
J. Biochem. 135, 555–565 (2004)
 DOI: 10.1093/jb/mvh065
A New Recombinant Single Chain Trispecific Antibody Recruits 
T Lymphocytes to Kill CEA (Carcinoma Embryonic Antigen) 
Positive Tumor Cells In Vitro Efficiently

Xiang-Bin Wang1, Bao-Feng Zhao2, Qi Zhao1, Jin-Hua Piao1, Jing Liu1, Qing Lin1 and 
Hua-Liang Huang*,1

1The Institute of Genetics and Developmental Biology, Chinese Academy of Science, 100101, Beijing, China; and 
 at C
hanghua C

hristian H
ospital on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

*To whom correspondence should be addressed at. Group 102, the
Institute of Genetics and Developmental Biology, Chinese Academy
of Science, Beijing, 100101, China. Fax: +86-10-8072-6906, E-mail:
hlhuang@genetics.ac.cn
2Lanzhou University, School of Life Science, 73000, Lanzhou, China

Received February 1, 2004; accepted March 3, 2004

Anti-tumor associated antigen (TAA)⋅CD3⋅CD28 trispecific antibody(TsAb) is able to
provide two signals for fully and continuously activation of T lymphocytes and
recruit them around tumor cells, presenting an attractive concept in tumor immuno-
therapy. Here, a new single chain trispecific antibody (scTsAb), named CEA-scTsAb,
was constructed by fusion of anti-CEA (Carcinoma Embryonic Antigen) single chain
antibody (scFv), anti-CD3 scFv and anti-CD28 VH, spaced by polypeptide interlinkers
taken from the fragment of constant region (FC) of human IgG and human serum
albumin (HSA). It was expressed in Escherichia coli at low temperature (30°C) with
up to 50% of the antibody being present in soluble form. After one step of DEAE anion
chromatography, the soluble product was sufficiently pure for further in vitro activ-
ity assays. First, it was proved that CEA-scTsAb could recognize three antigens (CEA,
CD28 and Jurkat cell membrane antigen) specifically and could distinguish antigen
positive cells from antigen negative cells in vitro. Then fresh PBMC (peripheral blood
mononuclear cells), without being pre-treated by co-stimulatory reagents, such as IL-
2 or CD28 mAb, were used as effector cells to test their ability to mediate tumor spe-
cific cytolysis of CEA-positive tumor cells, SW1116. It was found by photomicrogra-
phy that T lymphocytes were attracted to SW1116 cells in the presence of CEA-
scTsAb, which resulted in effective cytolysis of tumor cells. As shown by MTT assay,
the efficacy of tumor specific cytolysis mediated by CEA-scTsAb related to both the
quantity and activation of PBMC. At an effector cells/target cells ratio (E/T) of 5, it
was proved by dual-color FACS with propidium iodide (PI) and FITC-annexin V that
both necrosis and apoptosis of tumor cells were causes of tumor specific cytolysis. In
summary, a new single chain trispecific (CEA × CD3 × CD28) antibody was con-
structed and characterized carefully in this paper and was found to possess func-
tions: (i) to activate T lymphocytes independently of additional co-stimulatory signal,
(ii) to attract activated T lymphocytes around CEA-positive tumor cells, (iii) to attack
CEA-positive tumor cells with recruited T lymphocytes. Because it recognizes a
widely distributed tumor antigen (CEA), with moderate molecular weight (about 75
kDa) and a simple production procedure, and is able to mediate a high level of tumor
specific cytolysis without any additional co-stimulating reagents, CEA-scTsAb is very
promising for the task of immunotherapy in future.
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It is generally accepted that activation of T cells needs
two distinct signals. The first signal depends on the inter-
action of CD3/TCR complex on T cells with MHC/antigen
peptide complex on APC (antigen presenting cells), while
the second is produced by ligation of co-stimulatory mole-
cules (such as CD28, CD40) on T cells with their ligands
on APC (1, 2). Dual signals are required to activate T
lymphocytes fully and continuously, while simply provid-
ing the first signal tends to activate T cells transiently

and then induce AICD (activation induced cell death) (3,
4), or result in immunological tolerance (4). Recognized
as allogenous cells, tumor cells could be attacked by CTL
(Cytotoxic T Lymphocytes) in vivo. However, tumor cells
evade the surveillance of the immune system for many
reasons, such as weak antigenicity, lack of co-stimulatory
ligands (B7-1/B7-2) and so on (5, 6).

To circumvent the problem of antigen recognition, a T-
cell-based immunotherapy model with bispecific antibod-
ies (BsAb) against tumor associated antigen (TAA) and
CD3 has been designed, and has been validated by many
in vitro or in vivo (pre-clinical and clinical) tests (7–9) .
Most such antibodies generally function much better in
the presence of a co-stimulatory reagent, such as anti-
CD28 mAb (10–12). It has also been shown that a combi-
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natorial approach using two kinds of BsAb (TAA × CD3
and TAA × CD28) was more effective than using them
separately (13–15). The role of co-stimulation in immuno-
therapy with BsAb or other T-cell-based immune strate-
gies was judged not only to facilitate T-cell activation but
also to prevent T-cell depletion by apoptosis, which is the
result of T-cell AICD (16). A recombinant single chain
BsAb (CD19 × CD3) was recently reported to mediate
specific cytolysis of malignant B cells independent of any
co-stimulatory signals (17–20). However as the fate of T
cells activated by this BsAb was not clarified in these
reports, it is necessary to show further whether T-cell
AICD could be circumvented or was caused by this anti-
body.

