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ABSTRACT
Bispecific antibodies have emerged as powerful therapeutic agents given their high specificity and ability
to induce a potent immune response. Various bispecific antibody formats have been designed and
studied regarding their applications in cancer therapy, though associated with issues of short half-life or
manufacturing difficulties. Herein, a novel bispecific antibody, SS-Fc, was constructed by pairing 2 single-
domain antibodies, anti-CD16 and anti-CEA, which were fused with CH3 “knobs into holes” mutations
individually. SS-Fc was expressed and purified from E.coli. In vitro and in vivo experiments confirmed that
SS-Fc can form a heterodimeric bispecific antibody when expressed and purified from E. coli. By engaging
natural killer (NK) cells through an anti-CD16 single domain antibody, the SS-Fc bispecific antibody
exhibited potent in vitro and in vivo cytotoxicity against cancer cells with carcinoembryonic antigen (CEA)
expression. Thus, SS-Fc represents a novel bispecific antibody format that can be applied to a wide range
of both discovery and clinical applications.
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Background

Antibodies are widely used in clinical and discovery research
given their unique properties. Typical immunoglobulin IgG
antibodies are assembled from 2 identical heavy (H)-chain and
2 identical light (L)-chain polypeptides, for which the paired
VH-VL domains constitute the variable fragments (Fv) that
recognize antigens. The CH2-CH3 part (also known as the Fc
fragment) allows the antibody to have a long half-life in vivo
and links antibody-bound cells to immune cells via Fc recep-
tors. Upon antigen binding, antibodies utilize various mecha-
nisms to trigger downstream biological functions, such as
inhibiting signaling, inducing apoptosis, triggering the classical
complement pathway, and/or activating immune cells that
express Fcg receptors.

Recently, various non-conventional formats of antibodies
have been studied and developed to perform unique biological
functions for cancer therapy. Among them, bispecific antibody
(BsAb) is actively being pursued for immunotherapy and as a
diagnostic tool.1,2 In contrast to traditional antibodies, bispe-
cific antibodies recognize 2 different antigens owing to 2 differ-
ent antigen-binding domains.3 Given the increased potency of
engaging immune cells and the high specificity conferred by a
tumor-specific antibody, bispecific antibodies are actively pur-
sued in cancer therapy. For example, the BiTE antibody (bispe-
cific T cell Engager), which links 2 single chain Fv molecules,
directly engages T cells and kills tumor cells.4-7

Herein, we exploited the combination of 2 single-domain
antibodies via Fc pairing to produce bispecific antibodies,
SS-Fc. The single-domain antibody VHH is derived from a
natural camel heavy-chain antibody (HCAb),8 which lacks an

L chain polypeptide and the first constant domain (CH1). At its
N-terminal region, the H chain of HCAb contains one variable
domain or single antibody domain, known as VHH. The VHH
in HCAbs serves to recognize antigens and represents the func-
tional equivalent of a Fab (antigen-binding) fragment of con-
ventional antibodies. As building blocks for bispecific
antibodies, VHH reduces the light chain pairing issue associ-
ated with bispecific antibodies in the human IgG format.

As a proof-of-concept, 2 different VHHs, anti-CEA and
anti-CD16, which recognize tumor cells expressing carcinoem-
bryonic antigen (CEA) and natural killer (NK) cells, respec-
tively, were linked with knob-into-holes mutations of human
IgG1 Fc.9,10 The SS-Fc antibody could be expressed and puri-
fied from E. coli. In vitro and in vivo experiments confirmed
the potent tumor killing induced by SS-Fc. The anti-tumor
activities of SS-Fc were dependent upon the engagement of NK
cells and specific to CEA-expressing tumor cells. This study
suggested that SS-Fc represents a novel bispecific antibody for-
mat with potential in immunotherapy and other applications.

Materials and methods

Plasmid construction

Previously published camel anti-CEA[11] and anti-CD1612

antibodies were synthesized (Genscript) and then linked to
mutated human IgG1 Fc fragments, which the anti-CEA VHH
was linked to the knob mutant (T366W), and the anti-CD16
VHH was linked to the hole mutant (T366S, L368A and
Y407V).9,10 The anti-CEA-Fc and anti-CD16-Fc constructs
were then cloned into the expression vectors pETDuet-1 and
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pRSF-duet-1 (Novagen), respectively. The signal peptide pelB
sequence was inserted into the N terminal regions to facilitate
periplasmic purification. His-tag and Flag-tag were added to
the c-terminals to facilitate protein detection (Fig. 1a).

