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Abstract
Recruitment of immune cells to tumor cells targeted by a therapeutic antibody can heighten the antitumor

efficacy of the antibody. For example, p185her2/neu-targeting antibodies not only downregulate the p185her2/neu

kinase (ERBB2) but also trigger complement-dependent cytotoxicity (CDC) and antibody-dependent cellular
cytotoxicity (ADCC) through the antibody Fc region. Here, we describe a generalized strategy to improve immune
cell recruitment to targeted cancer cells, using a modified scFv antibody we call a "Grababody" that binds the
target protein and endogenous immunoglobulins. Themodel systemwe used to illustrate the use of this platform
recognizes p185her2/neu and includes an IgG binding domain. The recombinant scFv Grababody that was created
recruited circulating human IgGs and attracted immune cells carrying Fc receptors to tumor cells that expressed
p185her2/neu. The presence of the IgG binding domain significantly enhanced CDC and ADCC activity and
improved antitumor activity in vivo. Our results illustrate a novel general approach to improve antibody-like
proteins for therapeutic applications. Cancer Res; 73(8); 2619–27. �2013 AACR.

Introduction
Antibody-based cancer therapies, which in general target

cell surface tumor antigens with recombinantly engineered
monoclonal antibodies, have changed the paradigm of treat-
ments for many types of tumors (1). These monoclonal anti-
bodies (mAb), either as humanized antibodies or chimeric
molecules, contain the Fc region of human IgG molecules that
is required to induce cytotoxicmechanisms, such as ADCC and
CDC. Recombinant antibodies have to be expressed in mam-
malian cells to obtain proper glycosylation, which is required to
keep the Fc region of the IgG molecule in an "open" confor-
mation to interactwithFc receptors (2). However, glycosylation
increases the complexity of mAb production for therapeutic
use. Depending on the cell culture conditions, the produced
mAbs canhave varied glycosylation (3), which can either extend
or shorten the serum half-life of the antibodies (4–6) and cause
side effects in some antibody-based treatments (7).
p185her2/neu belongs to the ErbB family of receptor tyrosine

kinases, which includes 4 members: ErbB1/EGFR (EGF recep-
tor), ErbB2/p185her2/neu (also known as Neu, HER2/neu),

ErbB3/HER3, and ErbB4/HER4 receptors. When activated by
extracellular ligands, ErbB receptors will form catalytically
active homodimeric, heterodimeric, or oligomeric complexes.
These complexes can lead to alterations of cellular growth and
differentiation status. ErbB ligands and subsequent receptor-
mediated signalings have been implicated in survival, prolif-
eration, and differentiation in a variety of cell types (reviewed
in refs. 8–10). After p185her2/neu was identified as the oncopro-
tein in the neu oncogene-transformed cells (11), mAbs to this
oncoprotein and subsequently to the human homologue have
been developed to reverse the transformed phenotype of
cancer cells (12–15).

The humanized anti-p185her2/neu antibody, h4D5 (trastuzu-
mab, Herceptin), is approved to treat breast and stomach
cancers. We have defined a constrained peptide, AHNP, based
on the CDR3.H loop from h4D5 (16). Binding of AHNP to
p185her2/neu suppresses the proliferation of p185her2/neu trans-
formed cells in vitro and in vivo. We have also grafted AHNP to
the tetrameric scaffold of streptavidin and established a
recombinant protein, ASA (17), which possesses significantly
improved biologic activity. ASA shows higher association rate
binding to p185her2/neu (Kon), a feature explained by the avidity
contributed by the tetrameric structure. However, both the
AHNP peptide and the ASA protein lack the capability to
trigger Fc-dependent effector functions.

Here, we report an approach to enlist CDC/ADCC functions
to these small recombinant proteins by incorporating the Z
domain derived from Protein A. This class of novel proteins are
termed "Grababody," as they are able to capture circulating
IgGs while binding to target antigens. The captured IgG can
further direct complement complexes and immune effector
cells carrying Fc receptors to tumor cells expressing targeted
receptors. This approach bypasses the need for Fc region and
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thus avoid glycosylation issues, allowing the facile production
of the protein in bacteria.