To provide two signals for T-cell activation in a single
molecule or a molecular polymer, TAA × CD3 × CD28 tris-
pecific antibody (TsAb) was considered potentially supe-
rior to BsAb in tumor immunotherapy. With the develop-
ment of antibody engineering, methods for constructing
TsAb have also matured. The first generation of TsAb
was constructed by chemical coupling of three different
Fab fragments [(Fab)3 TsAb (21–23)] or two F(ab)2 frag-
ments [(F(ab)2)2 TsAb (24)]. Then the development of
recombinant DNA technique brought us two multimeric
types. scFvs associate with each other with shortened
interlinkers located between VH and VL. It was found
that scFvs with an interlinker of 3–12 residues dimerized
to form a diabody, while those with an interlinker length
of less than 3 residues trimerized into a triabody. In this
way, TsAb could in principle be trimerized from three dif-
ferent scFv in principle (25–27). The other type of mul-
timeric trispecific antibody, Fab-(scFv)2, was constructed
with Fab chains as an efficient heterodimerization scaf-
fold (28–31). Several disadvantages are associated with
the above TsAbs, including laborious production proce-
dures, high molecular weight and potential instability in
vivo.

Since the first construction of TsAb in 1991(22, 23),
two opposite viewpoints have arisen concerning its thera-
peutic application in vivo. The negative viewpoint cent-
ers on to non-target dependent T-cell activation mediated
by [F(ab)2]2 TsAb (22). However, it was suggested that
this effect could be eliminated in practice by using recom-
binant TsAbs rather than chemically coupled TsAbs.

To circumvent these disadvantages, a new scTsAb was
constructed here by fusion of three antibody fragments
(anti-CEA scFv, anti-CD3 scFv and reshaped anti-CD28
VH) in a single molecule, spaced with FC interlinker
(from the fragment of constant region 2 (CH2) of human
IgG1) and HSA interlinker (from human serum albumin
(HSA)) in tandem. These two interlinkers have been used
in constructing anti-ovarian carcinoma × CD3 scBsAb
previously without any negative effect on dual binding
specificity, while remarkably long half-life in vivo was
detected for HSA-interlinker scBsAb (32–34). Reshaped
anti-CD28 VH was reshaped from VH of anti-CD28 mAb
(9.3) by molecular directed evolution (35, 36), and was
included in this scTsAb to provide enough co-stimulating
signal for T-cell activation in the presence of target tumor
cells, while reducing its molecular weight.

MATERIALS AND METHODS

Plasmids, Strains and Cells—Plasmid vector pTMF
(37) was constructed by us previously based on pET-28a+
(Novagen) (38, 39). Anti-CEA scFv was constructed by
overlapping PCR (not published) according to the pub-
lished amino acid sequence of mouse anti-human CEA
mAb (40). Anti-CD3 scFv was constructed in our labora-
tory (not published) with genes (VH, VL) amplified from
hybridoma cells (41) (UCTH1). Anti-CD28 VH was
reshaped from VH of anti-CD28 mAb (9.3 strain) with the
strategy of molecular directed evolution (35, 36).

E. coli strain TOP10 was used for maintaining plas-
mids and cloning throughout the experiments. E.coli
strain BL21 (DE3) star (Novagen) was used for expres-
sion of CEA-scTsAb.

Jurkat (human acute lymphoblastic leukemia cell line)
(42–44), SW1116 (human colorectal carcinoma cell line)
(45), BCL (human liver cancer cell line) (46), MCF-7
(human breast cancer cell) (47), A549 (human lung carci-
noma cell line) (48), EJ (human bladder cancer cell line)
(49), SKOV3 (human ovarian cancer cell line) (50), CNE-
2 (human low differentiated nasophoryngeal carcinoma
cell line) (51), TJ905 (human glioblastoma cell line) (52)
were stored in our laboratory. All of these cells except
SW1116 were cultured in RPMI-1640 medium (Hyclone)
containing 10% FBS (fetal bovine serum) (Hyclone) at
37°C in a 5% CO2 incubator. SW1116 was cultured in L15
medium (Hyclone) containing 10% FBS at 37°C in a 5%
CO2 incubator.

Peripheral blood mononuclear cells (PBMC) were pre-
pared by Ficoll density centrifugation from enriched
preparations of lymphocytes obtained from local blood
banks. Erythrocytes were removed from PBMC by eryth-
rocyte lysis buffer (155 mM NH4Cl, 10 mM KHCO3, and
100 µM EDTA) and thrombocytes were removed via the
supernatant obtained after centrifugation of PBMC at
100 ×g for 10 min. PBMC were cultured in L15 medium
containing 10% FBS at 37°C in a 5% CO2 incubator.