Protein purification and characterization

For protein expression, single or both expression plasmids were
transformed into E. coli BL21 (DE3) and grown at 37�C in LB
mediumwith appropriate antibiotics (100mg/ml kanamycin and/or
100 mg/ml ampicillin). Protein expression was induced by 0.2 mM
isopropyl-b-D-thiogalactopyranoside (IPTG) for 20h at 16�C.

For protein purification, cells were pelleted by centrifugation
at 4000 rpm for 30 min at 4�C. Periplasmic extraction was per-
formed by resuspending the pellets 1:4 (m/v) in chilled sucrose
solution (20 mM Tris–HCl, pH 8.0, 25% (w/v) sucrose, 1 mM
EDTA, 1 mM PMSF). The suspension was centrifuged at
8500£g for 20 min and the supernatant was the sucrose frac-
tion. The pellet was then resuspended in chilled periplasmic
solution (5 mM MgCl2) and centrifuged at 8500 £ g for
20 min; the supernatant contained the periplasmic fraction.

Anti-CEA-Fc or anti-CD16-Fc proteins were purified from
the combined sucrose and periplasmic fractions by affinity
purification using rProteinA Sepharose Fast Flow (GE Health-
care). For SS-Fc purification, the protein was firstly purified by
using rProteinA Sepharose Fast Flow (GE Healthcare). In order
to separate pure heterodimer of SS-Fc from homeodimer of
anti-CEA-Fc or anti-CD16-Fc, the protein was further purified
using Ni-NTA Superflow (Cat# 30410, Qiagen) and then
ANTI-FLAG� M2 Affinity Agarose Gel(Cat#A2220, Sigma).

Gel filtration was performed using GE HiPrep 16/60
Sephacryl S-200 High Resolution, as described by the manufac-
turer (GE Healthcare). Gel filtration protein markers were
obtained from Sigma (MWGF1000).

For LC-MS analysis, the SS-Fc no-reduced sample was pre-
pared with 0.1% formic acid solution (1 mg / mL). The reduced
sample was prepared by adding 1 mL 1M DTT to 50mL SS-Fc
as prepared above (1 mg / mL). The mixture was incubated at
56�C for 30 min. For LC-MS analysis, 10mg of intact or reduced
samples were first separated by UHPLC (Dionex UltiMate 3000
UHPLC, Thermo Scientific), and then detected by ESI-MS (Q
Exactive MS, Thermo Scientific). Data were analyzed using
Thermo Protein Deconvolution software.

Elisa was performed by coating recombinant CEA (R&D,
Cat. # 2244-CM-050) or CD16a (R&D, Cat. # 4325-FC-050) on
96 well plates (100mL(0.1mg) per well). After blocking, primary
antibody binding, and secondary antibody binding, chemi-
luminescence was developed using TMB Reagent (GenScript
Cat.# M00078). Data were analyzed using Prism software.

Cells and animals

SKOV3, HT29, and LS174T cell lines were purchased from the
Type Culture Collection of the Chinese Academy of Sciences,
Shanghai, China. SKOV3 and HT29 cells were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) medium (Gibco, Life
Technologies, China), and LS174T cells were cultured in
RPMI-1640 medium (Gibco, Life Technologies, China) supple-
mented with 10% heat-inactivated fetal bovine serum (Gibco,
Life Technologies, USA) and 1% penicillin/streptomycin