Materials and Methods
Cell lines and reagents

T6-17, a gift from Dr. J.H. Pierce (National Cancer Institute),
was derived from NIH3T3 by overexpressing the p185her2/neu

receptor (18). SKBR3 and BT474, which we obtained originally
from the American Type Culture Collection, are breast cancer
cell lines with p185her2/neu expression. Authenticity of these
cells was determined by confirming their known expression
profiles for receptors using fluorescence-activated cell sorting
(FACS) periodically. Cells were grown in Dulbecco' Modified
Eagle Medium (DMEM) supplemented with 10% heat-inacti-
vated fetal calf serum, L-glutamine (2 mmol/L), penicillin (100
U/mL), and streptomycin (100mg/mL) at 37�C in a humidified
5% CO2 atmosphere. All cell lines were routinely tested to
ensure that cell cultures were free of mycoplasma.

The pIG6-4D5noSS plasmid, which contains the scFv cDNA
of h4D5, was obtained from Prof. A. Pl€uckthun (University of
Z€urich, Z€urich, Switzerland; ref. 19). The plasmid pEZZ18 that
contains the protein A cDNA sequence was purchased fromGE
Healthcare Life Sciences.

Construction of plasmids
The following primers were used to amplify the cDNAs for

4D5scFV and the ZZ domain: for 4D5scFv, primer4D5s (50-
GGGACCATGGCTGATATCCAGATGACC CAGTCTCCGAGC-
30) and 4D5salI (50-GGGAGTCGACAGAGCCACCACCGCC AG-
AAGAAACGGTAACGGT-30); for ZZ: ZZsal74 (50-GGGAGTCG-
ACGTAGACAA CAAATTCAAC-30) and ZZrxho (50-GGGACT-
CGAGTTTCGGCGCCTGAGC-30). The amplified cDNAs were
digested with restriction enzymes NcoI/SalI (for 4D5scFv) and
SalI/XhoI (for ZZ) and ligated together into the bacterial
expression vector pET21d to express 4D5scFvZZ. The cDNA
for 4D5scFv was also cloned into pET21d to express the scFv as
the control.

Recombinant protein production and purification
E. coli BL21 strain BLX harboring pET21d-4D5scFvZZ,

pET21d-4D5scFv, or pET15aD4(508-577) were grown in Ter-
rific Broth (TB) medium with 50 mg/mL ampicillin at 37�C
overnight. The overnight culture was diluted 1:100 into 2L TB
(Amp) medium. When the optical density at 600 nm reached
1.0, recombinant proteins were induced to express with 0.5
mmol/L isopropyl-b-D-thiogalactopyranoside and cultured at
16�C for overnight. Bacterial pellet was resuspended in 150 mL
lysis buffer (20 mmol/L sodium phosphate, 0.5 mol/L NaCl,
30 mmol/L imidazole, 1 mmol/L phenylmethylsufonylfluoride,
5 mmol/L 2-ME, pH 7.0) and sonicated. After centrifugation at
12,000 � g for 20 minutes, the supernatant was incubated for
1 hour at 4�C with 2 mL of Ni-Sepharose 6 Fast Flow (GE
Healthcare Bio-Sciences) beads, which had been equilibrated
with binding buffer (20 mmol/L sodium phosphate, 0.5 mol/L
NaCl, 30 mmol/L imidazole, pH 7.0). After binding, the resin
was washed 3 times with binding buffer and transferred into a
column. His-tagged proteins were eluted with lysis buffer
containing 200 mmol/L imidazole.

FACS
Cells were first washed with FACS buffer (cold PBS contain-

ing 0.5% bovine serum albumin). Approximately 3 � 105 cells
were then incubated with testing scFv proteins in a total
volume of 0.2 mL FACS for 30 minutes on ice. His-probe
antibody and subsequently Alexa-488 conjugated anti-rabbit
IgG were used to detect the cell surface-captured His-tagged
scFv proteins. The mean fluorescence intensity (MFI) of each
sample was recorded after FACS analysis of the stained cells.