Antibodies—Anti-cmyc tag mAb (9E10) and HRP con-
jugate of polyclonal goat anti-mouse IgG were purchased
from Santa Cruz Biotechnology. FITC conjugate of goat
anti-mouse IgG was purchased from BD Company.

Construction of CEA-scTsAb—The backbone DNA frag-
ment (Fig. 1A) containing a series of restriction sites and
coding sequences for two interlinkers was prepared
previously by overlapping PCR (unpublished) with 12
oligonucleotides, p1–p12 (Fig. 2). FC interlinker (human
IgG1 CH2, 297–322, 5′NSTYRVVSVLTVLHQDWLNGK-
EYKCK3′) and HSA interlinker (from D3 domain of
human serum albumin, 5′FQNALLVRYTKKVPQVSTPT-
LVEVS3′) had been previously used as interlinkers for
BsAb (ovarian carcinoma × CD3) without affecting its
two independent binding specificities (33). Cut with NcoI/
BamHI, the fragment was ligated into pTMF to produce
pTRI (Fig. 1B). The DNA fragment encoding anti-CEA
scFv was cut out from anti-CEA scFv/pTMF with XhoI/
EcoRI and ligated into pTRI to produce CEA/pTRI. The
DNA fragment encoding anti-CD3 scFv was amplified
from anti-CD3 scFv/pTMF with two primers, CD3-up and
CD3-down (Fig. 2) and endowed with two new restriction
sites ScaI/SalI at two ends. The product of PCR was cut
with ScaI/SalI and ligated into CEA/pTRI to produce
J. Biochem.
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CEA/CD3/pTRI. Using a similar method, the DNA frag-
ment encoding ant-CD28 VH was endowed with two new
restriction sites NdeI/NheI by amplifying from anti-CD28
VH/pTMF with two primers, CD28-up and CD28-down
(Fig. 2) and ligated into CEA/CD3/pTRI to produce the
final plasmid: CEA-scTsAb/pTRI. Thus a new single
chain trispecific antibody was constructed and named
CEA-scTsAb.

All restriction enzymes, T4 DNA ligase, Pfu polymer-
ase and dNTP were purchased from Promega. The Plas-
mid Isolation Kit and Agarose Gel DNA Purification Kit
were products of Takara Biotech. (Dalian).

Expression Protocol—A single clone was picked up
from a LB-K plate [10 g/liter tryptone(GIBCO), 5 g/liter
yeast extract(GIBCO), 5 g/liter NaCl, 15 g/liter agrose
and 100 µg/ml kanamycin, pH 7.5 [spread with
BL21(DE3) star transformed with CEA-scTsAb/pTRI and
cultured in 5 ml of LB-K medium (10 g/liter tryptone, 5 g/
liter yeast extract, 5 g/liter NaCl and 50 µg/ml kanamy-
cin, pH 7.5) at 37°C overnight. This was then diluted 1/
100 into 250 ml LB-K medium and cultured at 37°C till
the A600 of the culture reached 0.4–0.6. After adding
IPTG (isopropyl-1-thio-β-D-galactoside) [Takara Biotech.
(Dalian)] to a final concentration of 0.2 mmol/liter, CEA-
scTsAb was induced at 30°C for 4 h. The cells were har-
vested by centrifugation at 12,000 rpm for 10 min. The
pellet was re-suspended in 50 ml equilibrium buffer (20
mmol/ml NaCl, 50 mmol/ml Tris-HCl, pH 8.0) and then

lysed by sonication. After centrifuging the suspension at
12,000 rpm for 20 min, the supernatant containing solu-
ble CEA-scTsAb and the pellets containing insoluble
CEA-scTsAb were both stored at –80°C. By use of a

Fig. 1. Construction of CEA-
scTsAb. (A) Parent vector pTMF,
(B) The backbone DNA fragment
inserted in pTRI, (C) Schematic
map of DNA coding CEA-scTsAb
inserted in pTRI/ CEA-scTsAb, (D)
Imagined structure of CEA-scTsAb.

Fig. 2. Oligonuleotides used for constructing CEA-scTsAb.
Vol. 135, No. 4, 2004
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standard protocol (53), SDS-PAGE under reducing condi-
tion and Western blotting were used to analyze the distri-
bution of CEA-scTsAb between soluble and insoluble
fractions. With mouse anti-cmyc-tag mAb (9E10) as pri-
mary antibody and HRP conjugate of goat anti-mouse
IgG as secondary antibody, the result of the Western
Blotting was visualized with DAB (3,3′-diamionbenzi-
dene) (Sigma) as substrate.

DEAE Anion Chromatography—First, a 16 mm × 20
cm column was packed with 20 ml of DEAE Sepharose
Fast Flow (Amersham Biosciences). After equilibrating
the column with 5 volumes of equilibrium buffer (as
above), the supernatant containing soluble expressed
CEA-scTsAb was loaded at a rate of 1 ml/min. The flow-
through fraction was collected, which contained purified
CEA-scTsAb. Most host proteins were eluted from the
column by 2 volumes of elution buffer (500 mM NaCl, 50
mM Tris-HCl, pH 8.0). Finally, the column was washed
with 2 volumes of washing buffer (1mol/liter NaCl). By
use of a standard protocol (53), three fractions (flow
through fraction, eluted fraction and washed fraction)
and non-purified supernatant were analyzed by SDS-
PAGE under reducing conditions. After dialyzing against
PBS (8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4 and 0.24 g
KH2PO4, 1 liter of volume, pH 7.4) overnight at 4°C,
purified CEA-scTsAb was quantified by the Bradford
method according to Ref. (54) and stored at –80°C sepa-
rately for further activity assay.