Figure 1. Construction and purification of the SS-Fc bispecific antibody. (a) Anti-CEA was linked with a human IgG1 Fc fragment with “knob” mutation in the CH3
domain.10 Anti-CD16 was linked with a human IgG1 Fc fragment with “holes” mutations in the CH3 domain.10 The SS-Fc bispecific antibody was formed by heterodimeri-
zation of anti-CEA-Fc and anti-CD16-Fc mediated by a CH2–CH3 interaction. (b) Affinity purification of SS-Fc. The panel shows the coomassie blue staining of purification
fractions (M, molecular weight ladder, unit: kDa; P, pellet; SF, sucrose fraction; PF, periplasmic fraction; F, flow through fraction of rProtein A affinity purification; W1, W2,
W3, wash fraction of rProtein A affinity purification; E, elution of rProtein A affinity purification. (c) Gel filtration analysis of SS-Fc. Standard protein markers ranging from
12.4 to 150 kDa were used to estimate the size of the antibodies. Top panel displays fractions with coomassie blue staining, and bottom panels display the protein gel
blots to detect anti-CEA-Fc using an anti-His6 antibody and anti-CD16-Fc using an anti-Flag antibody (arrows indicate the different proteins, respectively).
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(Hyclone). All cells were cultured in a humidified 37�C incuba-
tor containing 5% CO2.

Human peripheral blood mononuclear cells (PBMCs) were
isolated from fresh peripheral blood obtained from healthy
donors. NK cells were isolated using a Human NK cell Enrich-
ment Kit (Negative Selection, EasyStep, STEMCELL Technolo-
gies), following the manufacturer’s protocol. Human blood
collection and experimental protocols were approved by Sun
Yat-Sen University.

Non-obese diabetic-severe combined immunodeficiency dis-
ease (NOD-SCID) mice were housed at the animal experiment
center of Sun Yat-Sen University under sterile and standardized
environmental conditions (20–26�C room temperature,
40–70% relative humidity, and a 12 h/12 h light/dark cycle).
Animal care and experimental procedures were approved by
Sun Yat-Sen University.

Western blot analysis

To detect CEA expression in tumor cells, tumor cells were col-
lected and lysed in lysis buffer (50 mMTris-HCl, pH 7.4, 100 mM
NaCl, 5 mM EDTA, 1% Trioton-X-100 with protease inhibitor
cocktails (Roche). To performwestern blot, 40mg of crude protein
extract was used and diluted with SDS loading buffer (5£) (Tris-
Cl 250 mM, pH 6.8, 1% b-Mercaptoethanol, 0.02% Bromophenol
blue, 30% Glycerol, 10% Sodium dodecyl sulfate). For detecting
SS-Fc, anti-CD16-Fc, or anti-CEA-Fc, 0.1mg (western blot), or
1mg (coomassie blue staining) of purified proteins were used. The
samples were boiled at 95�C for 5 min and subjected to SDS-
PAGE, then coomassie blue staining or protein gel blot analysis.
The western blots were developed with chemiluminescent HRP
substrate (Millipore Corporation, Billerica, USA) and detected
using a Bio-Rad imager (ChemiDocTM XRSC).

GADPH (14C10) Rb mAb (Cell signaling, Cat# 2118S),
CEA/CD66e(CB30) mAb (Cell signaling, Cat#2383S. ), Anti-His
tag-HRP (Abcam, Cat# ab1187), Anti-FLAG M2 HRP (Sigma,
Cat # A8592), or goat- anti-mouse IgG, (Cell signaling,
Cat#7076S) were used for the protein gel blots. Detection of
Western blot was performed with Immobilon Western chemilu-
minescent HRP substrate (Merck Millipore, Cat# WBKLS#500).

Flow cytometry analysis

To assess the binding of antibodies to tumor cells, 1 £ 106 of
SKOV3, HT29, or LS174T cells were collected by centrifugation
at 1000 rpm for 5 min, then washed with 1 ml ice-cold phos-
phate-buffered saline (PBS) C 0.1% BSA. Cell pellets were resus-
pended in 100 ml ice-cold PBS C 0.1% BSA with 50 mg/ml of
SS-Fc. An aliquot of anti-flag-FITC (Sigma–Aldrich, F4049) was
incubated with the cells on ice for 1 h. Flow cytometry analysis
was performed after washing the cells twice. As positive con-
trols, an anti-CEA antibody (Cell Signaling Technology, Cat#
2383S) and anti-mouse IgG Fluorescein Conjugated Goat F(ab’)
2 (R&D systems, Cat# F01038,) antibodies were used.

