unpaired t-test. Mean±SEM; *p<0.05; **p<0.01; ***p<0.001. 
IL-2, interleukin 2; MFI, median fluorescence intensity; PBMCs, peripheral blood mononuclear cells; TNBC, triple negative 
breast cancer; TROP2, trophoblast cell surface antigen 2.
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DISCUSSION
In this preclinical study, we developed and character-
ized the binding activities and antitumor activities of a 
TROP2xCD3 bispecific antibody (F7AK3) to both TNBC 
cell lines and primary tumor cells in vitro. We further 
found F7AK3 suppressed human TNBC growth in a xeno-
graft NCG immunodeficient mouse model in which mice 
were reconstituted with human PBMCs.

There was remarkable progress that has been made 
during the last few years for the treatment of advanced 
or metastatic TNBCs, including targeted strategies of 
PARP and TROP2 and combination of ICIs with chemo-
therapies.7–11 13 14 The efficacy of ICIs is affected by the 
subtypes of tumor microenvironments (TMEs).35–37 It 
has been reported that the TMEs can be clustered into 
three groups: immune-desert type that lacks lymphocyte 

Figure 6  F7AK3 induces T cell accumulation and reduces tumor burden in a xenogeneic tumor model. (A) Schematic 
representation depicts the xenograft mouse model. NOD/ShiLtJGpt-Prkdcem26Il2rgem26/Gpt (NCG) immunodeficient mice 
were subcutaneously injected with 2.5×106 MDA-MB-231 cells. after 7 days, mice were injected with 5×106 human PBMCs 
intravenously and starting at day 8, mice were treated without or with varying doses of F7AK3 twice a week for four consecutive 
weeks (n=7 per group). Tumor volumes were measured twice per week. At day 42, mice were sacrificed. (B) Tumor growth 
curves of all mice were shown, means±SEM. (C) The percentages of CD3+ T cells among single cells of tumor tissues were 
determined flow cytometry. (D, E) The percentages of CD69+ T cells in CD8+ (D) and CD4+ (E) T cells were assessed by flow 
cytometry. (F, G) The expression of granzyme B (F) and IL-2 (G) in CD8+ T cells was determined by intracellular staining. (H, I) 
Immunostaining for CD3 (green) in isolated tumors from PBMCs group and 0.5 mg/kg F7AK3 treated group. Representative 
images (H) and the percentages of CD3+ T cells among all the tissues cells were quantified manually (I). Data were analyzed by 
two-way ANOVA analysis with Tukey’s multiple comparisons test (B), one-way ANOVA analysis with Brown-Forsythe test (C–G) 
and unpaired t-test (H). Mean±SEM; *p<0.05; **p<0.01; ***p<0.001. ANOVA, analysis of variance; IL-2, interleukin 2; Nd, not 
detected; PBMCs, peripheral blood mononuclear cells.
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infiltration, innate immune-inactivated type that infil-
trated with inactivated innate immune cells and immune-
inflamed type that infiltrated with high numbers of innate 
and adaptive immune cells.38 Only the immune-inflamed 
type TME is predicted to benefit from ICI therapies,38 
which limits the efficacy of ICIs for TNBC patients. Strat-
egies for activating tumor antigen-specific T cells might 
enhance the immunotherapy efficacy for advanced or 
metastatic TNBC.

TROP2 is highly expressed in numerous solid tumors 
including ovarian, colorectal and breast cancers.16 In 
our hands, TROP2 was differentially expressed in tested 
human breast cancer tissues. The expression of TROP2 
was minimal in the tumor adjacent normal breast tissue 
(figure  1A), which is consistent with previous studies.16 
These data suggest off-target effects may be limited if 
BiTE strategies targeting TROP2 are used for the treat-
ment of TNBC. Although it is not specifically upregulated 
in TNBC tumors, given its highly enhanced expression 
pattern compared with adjacent normal tissues, TROP2 
represents a suitable target for TNBC. The expression of 
TROP2 and CD3 in TNBC (n=9) seems to be mutually 
exclusive (8/9, figure 1A–C), indicating a major immune 
cell excluded type of TME in TNBC patients. These data 
also highlight the critical importance of directing T cells 
into tumor tissues for the successful treatment of TNBC.