Surface plasmon resonance (Biacore) studies
To characterize the binding of 4D5scFv and 4D5scFvZZ to

p185her2/neu, we conducted the surface plasmon resonance-
based experiment using the biosensor instrument Biacore 2000
at 25�C. Immobilization of p185her2/neu D4(508-577) on the
sensor surface was conducted following the standard amine
coupling procedure according to the manufacturer' instruc-
tions. Briefly, 35 mL of a solution containing 0.2 mol/L N-ethyl-
N-(dimethylaminopropyl) carbodiimide and 0.05 mol/L N-
hydroxysuccinimide, was injected at a flow rate of 5mL/minute
to activate carboxyl groups on the CM5 sensor chip surface.
Recombinant p185her2/neu D4(508-577) was flowed over the
chip surface at a flow rate of 20 mL/minute until the desired
level of bound protein (500 RU) was reached. Unreacted
proteins were washed out and unreacted activated groups
were blocked by the injection of 35mL of 1mol/L ethanolamine
at 5 mL/minute. A reference surface was generated simulta-
neously under the same conditions but without protein injec-
tion and used as a blank to correct instrument and buffer
artifacts. Testing antibodies or proteins were injected at a flow
rate of 20 mL/minute. Binding to D4 immobilized on the chip
was monitored in real time as a series of sensorgrams. For
simultaneous binding experiments, 4D5scFvZZ was first
injected to the chip surface immobilized with D4(508-577),
followed by injection of human IgG (C225 or 2C4) or buffer.
Kinetic constants were estimated by global fitting analysis of
the sensorgram curves to the 1:1 Langmurian interaction
model. The D4(508-577) surface was regenerated after each
cycle using 10 mmol/L NaOH and 0.1% SDS (w/v). The Kon

value was determined from a plot of (ln(dR/dt))/t versus
antibody concentration. The Koff was determined from the
dissociation part of the sensorgram at the highest concentra-
tion of Ab used with a flow rate of 15 mL/minute to prevent
rebinding. The equilibrium dissociation constant (KD) was
calculated as the Koff/Kon ratio.

CDC measured by MTT assay
The CDC activity was measured using mouse serum as the

resource for complements as we have reported previously (20).
Briefly, T6-17 cells were divided into aliquots (4,000–5,000
cells/well) into 96-well flat-bottom plates and treated with
4D5scFv, 4D5scFvZZ, or humanized h4D5 mAb (positive con-
trol) in the presence of 5% FBS (control) or mouse serum. Cells
were incubated for 3 days at 37�C in a humidified atmosphere
with 5% CO2. Old medium was carefully removed and replaced
with 100 mL fresh medium, in which cells were incubated for
another 4 hours. A total of 25 mL of MTT solution (5 mg/mL in
PBS) was added to each well, and after 2 hours of incubation at
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37�C, 100 mL of the extraction buffer (20% w/v SDS, 50% N,N-
dimethyl formamide, pH 4.7) was added. After an overnight
incubation at 37�C, the absorbance at 570nm was measured
using an ELISA reader.

ADCC
Cytotoxicity was determined by the fluorescent probe cal-

sein AM, using human peripheral blood mononuclear cells
(PBMC) as effector cells and the BT474 human breast cancer
cells as target cells at an E:T ratio of 25:1. PBMCs were
obtained from the Human Immunology Core of the Univers-
ity of Pennsylvania (Philadelphia, PA). Briefly, target cells
(0.5 � 104/well) were labeled with calcein AM (final conc., 8
mmol/L in 10% FBS-DMEM, Molecular Probes) for 30 minutes
at 37�C, washed 2 times, and then incubated with 100 mg/mL
human IgG, different concentrations of testing proteins and
PBMCs (1.25� 105/well) in a total volume of 200 mL in 96-well
F-bottomed plates for 4 hours at 37�Cwith 5% CO2. To achieve
total lysis, cells were incubated with 0.1% Triton X-100. After
incubation, plates were washed and replaced with PBS. Fluo-
rescence units (FU) were measured in a microplate reader
(TECAN) with 490/515 nm of Ex/Em wavelength. Percentage
cytotoxicity was calculated as 100 � (FU of target cells
incubated with effector cells � FU of target cells incubated
with triton X)/(FU of target cells incubated with medium
alone � FU of target cells incubated with triton X) � 100.