Surface plasmon resonance (SPR) assay

To detect the binding of SS-Fc to CE and CD16 antigens, CEA
protein (US Biological, Swampscott, MA), or CD16 protein

(ACRO Biosystems, Cat#CDA-H5220), was immobilized on a
CM5 sensor chip (GLC chip, Bio-Rad) according to a standard
amine coupling procedure using an amine coupling kit (Bio-
sense, Milan, Italy). After immobilization, an interaction analy-
sis with different samples was performed at 25�C with PBST
(10 mM Na3PO4, 150 mM NaCl, 0.01% Tween, pH D 7.4) as
running buffer at a flow rate of 30 ml/min. Kinetic data were
collected in duplicate for each antibody concentration, which
had association and dissociation times of 120 and 180 sec,
respectively. Data were collected using a ProteOnTM XPR 36
(Bio-Rad) and were analyzed to fit to an appropriate binding
model using Protein On evaluation software (Bio-Rad). Positive
control anti-CEA mouse mAb (#2383, Cell Signaling) was used
to optimize this process.

Cytotoxicity assays

In vitro cytotoxicity assays were performed as described previ-
ously.13 In brief, SKOV3, HT29, and LS174T cells (5,000 cells
per well in a 96-well plate) were used as target cells. Human
PBMCs or isolated NK cells (50,000 cells per well) were used as
effector cells with the indicated concentrations of added anti-
bodies. After a 48-h incubation, the PBMC or NK cells were
gently washed off with PBS 3 times, then live cells were quanti-
fied using the CCK8 reagent (Dojindo, CK04). Measurements
were performed using TECAN Infinite F50 by Magellan soft-
ware. The survival rate (%) of target cells was calculated using
the following formula: [(living target cells (sample)–medium
with NK cells only)/(living target cells (control)–medium with
NK cells only)]£100.

In vivo efficacy studies

LS174T human colon carcinoma cells were harvested from cell
culture, washed once with PBS, and then were resuspended in
PBS. Cells were then mixed with freshly isolated human
PBMCs to create cell suspensions (0.4 ml per mouse, a mixture
of 1 £ 106 LS174T cells and 5 £ 106 PBMCs in PBS). Cells
were then injected subcutaneously in the right flank of NOD-
SCID mice. Proteins or vehicle control (PBS) were adminis-
tered intraperitoneally (i.p.) 1 h after engraftment. Animals
were then treated daily for 7 days, and the tumor volume was
measured daily.

Results and discussion

SS-Fc bispecific antibody can be expressed and purified
from E. coli as a dimer

A bispecific SS-Fc antibody was designed by linking an anti-
CEA single domain VHH with the human IgG1 Fc fragment
that contained the knob mutation (T366W) and an anti-CD16
single domain antibody with the human IgG1 Fc that contained
the hole mutations (T366S, L368A and Y407V)9,10 (Fig. 1a).
Anti-CEA VHH can be used to target cancer cells given that
CEA is often overexpressed in several types of tumor of epithe-
lial origin, and anti-CEA antibodies and their derivatives have
been used in clinical radioimmunotherapy.14,15 Anti-CD16
VHH12 was used to engage immune cells, as FcgRIII (CD16) is
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a trans-membrane protein that is mainly expressed on NK cells
and functions as one of the IgG receptors.16

To facilitate the expression and purification of SS-Fc, the 2
constructs, anti-CEA-Fc and anti-CD16-Fc, were cloned into 2
separate plasmids and then transformed into E.coli together.
Periplasmic fractions of SS-Fc were purified using a rProteinA
affinity chromatography (Fig. 1b). To determine whether SS-Fc
folds correctly as a heterodimer, gel filtration was used to ana-
lyze the purified proteins. The majority of SS-Fc protein ran as
a single peak at »80 kDa, which was the expected molecular
weight of the heterodimerized protein of anti-CEA-Fc and
anti-CD16-Fc (Fig. 1c). Western blots using anti-His or anti-
Flag antibodies confirmed the presence of both anti-CEA-Fc
and anti-CD16-Fc in the complex. Anti-CEA-Fc or anti-CD16-
Fc alone were also expressed and purified using similar meth-
ods. The purified proteins are most homeodimers, suggesting
that without the other pair of hole-Fc or knob-Fc, majority of
Fc mutants still form a hoemodimer (data not shown).

The purified ss-Fc was also stable in vitro as no obvious deg-
radation was observed even after 2 weeks incubation with
human serum at 37�C in vitro (data not shown).