ELISA—Purified CEA-scTsAb was used in an ELISA
to test its binding specificity to three antigens (CD28-FC
chimera (R&D company), CEA (Fitzgerald, Germany),
and Jurkat cell membrane antigen). To prepare Jurkat
cell membrane antigen, 5 × 106 Jurkat cells were col-
lected by centrifugation at 1,000 rpm for 10 min and sus-
pended in 0.5 ml of PBS. The suspension was sonicated
and centrifuged at 1,000 rpm for 10 min. The protein con-
centration of the supernatant containing Jurkat cell
membrane antigen was quantified by the Bradford
method (55). Then 10 mg/ml of Jurkat cell membrane
antigen and 1 mg/ml of the other two antigens (CD28-FC

chimera and CEA) were coated in a 96-well ELISA plate
in coating buffer (1.36 g Na2CO3, 7.35 g NaHCO3, 1 liter
of volume, pH 9.2). With mouse anti-cmyc-tag mAb
(9E10) as primary antibody, HRP conjugate of goat anti-
mouse IgG as secondary antibody and OPD (o-phenylene-
diamine, Sigma) as visualizing substrate, the absorbance
of triplicate samples was measured at 490 nm.

FACS Assay of Binding to Antigen Positive Cells—Bind-
ing to both CD3/CD28-positive cells (PBMC, Jurkat) and
eight kinds of tumor cells (SW1116, SKOV3, BCL, MCF-
7, EJ, CNE-2, A549, TJ905) was analyzed with direct
FACS. Purified CEA-scTsAb was labeled with fluorescein
isothiocyanate (FITC) by the Clark method (56). Briefly,
CEA-scTsAb was concentrated to 5 mg/ml and dialyzed
overnight against 25 mM NaCO3–NaHCO3 buffer, pH
9.6. FITC was then dissolved in the same buffer to a final
concentration of 0.1 mg/ml. After incubation at 4°C for 20
h, the solution was dialyzed against PBS to remove
unbound FITC.

Samples of 5 × 105 cells were collected separately by
centrifuging at 1,000 rpm for 10 min. These cells were
then resuspended in 500 µl of PBS and re-centrifuged at
1,000 rpm for 10 min. The pellets were gently dispensed
in 100 µl of PBS containing CEA-scTsAb and the suspen-
sion incubated at 4°C for 30 min. The binding of CEA-
scTsAb to these two kinds of cells was analyzed by flow
cytometry (FACS Calibur, Becton Dickinson, Mountain
View, CA). Ten thousand cells were collected per test and
the results were analyzed with Cellquest software (Bec-
ton Dickinson, Mountain View, CA). While viewing a FSC
vs SSC dot plot of unstained cells, T lymphocytes from
PBMC were gated for further analysis.

Morphological Analysis—After mixing PBMC (effector
cells) with SW1116 cells (target cells) in L15 medium
(10% FBS) at an E/T of 5, and adding purified CEA-
scTsAb at a concentration of 1 µg/ml, the mixture was
incubated at 37°C for 30 h in 5% CO2 incubator. Then
morphological changes of tumor cells and PBMC were
observed under a 40× object lens with an OLYMPUS
IMT-2 inverted microscope, and recorded by photomicrog-
raphy.

MTT Assay of Tumor Specific Cytolysis and T-Cell Pro-
liferation—After mixing SW1116 cells (target cell) with
PBMC (effector cell) in L15 medium containing 10% FBS
at a certain E/T, purified CEA-scTsAb was added to medi-
ate specific cytolysis by recruiting activated PBMC. After
incubating the mixture at 37°C for 48 h in a 5% CO2 incu-
bator, PBMC were removed by discarding the medium
and washing with an equal volume of PBS (200 µl/well)
once. Then the viability of adherent tumor cells was ana-
lyzed by the MTT method (MTT from Sigma) in quadru-
plicate. Tumor specific cytolysis was calculated with the
following formula:

Percent of tumor specific cytolysis (%) = [A600 (E/T) –
A600 (E/T/A)]/[A600 (E/T) – A600 (M)] × 100%; A600 (E/T):
absorbance of the wells without adding CEA-scTsAb; A600
(E/T/A): absorbance of the wells added with CEA-scTsAb;
A600 (M): absorbance of the wells with added L15 medium
only without any cells or antibodies.