Xenograft studies
All mouse procedures were conducted according to the

guidelines and protocols approved by the Institutional Ani-
mal Care and Use Committee of the University of Pennsyl-
vania. NCr Athymic nu/nu (nude) mice (6- to 8-week-old,
�20 g) were purchased from the National Cancer Institute
(Bethesda, MD). To induce tumor, 5 � 104 transformed T6–
17 cells were suspended in 100 mL of PBS and injected
subcutaneously into the flank of each animal. Intraperito-
neal injection started one day after inoculation at a dose of
10 mg/kg, 3 times per week. Tumor size was determined by
vernier caliper measurements. Tumor volume was calculat-
ed by the formula: p�length�width�height/6.

Results
Construction of a Grababody for p185her2/neu using the
scFv of h4D5
Protein A from Staphylococcus aureus has been extensively

used to capture immunoglobulin G (IgG) of different subtypes.
Protein A is a 42 kDa staphylococcal cell wall protein with 5
repeated extracellular domains (E, D, A, B, C) of approximately
58 residues. All of these domains can bind to the Fc region of
IgG. To improve stability against hydroxylamine and cyano-
gen bromide-mediated degradation, a recombinant protein
domain called the Z domain is generated using the B domain
as the template, with only a single amino acid substitution
(G29A; ref. 21). The Z domain binds to IgG1 with a very high
affinity of 10 nmol/L (22).
Like other IgG binding domains in Protein A, the Z domain

consists of three antiparallel a helixes. As determined by
structural (23) and mutational studies (24), helix-1 (residues

7–18) and helix-2 (residues 20–38) are involved in the inter-
action with Fc. However, helix 3 is critical for maintaining the
other 2 helixes in the a helix conformation. Removal of helix 3
drastically reduces Fc binding affinity (> 103 fold; ref. 22).

Crystallographic studies of the IgG-Fc–FcgR complex (PDB:
1T89; ref. 25) and the IgG Fc–domain B complex (PDB: 1FC2;
ref. 23) indicate that Fc binds to Fc receptors and Protein A via
different regions. While the Fc receptor binds to the hinge
region between the CH1 and CH2 domain Fc, Protein A
interacts with the elbow region connecting CH2 and CH3
(Supplementary Fig. S1). On the basis of these structural
studies, we determine that Fc can interact with both Fc
receptor and the Z domain simultaneously without steric
hindrance.

The Z domain is thus grafted into several tumor antigen-
binding proteins to obtain a class of recombinant proteins
termed Grababody. In this report, we fused the Z domain to
the c-terminus of 4D5scFV to obtain the Grababody
4D5scFVZZ, anticipating that the IgG molecule recruited by
4D5scFvZZ would be able to interact with Fc receptors on
immune effector cells.

Binding of the Grababody 4D5scFvZZ to p185her2/neu

receptor on the cell surface
We first tested the ability of 4D5scFvZZ to bind to

p185her2/neu on the surface of several cell lines, including the
transformed T6-17 cells (NIH3T3-overexpressing human
p185her2/neu) and 2 human breast cancer cell lines, SKBR3 and
BT474. As shown in Fig. 1, 4D5scFvZZbound to all these cells in
the FACS analysis in a dose-dependent manner and showed
much higher maximal binding activity than 4D5scFv. At 5
mg/mL (143 nmol/L), 4D5scFvZZ reached a maximal binding
on T6-17 with a MFI of 2,355 (Table 1), a level that is about 8.4-
fold higher than the maximal binding of 4D5scFv (MFI ¼ 279,
reached at 5 mg/mL or 167 nmol/L).

4D5scFv reached binding saturation at 0.5 mg/mL on both
SKBR3 and BT474 (Fig. 1C and E). In contrast, binding of
4D5scFvZZ to these 2 cell lines did not reach saturation until 5
mg/mL. The maximal binding of either 4D5scFv or 4D5scFvZZ
to SKBR3 and BT474 was less than that to T6-17. This is
consistent with higher expression of p185her2/neu in T6-17 than
the other 2 human cell lines as determined by the p185her2/neu

antibody (Table 1; ref. 15). On the control cell lines NIH3T3
and Jurkat, neither 4D5scFv nor 4D5scFvZZ displayed any
significant bindings (Fig. 1G–J).

Determination of the intrinsic affinity of 4D5scFvZZ to
the antigen and IgG

To determine whether the incorporation of the Z domain
affects intrinsic binding kinetics, we compared 4D5scFv and
4D5scFvZZ for binding to p185her2/neu in surface plasmon
resonance (SPR) studies. Previously, we had established an
Fc fusion construct containing the p185her2/neu ectodomain
for SPR studies (17), but it was not ideal for this study, as the
Fc region by itself could interact with the Z domain. The
p185her2/neu fragment had to be expressed without the Fc tag.