SS-Fc recognizes CEA and CD16 antigen

To determine whether SS-Fc binds to the tumor antigen CEA,
western blotting was performed using purified anti-CEA-Fc,

anti-CD16-Fc, or SS-Fc. Similar to a control anti-CEA anti-
body, both anti-CEA-Fc and SS-Fc specifically recognized CEA
expression on LS174T, HT29, or SKOV3 cells transfected with
CEA, but not anti-CD16-Fc (Fig. 2a). Furthermore, LS174T
cells exhibited higher CEA expression than HT29 cells. No
CEA expression was observed on SKOV3 cells, which is consis-
tent with previous studies.13

To determine whether the SS-Fc construct compromises the
affinity of anti-CEA VHH to CEA antigen. We also measured
the interaction between the SS-Fc and CEA antigen using a
SPR approach. Strong binding of the SS-Fc to CEA was
observed with the association rate Ka (M¡1s¡1) at 1.77 £ 105

and dissociation rates Kd (s¡1) at 3.45 £ 10¡5 (Fig. 2b, top
panel). The Kd value of 0.195nM is similar to previous studies
using a Fab-based anti-CEA bispecific antibody.13 Furthermore,
flow cytometry analysis also revealed that both SS-Fc and anti-
CEA-Fc can bind to CEA positive cell line LS174T (Fig. 2c).

We also measured the interaction between the SS-Fc and
CD16 using a SPR approach. Strong binding of the SS-Fc to
CD16 was also observed with the association rate Ka (M¡1s¡1)
at 5.58 £ 104 and dissociation rates Kd (s¡1) at 3.21 £ 10¡4

(Fig. 2b, lower panel). The Kd value of 5.75 nM is also similar
to previous studies using a Fab-based anti-CD16 bispecific
antibody.13

Interactions between the SS-Fc and CEA or CD16 were also
measured using an Elisa method. Strong binding of the SS-Fc

Figure 2. Binding of the SS-Fc bispecific antibody to CEA and CD16. (a) Western blots were performed for different protein samples (1. SKOV3; 2, SKOV3 transfected with
CEA; 3, HT29; and 4, LS174T) using control mouse anti-CEA antibody, anti-CEA-Fc, anti-CD16-Fc, or SS-Fc. Anti-His or anti-flag conjugated-HRP antibodies were used as
secondary antibodies for detecting anti-CEA-Fc, anti-CD16-Fc, or SS-Fc. (b) SPR analysis of interactions between CEA (top panel), CD16 (lower panel), and SS-Fc was
described as in the Materials and Methods. (c) Flow cytometry analysis of CEA expression on SKOV3 cells (left panel) and SKOV3 cells transfected with CEA (right panel).
Filled gray: blank, no antibodies; dashed line: only anti-Flag-FITC; dotted line: primary antibody, anti-CEA-Fc, secondary antibody, anti-Flag-FITC; solid line: primary anti-
body, ss-Fc, secondary antibody, anti-Flag-FITC. (d) Elisa analysis of different proteins binding to either CEA (left) or CD16a (right). The data are the mean of triplicates
with error bars representing the standard deviation.
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to CEA or CD16 was observed with association values at 28 nM
and 2.59 nM respectively (Fig. 2d), though slightly weaker than
the anti-CEA-Fc (left) or anti-CD16-Fc (right) alone with asso-
ciation values at 4.9 nM and 0.35 nM respectively. This is likely
due to the single-valent binding of SS-Fc with CEA or CD16
binding sites comparing with bi-valent binding of anti-CEA-Fc
to CEA, and anti-CD16-Fc to CD16. As a negative control,
anti-CD16-Fc or anti-CEA-Fc has no binding on CEA or CD16
(Fig. 2d). These data confirmed that SS-Fc binds to both CEA
and CD16 through its specific anti-CEA and anti-CD16 arm.