SW1116 cells were adjusted to 106/ml in L15 medium
containing 10% FBS and 25 µg/ml mitomycin C (Sigma),
and incubated at 37°C for 20 min in a 5% CO2 incubator
to arrest proliferation. Mitomycin C was removed by

Fig. 3. Analysis of the expression (A) and purification (B) of
CEA-scTsAb. (A) 12% SDS-PAGE under reducing conditions.
Lanes 1 and 5, supernatant and pellet of empty vector (pTRI); lanes
2 and 3, pellet and supernatant of CEA-scTsAb/pTRI, lane 4, pro-
tein molecular weight standard (Shanghai Biochemical Institute),
(B) Lane1, supernatant of CEA-scTsAb/pTRI; lane 2, flow-through
from the column of DEAE chromatography; lane 3, fraction eluted
by 1 mol/liter NaCl; lane 4, fraction eluted by 1 mol/liter NaOH;
lane 5, protein molecular weight standard (Shanghai Biochemical
Institute).
J. Biochem.

http://jb.oxfordjournals.org/


A New Trispecific Antibody Recruits T Lymphocytes to Kill Tumor Cells In Vitro 559

 at C
hanghua C

hristian H
ospital on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

washing with 1ml PBS three times. After mixing treated
SW1116 cells with PBMC at a certain E/T, purified CEA-
scTsAb was added to activate PBMC. After incubating
the mixture at 37°C for 48 h in a 5% CO2 incubator, the
mixture was centrifuged at 1,000 rpm for 20 min. The
pellet was re-suspended in an equal volume of PBS and
centrifuged at 1,000 rpm for 20 min again. Then the via-
bility of PBMC and tumor cells was analyzed in quadru-
plicate with the MTT assay. The stimulating index of
CEA-scTsAb to PBMC (SI) was calculated with the for-
mula:

SI = [A600 (E/T/A)/A600 (E/T)]; A600 (E/T): absorbance of
the wells without added CEA-scTsAb; CEA-scTsAb; A600
(E/T/A): absorbance of the wells with added CEA-scTsAb.

FACS Assay of Tumor Specific Cytolysis—After mixing
SW1116 cells (target cell) with PBMC (effector cell) in
L15 medium (10% FBS) at an E/T of 5, and adding puri-
fied CEA-scTsAb, the causes for tumor specific cytolysis
were analysed by dual-color FACS (57) (PI/FITC-annexin
V, BD company). Specifically, after incubation at 37°C for
a certain time in a 5% CO2 incubator, the cell mixture
was washed with PBS once and then co-incubated with

PI and FITC-conjugated annexin V (BD company) in
binding buffer (10 mM HEPES/NaOH, 140 mM NaCl, 2.5
mM CaCl2, pH 7.4) at 4°C for 20 min. After four fold dilu-
tion with binding buffer, the triplicate samples were then
analyzed by flow cytometry (FACS Calibur, BD company)
using Cellquest software (BD company). While viewing
the FL1 vs. FL2 dot plot of the gated cells, FL2-%FL1
compensation (20%) and FL1-%FL2 compensation (0.8%)
were adjusted to ensure that no events for single positive
tubes [annexin V-FITC (+) or PI (+) only] were recorded
in the negative quadrants. Tumor specific cytolysis was
then calculated with the following formula:

Percent of Tumor Specific Cytolysis (%) =[VC – VA]/VC
× 100%; VC: Percent of Control Viable Cells; VA: Percent
of Viable Cells with Added CEA-scTsAb.

RESULTS

Construction of CEA-scTsAb—The backbone DNA frag-
ment shown in Fig. 1A was prepared by overlapping PCR
(unpublished) with 12 oligonucleotides, p1–p12 (Fig. 2)
and inserted into parent vector pTMF (37), to produce

Fig. 4. Analysis of the binding activity of CEA-scTsAb. (A)
ELISA assay of the binding specificity to three antigens (CEA,
CD28-FC chimera and Jurkat cell membrane antigen) with anti-
cmyc tag mAb(9E10) as primary antibody. (B) Direct FACS assay of
the specific binding to CD3/CD28-positive cells. Note that only T
lymphocytes in gate R1 were analyzed. In the overlaid maps, the
shadowed histogram represents the control without any FITC conju-

gate of CEA-scTsAb, while the hollow ones with the thick line or the
broken line were the samples with 1 µg/ml or 10 µg/ml FITC conju-
gate of CEA-scTsAb respectively. (C) Direct FACS assay of the spe-
cific binding of CEA-scTsAb to CEA-positive tumor cells. In the over-
laid maps, the shadowed histogram represents the control without
FITC conjugate of CEA-scTsAb, while those with the thick line were
the samples with 1 µg/ml FITC conjugate of CEA-scTsAb.
Vol. 135, No. 4, 2004
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pTRI (Fig. 1B). CEA-scTsAb was constructed by inserting
three DNA fragments encoding three different antibody
fragments (anti-CEA scFv, anti-CD3 scFv and anti-CD28
VH) into pTRI one by one. The schematic map of scTsAb/
pTRI and imagined structure of scTsAb are displayed in
Fig. 1, C and D, separately. It should be emphasized that
the variable domains of anti-CEA scFv and anti-CD3
scFv in CEA-scTsAb were in a different order SSfrom
each other, which ensured the correct dimerization of VH
with VL from the same scFv (58).