ADCs using anti-TROP2 have been investigated in both 
preclinical and clinical studies.14 21 39 Sacituzumab govet-
ican inhibits growth of multiple types of tumors including 
breast cancers and has been recently approved to treat 
relapsed or refractory metastatic TNBC.14 21 39 Combi-
national treatment of an anti-CD3xTROP2 bispecific 
antibody with IFN-α suppresses tumor growth in human 
pancreatic and gastric cancer xenografts.40 Our investiga-
tion of F7AK3 antibody did not induce significant T cell 
activation in the absence of target cells (figure 3), indi-
cating a specific activation of T cells, minimizing off-target 
T cell activation and immune-related adverse events.

F7AK3 monotherapy induced infiltration of T cells 
into tumor tissues and activation of T cells, subsequently 
resulting in inhibition of tumor growth in a preclinical 
model (figure  6). However, we did not observe dose-
dependent effects of F7AK3 for anti-tumoral effects. 
Nevertheless, we found that in the 0.5 mg/kg group, 
starting from day 35, the tumor growth was halted 
comparing to the growth curves in the groups of 0.02 mg/
kg and 0.1 mg/kg. This could be due to the lower expres-
sion of TROP2 of MDA-MB-231 cells.

F7AK3 has differential binding affinities to TROP2 
versus CD3. Our data demonstrate the high potency of 
in vitro tumor cells killing by F7AK3 in the presence of 
PBMC cells, which correlates to TROP2 expression. It 
is yet unknown whether this effect will be able to trans-
late into clinical studies. It should be noted that in the 
phase 3 ASCENT trial, the majority of patients (80%) 
had high/medium tumor TROP2 expression and the 
small number of patients with low TROP2 expression 
limits definitive conclusions on benefit of sacituzumab 

govetican on this group.41 Currently, it remains unclear 
whether the extent of TROP2 expression is related to 
clinical benefit and would F7AK3 be appropriate in 
patients with low TROP2 expression such as ER+ tumors. 
More in vivo studies with higher doses and subtypes of 
breast cancers with differential TROP2 expression levels 
would provide valuable information on the antitumoral 
effects of F7AK3.

This proof-of-concept study of F7AK3 is also limited. 
As a CD3 BiTE, it would redirect pan T cell popula-
tions into the tumors, which may also include exhausted 
CD8+ T cells and immunosuppressive regulatory T cells. 
It remains unclear to what extent F7AK3 would recruit 
the non-antitumoral T cells. In addition, further studies 
on whether F7AK3 can potentially elicit exuberant T cell 
activation or heightened cytokine production in vivo are 
warranted.

In summary, our data demonstrate potent antitumor 
activity of F7AK3 against TNBC cells both in vitro and in 
vivo, which warrants further study and clinical evaluation 
of F7AK3 as an immunotherapy alone or in combination 
with other agents for advanced TNBC patients.
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Figure S1. TROP2 is highly expressed in breast cancer tissues and cells  

(A-B) H&E and IHC staining of TROP2, CD3 and KI67 in HER2+ tumor (A, n=12) 

and luminal tumor (B, n=12) and para-tumor tissues and representative images were 

shown. Scale bar, 100 μm. (C) Immunoblotting analysis of TROP2 expression in 

breast tumor cell lines. Experiment (C) was repeated for twice.  

Figure S2. The characterizations of F7AK3 

(A) F7AK3 was purified by cation exchange chromatography. (B) Different amounts 

of purified monomeric F7AK3 were separated by SDS-PAGE and stained with 

Coomassie Blue. (C-E) Surface plasmon resonance analysis of F7AK3 binding to 

immobilized CD3 fusion protein (C) and TROP2 protein (D), and the affinities of 

F7AK3 were shown (E). (F) The binding capacities of F7AK3 (1μg/ml) to TROP2 in 

different breast tumor cell lines were determined by flow cytometry. The experiment 

was repeated for three times (F). 

Figure S3. F7AK3 induced enhanced activation of T cells in HCC1395 compared 

to MCF7 

(A-D) PBMCs isolated from healthy donors were cultured with either MCF-7 or 

HCC1395 cells at an E:T ratio of 3:1, in the presence or absence of 1μg/ml F7AK3 

for 72 hours. Afterwards, surface expression of CD25 (A), CD69 (B) on CD4+ and 

CD8+ T cells was assessed by flow cytometry. (C-D) After 72 hours co-culture, cells 

were stimulated with PMA, ionomycin and Golgiplug for another 4 hours and 

Granzyme B production in CD8+ T cells and expression of IL-2 (F) in CD4+ and CD8+ 

T cells were measured by intracellular staining. The experiments were repeated for 

three times. Data were analyzed with unpaired t test. Mean ± SEM; *p<0.05; 

**p<0.01; ***p<0.001. 

Figure S4. Binding capacity and cytotoxicity of F7AK3-mediated T cells towards 

4T1 murine breast cancer cells 

(A) The binding of bispecific antibody to 4T1 cells was determined by flow cytometry. 