SS-Fc mediates NK cell and bispecific antibody dependent
cytotoxicity

To determine whether SS-Fc can engage NK cells to kill tumor
cells, in vitro cytotoxicity assays were performed using CEA
positive cancer cells and freshly isolated NK cells at a 10:1 ratio
of NK cells to cancer cells. For the CEA-negative cell line
SKOV3, no cell killing was observed using anti-CEA-Fc, anti-
CD16-Fc, or SS-Fc (Fig. 3a). Potent cytotoxic activities were
observed for CEA-positive HT29 and LS174T cells when cancer
cells were incubated with SS-Fc for at least 48hrs (Fig. 3a). With

E:T D 1:1 or 5:1, ss-Fc showed much lower cytotoxicity assay
(data not shown). With shortened incubation time, for
example, 4 hours incubation, no cytotoxicity was observed
(data not shown), suggesting that enough NK cells and longer
incubation are necessary for tumor cell killing events.

For HT29 and LS174T cells, anti-CEA-Fc alone does not
affect cancer cell survival. Depending on the NK cells from
different donors, there are variations in terms of tumor cell
responding to anti-CD16-Fc. We have observed most no or
partial effect of anti-CD16-Fc from different donors (data not
shown). Even for NK cells that have partial cytotoxic effect by
anti-CD16-Fc, the cytotoxicity activity of anti-CD16-Fc is
much lower than the cytotoxicity of SS-Fc (Fig. 3a).

The cytotoxic activity of SS-Fc also depends on NK cells
given that anti-CEA-Fc, anti-CD16-Fc, or SS-Fc had no effect
on tumor cells in the absence of NK cells (Fig. 3b). Further-
more, when the amount of anti-CD16-Fc was increased in the
SS-Fc mediated cytotoxicity assays, the cytotoxic activity of SS-
Fc was reduced (Fig. 3c). This result suggests that anti-CD16-
Fc competes with SS-Fc for NK cell binding. When increased
anti-CD16-Fc protein decreases NK cell binding by SS-Fc, it
reduces the cytotoxic activity of SS-Fc.

Figure 3. SS-Fc mediates NK cell-dependent tumor cell killing. (a) The tumor cell lines SKOV3, HT29, and LS174T were incubated with 3.3 mg/ml anti-CEA-Fc, anti-CD16-Fc, or
SS-Fc antibodies and freshly isolated human NK cells at a ratio of 10:1 (human NK cells 50,000 cells per well, tumor cells 5,000 cells per well on 96 well plates). The cytotoxic-
ity assay was then performed as described in the Materials and Methods. The data are the mean of triplicates with error bars representing the standard deviation
(��� stands for P < 0.001 by t-test, SS-Fc vs. control, anti-CEA-Fc, or anti-CD16-Fc). (b) The tumor cell lines SKOV3, HT29, and LS174T were incubated with 3.3 mg/ml anti-
CEA-Fc, anti-CD16-Fc, or SS-Fc antibodies without human NK cells. The cytotoxicity assay was then performed as described in the Materials and Methods. (c) A competition
assay was performed by incubating SS-Fc with LS174T cells and NK cells (5000 cells per well and 50,000 cells per well, respectively) with different amounts of anti-CD16-Fc.
The cytotoxicity assay was performed as described in the Materials and Methods. The data are the mean of triplicates with error bars representing the standard deviation
(�� stands for P < 0.01 by t-test, no addition of anti-CD16-Fc vs. different concentrations of anti-CD16-Fc). (d) Dose-response analysis of SS-Fc with HT29 (open square), LS174T
(open triangle), and SKOV3 (open diamond) cells. The survival rates at each SS-Fc concentration were normalized against tumor cells incubated with NK cells but without SS-Fc.
Representative data from one of 4 different donors were shown here. The data are the mean of triplicates with error bars representing the standard deviation.
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To further evaluate the activity of SS-Fc on tumor cells,
dose-responses of SS-Fc on cancer cells were measured. SS-Fc
triggered strong cytotoxicity against HT29 and LS174T cells in
a dose-dependent manner, but had no effect on CEA-negative
SKOV3 cells irrespective of the SS-Fc concentration (Fig. 3d).
LS174T cells are more efficiently responding to SS-Fc than
HT29, most likely due to increased CEA expression on LS174T
cells (Fig. 2d), consistent with previous discovery which the
cytotoxicity of a BITE antibody (anti-CEA and anti-CD3) cor-
related with the expression of CEA on tumor cells.17

SS-Fc inhibits tumor growth in xenograft model

To determine whether SS-Fc inhibits tumor growth in vivo,
LS174T cells with or without PBMCs were transplanted into

NOD/SCID mice. Mice were then treated with SS-Fc antibod-
ies. No tumor growth inhibition was observed when tumors
were treated with PBMC only. In mice treated with PBMCs
and low-dose SS-Fc (5 mg per mouse), tumor developed in only
2 of 5 mice after a long latency period (Fig. 4a). No tumor
growth was observed with a higher dosage (20 mg per mouse),
even 41 d after transplantation. These data demonstrate that
SS-Fc inhibits tumor growth in vivo using xenograft mouse
models.