The cocrystal structure of h4D5 and p185her2/neu ectodomain
(26) reveals that the h4D5 epitope is contained in the domain
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IV region of p185her2/neu. However, a very shortflexible region in
the domain IV prevents the expression of the complete domain
in bacteria. We expressed a slightly shortened version of
domain IV containing amino acid residues 508-577 (Supple-
mentary Fig. S2). This fragment binds to mAb h4D5 in immu-
noprecipitation and in SPR assay as well (Supplementary Fig.

S2 and S3). D4(508-577) also binds to the original mAb 7.16.4
that shares the epitope with h4D5 (Supplementary Fig. S3;
ref. 15).

Using chip-immobilized p185her2/neu domain IV, D4(508-
577), the SPR experiment confirmed that the addition of the
Fc-binding domain to scFv did not significantly change the
intrinsic affinity to p185her2/neu D4(508-577) (KD: 4D5scFv, 145
nmol/L; 4D5scFvZZ: 112 nmol/L; Fig. 2A and B). The human-
ized mAb h4D5, which contains human IgG1 Fc region, was
also immobilized to chip. Only 4D5scFvZZ showed a very high
affinity to this IgG (KD: 1.3 nmol/L). The Z domain may also
lead to intermolecular association as a modest affinity was
detected between 4D5scFvZZ molecules (KD ¼ 946 nmol/L).

Simultaneous binding of 4D5scFvZZ to p185her2/neu and
human IgG

To show that the Z domain in the Grababody is available to
bind IgG after it forms a complex with the receptor, we
conducted a sequential binding experiment by SPR. The
immobilized D4(508-577) was first contacted with 4D5scFvZZ
and binding was detected. After the dissociation phase of the
first binding, we flowed over the D4(508-577)- 4D5scFvZZ
complexes with antibodies containing human Fc: mAb C225
(2 mg/mL, Fig. 2C) or 2C4 (0.5 mg/mL, Fig. 2D). C225 is specific
to human EGFR. Although 2C4 binds to p185her2/neu, it binds to
an epitope inDomain II. None of these 2 antibodies binds to the
D4(508-577) fragment (Supplementary Fig. S3) but would be
able to interact with the Z domain. As expected, binding was
observed for the D4(508-577)- 4D5scFvZZ complexes (Fig. 2C
and D).

Inductionof immune effector cell functionby4D5scFvZZ
To investigate whether the Grababody can lead to antibody-

mediated effector functions, we conducted in vitro experi-
ments to test both CDC and ADCC activities. 4D5scFvZZ-
induced CDC was evaluated by MTT assay in the presence of
mouse serum, which can be a good source of complements and
has been shown to provide higher inhibition activity in this
type of assay when compared with human serum (20). As
shown in Fig. 3, a significant inhibition of T6-17 proliferation
was observed with 4D5scFvZZ in a dose-dependent manner in
5% mouse serum, but not in 5% FBS. 4D5scFv also showed
some proliferation inhibition activity in mouse serum, but the
activity was weak. As the positive control, the humanized
antibody h4D5 showed very strong inhibition (�55%) in the
presence of mouse serum.

ADCC of 4D5scFvZZ against BT474 breast cancer cells
was measured in vitro by the calcein release assay, a non-
radioactive alternative to the traditional Cr51 assay (27).
Human PBMCs were used as effector cells. ADCC activity
(�65%) can be observed with 10 mg/mL of 4D5scFvZZ, at an
effector-to-target cell ratio of 25:1 and in the presence of 100
mg/mL human IgG (Fig. 4). Compared with human IgG only,
no significant ADCC activity was observed with 4D5scFv. We
could not detect any significant ADCC activity for
4D5scFvZZ toward control cell lines A431 and NIH3T3, or
towards BT474 when human IgG antibodies were not
supplemented. These studies confirmed that 4D5scFvZZ
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Figure 1. Grababody 4D5scFvZZ binds to cell surface p185her2/neu. T6-17
(A and B), SKBR3 (C and D), and BT474 (E and F) cells with different
expression levels of p185her2/neu were prepared for FACS as described
under Materials and Methods. Histograms represent staining with
different dose of 4D5scFv or 4D5scFvZZ, as indicated in the figure,
followed by His-Probe antibody and Alexa488-conjugated goat anti-
rabbit antibodies (solid lines). The gray peak represents the control
staining with only the His-Probe antibody and the secondary antibody. A
mouse cell line NIH3T3 (G andH), which is of the same background of T6-
17, and a human cell line Jurkat (I and J) were used as control cell lines,
showing no significant binding to either 4D5scFv or 4D5scFvZZ.
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induced ADCC towards p185her2/neu-expressing tumor cells
in an IgG-dependent manner.