4T1 cells were incubated with 1μg/ml F7AK3 for 30 mins, followed by staining with 

PE-conjugated anti-human IgG Fc for 30 mins. Blank contains no first antibody. (B) 

4T1 cells were cultured with activated T cells in the presence of increasing amounts 
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of F7AK3 for 24 hours. The released amounts of LDH were measured to determine 

the T cell-mediated tumor cell killing. All experiments were repeated twice with 

similar results.  

Figure S5. F7AK3 does not affect breast tumor cells proliferation and apoptosis 

(A-D) Tumor cells were cultured and treated with or without 1μg/ml F7AK3 for 48 

hours. The numbers of live cells were determined by PI/Annexin V staining. (E-H) 

Tumor cells were cultured with or without 1μg/ml F7AK3. Cell proliferation was 

measured with CCK8 assay after tumor cells were treated with for indicated days. 

Experiments were repeated for twice with triplicates and are plotted as Mean ± SEM. 

(A-D) The significance was determined by t test. (E-H) Data were analyzed with 

one-way ANOVA analysis with Brown-Forsythe test. *p<0.05; **p<0.01; ***p<0.001; 

ns, not significant. 

Figure S6. F7AK3 activates T cells and reduces tumor burden in a xenogeneic 

tumor model 

(A-G) NOD/ShiLtJGpt-Prkdcem26Il2rgem26/Gpt (NCG) immunodeficient mice were 

subcutaneously injected with 2.5×106 MDA-MB-231 cells. After 7 days, mice were 

injected with 5×106 human PBMCs intravenously and starting at day 8, mice were 

received without or with varying doses of F7AK3 twice a week for four consecutive 

weeks (n=7 per group). At day 42, all mice were sacrificed. (A) Mice weights were 

measured twice a week and represented as Mean ± SEM. (B) Tumor weights were 

measured at day 42. (C-F) Flow cytometric analysis of the percentages of CD45+ (C), 

CD3+ cells, CD8+ and CD4+ T cells (E) in spleen, CD8+ and CD4+ T cells (F) in the 

tumor tissues. (G-H) CD69 expression of CD8+ and CD4+ T cells (G) and the 

percentage of PD1+ cells of CD8+ T cells in tumor tissues (H) were determined by 

flow cytometry. Data were assessed by one-way ANOVA analysis with 

Brown-Forsythe test compared with control group. Mean ± SEM; *p<0.05; **p<0.01; 

***p<0.001; nd, not detected. 

 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2021-003468:e003468. 9 2021;J Immunother Cancer, et al. Liu H



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2021-003468:e003468. 9 2021;J Immunother Cancer, et al. Liu H



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2021-003468:e003468. 9 2021;J Immunother Cancer, et al. Liu H



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2021-003468:e003468. 9 2021;J Immunother Cancer, et al. Liu H



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2021-003468:e003468. 9 2021;J Immunother Cancer, et al. Liu H



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2021-003468:e003468. 9 2021;J Immunother Cancer, et al. Liu H



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2021-003468:e003468. 9 2021;J Immunother Cancer, et al. Liu H



Table S1. Baseline characteristics of TNBC patients 

A. Human primary TNBC isolation 

Gender Age, y Histology Diagnostic 

female 67 TNBC ER (5%), PR (-), HER2 (FISH, negative) 

 

B. Breast cancer specimen used for immunohistochemistry 

Characteristics Patients (N=33) 

Median (range) age, y 51 (30-77) 

Age distribution, y 

<56 

≥56 

 

24 (72.7) 

9 (27.3) 

Gender 

male 

female 

 

0 (0) 

33 (100) 

Histologic subtypes 

HER2+ 

Luminal 

TNBC 

 

12 (36.4) 

12 (36.4) 

9 (27.2) 

Note: Values shown are n (%) unless otherwise indicated. 
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