NK cells, instead of PBMCs, were then used for the xeno-
graft studies. Similar to using PBMCs, SS-Fc antibody (5 mg
per mouse) with NK cells can completely inhibit tumor growth
(Fig. 4b). Complete tumor growth inhibition was also observed
for SS-Fc antibody (20 mg per mouse) with NK cells (data not
shown). Partial tumor inhibition was observed with NK cells

Figure 4. SS-Fc inhibits tumor growth in vivo. In vivo efficacy studies were performed as described in the Materials and Methods. NOD/SCID mice (n D 5 per group) were
engrafted subcutaneously with LS174T cells with or without human PBMCs. (a) Mice were then treated with PBS (solid diamond, PBS treatment, no PBMC transplant);
PBMC alone (solid square, PBS treatment, PBMC transplant); SS-Fc (5 mg per mouse, open circle, 20 mg per mouse, open square, with PBMC transplant). Data represent
the average tumor volume of 5 mice for each treatment group with error bars representing the standard deviation (�� stands for P < 0.01 by t-test, SS-Fc (either 5 mg or
20 per mg mouse) vs. control or PMBC only). (b) Mice were treated with PBS (solid circle, PBS treatment, no NK cell transplant); NK cells alone (solid square, PBS treatment,
NK cell transplant); or ss-Fc with NK cells (5 mg per mouse, open circle, NK cell transplant); or ss-Fc only (20 mg per mouse, solid triangle, no NK cell transplant). Data rep-
resent the average tumor volume of 7 mice for each treatment group with error bars representing the standard deviation.
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treatment only. In contrast, minimal tumor inhibition was
observed for ss-Fc without NK cells (Fig. 4b). Furthermore,
anti-CD16-Fc (20 mg per mouse) or anti-CEA-Fc (20 mg per
mouse) had no effect on tumor growth even with the co-trans-
plantation of PBMCs or NK cells (data not shown). These data
suggested that both ss-Fc and NK cells are required for the
tumor inhibition in xenograft models.

Discussion

Herein, we present a novel bispecific antibody format, SS-Fc, for
cancer immunotherapy. The SS-Fc bispecific antibody can be
expressed and purified from E. coli. Through its 2 monovalent
anti-CD16 VHH and anti-CEA VHH moieties, SS-Fc recruits NK
cells and triggers cytotoxicity in CEA-positive cancer cells. In mice
harboring CEA-positive cell LS174T xenografts, tumor growth is
suppressed by SS-Fc in the presence of PBMCs.

The ability of bispecific antibodies to recruit immune cells,
especially T cells and NK cells that can directly kill tumor cells
has generated great interest in their use for cancer immuno-
therapy.1-3,18 Many bispecific antibody formats have been pro-
posed and studied for their novel modes of function.1,3

Recently, blinatumomab, a bispecific antibody that targets
CD19 and CD3, has been approved in the clinic for use against
B cell leukemia.19 However, single-chain Fv fusions, used for
blinatumomab and many other similar bispecific antibody for-
mats, have very short half-lives in vivo given the lack of an Fc
domain. To increase the half-life of bispecific antibodies, many
formats have been proposed for building bispecific antibodies
with an Fc by facilitating heterodimerization and minimizing
the homodimerization of Fc fragments.9,20-23