Soluble Expression in Cytoplasm and Purification by
DEAE Anion Chromatography—As shown in Fig. 3A, the
molecular weight of CEA-scTsAb was about 76 kDa and

the percentage of soluble expression reached 50%. With
DEAE anion chromatography, CEA-scTsAb from the sol-
uble fraction extracted by sonication was collected from
the flow-through fraction with a purity of about 70%,
while most of the host proteins were in the eluted frac-
tion, and only a small amount of residual CEA-scTsAb
was found in the washed fraction (shown in Fig. 3B).
Thus CEA-scTsAb was purified primarily without chang-
ing the solution condition throughout the process of puri-
fication.

Characterization of Binding Activity—As shown in Fig.
4A, CEA-scTsAb bound to three antigens (including CEA,
CD28-FC chimera and Jurkat cell membrane antigen)

Fig. 5. Photomicrography of cytolysis of SW1116 cells medi-
ated by CEA-scTsAb. (A) SW1116 cells alone, (B) SW1116 cells
mixed with PBMC at an E/T of 5 without adding CEA-scTsAb; (C–I)

SW1116 cells mixed with PBMC at an E/T of 5 and CEA-scTsAb (1
µg/ml)

Fig. 6. MTT assay of tumor-specific cytolysis. (A) Effect of de-
creasing E/T on the efficacy of tumor-specific cytolysis, (B) Correla-

tion between the proliferation of PBMC and tumor-specific cytolysis
at an E/T ratio of 5.
J. Biochem.
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independently and specifically. As CD3 and CD28 are
both expressed on Jurkat cells (44), CEA-scTsAb bound
to the Jurkat cell membrane antigen most strongly. On
the other hand, with anti-CD28 derived from a reshaped
single domain antibody fragment (VH) (35), it bound to
CD28-FC chimera most weakly. Thus it was deduced that
the two interlinkers (Fc interlinker and HSA interlinker)
in CEA-scTsAb did not affect the independent antigen-
binding ability of three antibody fragments (anti-CEA
scFv, anti-CD3 scFv and anti-CD28 VH).

The ability of CEA-scTsAb to recognize antigen-
expressing cells (CEA, or CD3 or/and CD28 expressing
cells) was evaluated by direct FACS. As shown in Fig. 4B,
CEA-scTsAb recognized both T lymphocytes (gated
PBMC) and Jurkat cells specifically. As shown in Fig. 4C,
seven tumor cell lines (MCF-7, SKOV3, A549, SW1116,
CNE-2, EJ, BCL) with different tissue origins were bind-
ing-positive, while only TJ905 was binding-negative.
With dual binding ability to both CEA-positive tumor
cells and CD3/CD28-positive T cells, CEA-scTsAb was

Fig. 7. Dual-color FACS (PI/FITC-annexin V) assay of tumor-
specific cytolysis. (A) The tumor cells were gated in R1. (B) FL1 vs.
FL2 dot plot of the gated cells at 50 ng/ml of CEA-scTsAb after co-
incubation for 10 h. Compensation: FL2-FL1% = 20%; FL1-FL2% =
0.8%. 10,000 cells were acquired per test. Quadrant statistics: necro-
sis cells in upper left (UL), necrosis and/or late apoptosis cells in
upper right (UR), viable cells in lower left (LL) and early apoptosis

cells in lower right (LR). The results of triplicate samples were calcu-
lated statistically. (C) FL1 vs FL2 dot plot of the gated cells at differ-
ent concentration of CEA-scTsAb (0, 1, 50, 1,000, 6,000 ng/ml) after
co-incubation for 50 h. Compensation: FL2-FL1% = 20%; FL1-FL2%
= 0.8%. 30,000 cells were acquired per test. (D) The results of tripli-
cate samples were calculated statistically. (E) Tumor-specific cytoly-
sis calculated from the percentage of viable cells in (D).
Vol. 135, No. 4, 2004
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endowed with the dual function of activating T cells and
recruiting them around CEA-expressing tumor cells.

Morphological Analysis—Morphological changes of co-
incubated target cells (SW1116), effector cells (fresh
PBMC) and CEA-scTsAb were observed with an inverted
microscope. Both single-cultured SW1116 cells and those
co-incubated with PBMC without any CEA-scTsAb were
regarded as negative controls (shown in Fig. 5, A and B).
It was found that T lymphocytes gathered around target
cells (Fig. 4, C and D) obviously at first in the presence of
CEA-scTsAb, which then caused the target cells to break
up (Fig. 5, E–I). This result proved that CEA-scTsAb
could activate and recruit T lymphocytes to attack CEA-
positive tumor cells.

MTT Assay of Tumor Specific Cytolysis—Tested quan-
titatively by MTT assay, the percent of tumor specific
cytolysis was found be improved by increasing E/T (Fig.
6A), which demonstrated that the efficacy of tumor spe-
cific cytolysis changed proportionally with the quantity of
effector cells.