In this study, we used the knob-into-holes strategy to pro-
mote heterodimerization.10 The overall structure of SS-Fc is
similar to that of natural camel heavy chain IgG,8 which has 2
identical single-domain VHHs linked by homerdimerized Fc
fragments. However, to create the bispecific antibody SS-Fc, 2
specific single-domain VHHs were linked with the knobs-into-
holes mutations in the CH3 domain.9,10 The Fc heterodimeriza-
tion leads to the bispecific antibody SS-Fc. Besides creating the
bispecific antibody and extending the half-life of antibody,
IgG1 Fc can also interact with high affinity Fc receptors, such
as CD64 expressed by macrophages. However, 2 lines of evi-
dence suggest that SS-Fc may not be able to induce cytotoxicity
other than binding of CD16 on NK cells. First, both in vivo and
in vitro experiments using anti-CD16-Fc (Fig. 3 and Fig. 4), or
anti-CEA-Fc (Fig. 3) have not induced significant cell killing.
Secondly, though previous studies suggested anti-CEA anti-
body with Fc can have potential clinical benefit,24 anti-CEA
antibodies have not been able to kill tumor cells in vitro
directly. Thirdly, the aglycosylated Fc in the SS-Fc suggests
minimal binding or activation through Fc as aglycosylated Fc
purified from E.coli are not being able to bind effector Fc
Receptors.25

Another advantage of SS-Fc involves its simplicity. The cor-
rect light chain pairing based on human IgG structures is
important for binding antigens. Various approaches to increase
the correct pairing of light chains to heavy chains have been
explored.11,26-28 However, it remains challenging to obtain cor-
rect light chain pairing with heavy chain to have optimal

antigen binding. No light chain pairing issues were present in
SS-Fc as single domain VHHs were used in SS-Fc.

In addition to the SS-Fc that was presented in this study, sin-
gle-domain VHHs have been used as building blocks in the for-
mat of nanobodies13 because VHHs are stable and exhibit no
light chain paring issues. One potential issue of VHHs in
patients involves immunogenicity. However, the sequences of
single-domain antibodies are very similar to those of human
antibodies,8,11,28,29 and humanization of VHH can also help to
eliminate immunogenicity,30 even if immunogenicity becomes
a problem.

Compared with other bispecific formats, the manufacture of
SS-Fc is considerably easier as most bispecific formats need to
be expressed in mammalian cell culture, which could be poten-
tially difficult. In this study, the SS-Fc was expressed and puri-
fied in E. coli at yields of 0.2 to 1 mg per liter without
optimizing culture conditions. The two chains of anti-CEA-Fc
and anti-CD16-Fc can be expressed in the same bacterial cells
and were produced at reasonably equivalent amounts. Compar-
ing to the bispecific antibodies with natural IgG1 format using
knob-in-the-hole mutants,31 the purification process of SS-Fc is
much easier without separated culture, refolding, and mixing
processes. Although the exact percentage of SS-Fc heterodime-
rization was not clear in this study, our gel filtration (Fig. 1)
and LC-MS studies (data not shown) suggested that majority of
purified SS-Fc protein was in the form of heterodimer. More-
over, the potent bispecific antibody activity of SS-Fc (Fig. 3)
suggests that majority of purified SS-Fc protein was in the form
of heterodimer. However, caution should be taken because dif-
ferent VHH-CH2-CH3 proteins can behave differently.

In summary, the SS-Fc bispecific antibody maintains a natural
Fc fragment to enhance its in vivo half-life. This antibody has
good manufacturability and potent anti-tumor activity. In addi-
tion to its use as a bispecific antibody for immunotherapy, this
format can also be universally applied to produce bispecific anti-
bodies with other modes of action. With a variety of bispecific
antibody formats proposed, it will be interesting to assess how dif-
ferent formats of bispecific antibodies perform in the clinic. Com-
binations of a variety of factors, such as types of diseases, antigen
variation, available antibodies, and manufacturing feasibility, will
likely influence the choice of bispecific antibody format.

Conclusion

A novel bispecific antibody, SS-Fc, was constructed and studied
for its potential application in cancer immunotherapy. SS-Fc
pairs 2 different single-domain antibodies, anti-CD16 VHH
and anti-CEA VHH, by IgG1 Fc heterodimerization. The SS-Fc
bispecific antibody can be soluble expressed in E. coli. SS-Fc
exhibits potent cytotoxicity against cancer cells with carci-
noembryonic antigen (CEA) expression by engaging NK cells.
In xenograft models, SS-Fc also has potent anti-tumor effect.
Thus SS-Fc represents a novel bispecific antibody format that
can have broad applications in research and clinic.
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