At a fixed E/T of 5, the proliferation of effector cells
induced by CEA-scTsAb was tested by MTT assay. In
order to find the correlation between the proliferation of
effector cells and tumor specific cytolysis, the percent of
tumor specific cytolysis was tested as a control under the
same conditions. As shown in Fig. 6B, with the decrease
in CEA-scTsAb concentration, the proliferation of PBMC
and tumor specific cytolysis decreased simultaneously. In
the first phase (12 µg/ml–750 ng/ml) and the third phase
(50 ng/ml–0), it changed with the concentration of CEA-
scTsAb almost proportionally. In the second phase (750
ng/ml–50 ng/ml), it changed in inverse proportion. Two
peak values of tumor specific cytolysis between 12 µg/ml
and zero were designated as about 85% and 75% sepa-
rately. These results indicated that it was the activated
PBMC that killed tumor target cells specifically. The
more PBMC were activated, the more target cells were
killed. In future, experiments will be necessary to find
the real causes for the synchronously “phasic” changes
between the proliferation of effector cells and tumor spe-
cific cytolysis. In any case, these results demonstrated
that a high level of tumor specific cytolysis was induced
at low E/T without any pre-treatment of effector cells.

FACS Analysis of Tumor Specific Cytolysis—As shown
in Fig. 7A, tumor cells were gated in R1 for further anal-
ysis, while viewing a FSC vs SSC dot plot of unstained
cells, in which only a few cells from PBMC were present.
As debris from both tumor cells and PBMC were too
small to be included, only intact cells were tested. As
shown in Fig. 7B, about 50% of tumor cells were induced
to death after 10 h in the presence of 50 ng/ml CEA-
scTsAb, among which cell death in three quadrants cells
accounted for about one third. Thus it can be concluded
that tumor cells died of both necrosis and apoptosis in
this T-cell-based cytolysis model with CEA-scTsAb.

Further, triplicate samples containing different con-
centrations of CEA-scTsAb (0, 1, 50, 1,000, 6,000 ng/ml)
were analyzed under the same conditions, the represent-
ative results of which are shown in Fig. 7C. Except for the
samples containing 50 ng/ml CEA-scTsAb, most cell
death appeared in the UR quadrant, which included late
apoptosis and/or a part of necrosis, while early apoptosis
in the LR quadrant and necrosis in the UL each quadrant

accounted for only a small part. At 50 ng/ml, more cells
appeared in the UL quadrant as necrosis, while early
apoptosis in the LR quadrant decreased slightly. The
data of quadrants of triplicate samples are displayed in
Fig. 7D. It was found that the percentage in the UR quad-
rant increased step by step synchronously with the con-
centration of CEA-scTsAb, with that in the LR at all con-
centrations was under 10%. The percentage of viable
cells in the LL quadrant decreased step-by-step, except
for that at 50 ng/ml. Also, at that concentration, an out-
burst of necrosis occurred unexpectedly, like that at the
top concentration. Tumor-specific cytolysis was calcu-
lated from the percentage of viable cells and is shown in
Fig. 7E, which displays “phasic” changes in accordance
with the results of MTT assay. Tumor specific cytolysis
induced by CEA-scTsAb at 50 ng/ml was much higher
than that at 1,000 ng/ml, and lower than that at 6,000 ng/
ml. Additionally, the value of tumor-specific cytolysis
here was a little lower than that of the MTT assay, as cell
debris of tumor cells was too small to be contained in gate
R1.

DISCUSSION

It is well established that a single injection of a trispecific
antibody (TAA × CD3 × CD28) in vivo will be more effec-
tive in mediating tumor specific cytolysis than using
either of two BsAbs (TAA × CD3 and TAA × CD28) alone.
In this paper, a new single-chain trispecific antibody
(CEA × CD3 × CD28) named CEA-scTsAb was con-
structed by fusion of anti-CEA scFv, anti-CD3 scFv and
anti-CD28 VH, which were spaced by FC interlinker and
HSA interlinker in tandem. It was expressed in the cyto-
plasm of E. coli in soluble form at low temperature (30°C)
and purified by collecting the flow-through fraction from
DEAE anion chromatography with a purity of about 70%.
Circumventing the laborious steps of denaturation and
renaturation, the expression and purification procedure
was simple enough to provide enough purified product for
further activity assay.

Using the purified products, the binding specificity of
CEA-scTsAb to three kinds of antigen (CEA, CD28-FC
chimera and Jurkat cell membrane antigen) was
affirmed by ELISA. As the Jurkat cell expresses both
CD3 and CD28 on its surface, the specific binding to CD3
needs to be confirmed with further experiments, for
example anti-CD3 mAb competent-ELISA. Its ability in
recognizing both CEA-expressing cells and CD3/CD28-
expressing cells was tested. Thus it was concluded that
with FC interlinker and HSA interlinker located in the
intervals between the three antibody segments, three
antigen-binding specificities were kept independent.
Also, CEA-scTsAb had the ability to activate T cells by
providing dual stimulating signals for them and recruit-
ing them around tumor cells. The morphological changes
of tumor cells co-incubated with fresh PBMC and CEA-
scTsAb showed the actual effect of CEA-scTsAb in
recruiting T lymphocytes to kill target tumor cells. As
tested by MTT assay, a high level of tumor specific cytol-
ysis was induced at a low E/T of 5 without any pre-treat-
ment of effector cells.

Two anti-ovarian carcinoma × CD3 scBsAbs were pre-
viously constructed using FC interlinker or HSA inter-
J. Biochem.
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linker (33). A cytotoxicity assay showed that pre-treat-
ment of effector cells with co-stimulatory reagents, such
as IL-2 and CD28 mAb, was prerequisite for strong
tumor specific cytolysis (32). Here, the presence of anti-
CD28 VH in CEA-scTsAb made external co-stimulating
reagents unnecessary.

Based on all these results, CEA-scTsAb was found to
have three functions: (i) To activate T lymphocytes with-
out any foreign co-stimulatory signals, (ii) To attract acti-
vated T lymphocytes to CEA-positive tumor cells, (iii) to
attack CEA-positive tumor cells with recruited T lym-
phocytes.

Surprisingly and interestingly, it was found that with
increasing CEA-scTsAb concentration, both T-cell prolif-
eration and tumor specific cytolysis decreased with two
peaks between 0 and 12 µg/ml. Cytolysis tested by dual-
color FACS led to a similar conclusion, which is discussed
below. So within different ranges of concentration, CEA-
scTsAb acted on T cells in different ways. A hypothesis is
proposed here to explain this phenomenon. At a fixed E/T,
CEA-scTsAb built a bridge between target tumor cells
and T cells. At first, T cells were activated by CEA-
scTsAb absorbed on target tumor cells at low concentra-
tion. Then excess CEA-scTsAb acted on T cells in a tar-
get-independent way without cross-linking on target
cells, which may compete with cell-bound CEA-scTsAb to
provide a weaker signal for T-cell activation. Finally,
increasing antibody concentration led to the accumula-
tion of redundant CEA-scTsAb on T cells, which helped to
circumvent the inhibitive threshold even without being
cross-linked. Therefore, adopting a lower optimized con-
centration of CEA-scTsAb in vivo may help to reduce the
risk of non-target-dependent cytolysis.

Cells can die in either of two ways: necrosis and apop-
tosis. Membrane damage caused by physical or chemical
injury leads to necrosis; apoptosis is distinguished from
necrosis by needing regulation, requiring new gene
expression, and inducing morphologic changes in the
nucleus, DNA laddering and membrane blebbing. The
changes in membrane composition leading to extracellu-
lar exposure of phosphatidylserine (PS) residues occur
early in the apoptotic cycle (59). Exposed PS residues
strongly bind annexin V, a natural ligand, in a calcium-
dependent manner (60). As necrotic cells also expose PS
residues and lose membrane function simultaneously
soon after cell injury, a DNA-binding dye, propidium
iodide (PI), was generally used in tandem with FITC-con-
jugated annexin V to analyze the causes of tumor-specific
cytolysis (57). According to the principle of this method,
the quadrants of dots represent four fates of target cells.
Among them, three quadrants have been designated def-
initely: viable cells in PI(–)/annexinV(–), early apoptosis
in PI(–)/annexinV(+), and necrosis in PI(+)/annexinV(–).
The dual positive quadrant of PI(+)/annexinV(+) was
deduced to be late apoptosis and/or necrosis. Accordingly,
we tested target cells after co-incubation for 10 h and
observed early apoptosis and necrosis definitely. Thus
both necrosis and apoptosis were causes of tumor specific
cytolysis in this T-cell-based immunotherapy model with
CEA-scTsAb. After extending incubating time to 50 h,
cell death accumulated in the dual-positive quadrant,
while only a small amount of early apoptosis was
detected. Here, similarly to the result from MTT assay,

tumor-specific cytolysis calculated from the percent of
viable cells displaying “phasic” changes due to the out-
burst of necrosis in two peaks.

There are two major pathways involved in CTL-
induced cell death of tumor cells (61, 62). (i) Perforin and
granule exocytosis cytotoxicity. Perforin is released from
granules of activated CTL and causes damage to target
cell membranes. Various granzymes, and possibly other
granule constituents that co-secret with perforin, can
enter the target cells to induce apoptosis. (ii) Fas/Fas lig-
and (FasL)-interaction-induced cytotoxicity. The expres-
sion of FasL is enhanced on activated CTL cells, which
interacts with its receptor, Fas, on tumor cells to induce
apoptosis. In this T-cell-based immunotherapy model
with CEA-scTsAb, tumor cells were induced to both
necrosis and apoptosis. Thus, it may be suggested that
necrosis of target cells is caused by perforin-made pores
on the membrane, and apoptosis is induced by either the
granzyme pathway or FasL/Fas ligation.

CEA-scTsAb, which recognizes widely distributed
tumor antigen (CEA), has a moderate molecular weight
(about 75 kDa) and a simple production procedure, and is
able to mediate a high level of tumor-specific cytolysis
without any additional co-stimulating reagents such as
IL-2 or anti-CD28 mAb, unlike most presently available
BsAbs, provides us a promising prospect for tumor immu-
notherapy. Further experiments need to be done to test
its superiority to BsAb and other designed advantageous
features, such as non-target-cell-dependent activation of
T cells, avoidance of activation-induced cell death of T
cells, and so on.

This work was supported by Grant 2001AA215381 from the
National High Technology Research and Development Pro-
gram of China.
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