In vivo activity of 4D5scFv versus 4D5scFvZZ
To examine whether the Z domain in the Grababody

actually improves antitumor activity, we studied in vivo

tumor growth using the transformed cell line T6-17 that
expresses human p185her2/neu (17). Athymic nude mice were
inoculated with 5 � 104 T6-17 cells. Mice carrying tumor
received 4D5scFvZZ, 4D5scFv, or control buffer at the dose
of 10 mg/kg, 3 times per week via an intraperitoneal injec-
tion. As shown in Fig. 5, 4D5scFvZZ showed much greater

Table 1. Comparison of binding of 4D5scFv and the Grababody 4D5scFvZZ to different cell lines in FACS
analysis

4D5scFv 4D5scFvZZ
h4D5

16.7 nmol/L
(0.5 mg/mL)

167 nmol/L
(5 mg/mL)

14.3 nmol/L
(0.5 mg/mL)

143 nmol/L
(5 mg/mL)

66.7 nmol/L
(10 mg/mL)

T6-17 255.0 279.0 406.0 2355.0 901.2
SKBR3 59.2 39.6 65.2 396.2 313.8
BT474 332.8 228.1 121.9 489.7 377.7

NOTE: Mean fluorescence intensity readouts of each protein construct at indicated concentration were listed. The maximal binding
(in bold) was the highest mean fluorescence observed in the FACS analysis. Anti-His probe and Alexa-488 labeled anti-rabbit IgG
antibodies were used subsequently to detect the His-tagged 4D5scFv and 4D5scFvZZ. To show relative receptor expression levels
among these cell lines, binding of the h4D5 antibody was included. h4D5 was detected by a different secondary FITC-labeled anti-
human antibody, which had background readout of 3.0–4.3 in these 3 cell lines.
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Figure 2. 4D5scFvZZ binds to immobilized receptor and further capture human IgG molecules. A and B, direct binding of 4D5scFv and 4D5scFvZZ to
immobilized p185her2/neu subdomain IV, D4(508-577). C and D, to show that the 4D5scFvZZ Grababody can simultaneously bind to both the receptor and a
human IgGmolecule, D4(508-577)-bound 4D5scFvZZwas further exposed to human IgG (blue lines) or buffer (red lines). Two antibodies with human Fc were
tested: C225 (2 mg/mL; C); 2C4 (0.05 mg/mL; D). Neither C225 nor 2C4 binds to D4(508-577).
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activity than 4D5scFv in the inhibition of tumor growth. The
difference of tumor size in control and 4D5scFvZZ-treated
mice were statistically different. At day 14 and day 18, the
average size of tumors in the 4D5scFvZZ-treated group was
84.6% and 76.8% smaller, respectively. This level of inhibition
is comparable with what the h4D5 antibody could achieve in
the same model at the dose of 1 mg/kg (day 15, 76.5%
smaller, Supplementary Fig. S4).

Discussion
Conventional approaches to incorporate effector functions

to a protein with affinity to cancer cells involve constructing
fusion proteins containing either the Fc fragment of IgG or a
scFv fragment specific for Fc receptors. For Fc fusion pro-
teins, current clinical data on the use of whole antibody
molecules provide information on the expected clinical effi-
cacy and indicate that the haplotype of Fc receptor in
patients can also limit the activity of Fc fusion proteins. For
example, patients with FcgRIIa 131H/H and/or FcgRIIIa
158V/V genotypes showed better progression-free survival
than 131R and 158F carriers after anti-EGFR cetuximab
treatment (28). Although antibody can be engineered to bind
the Fc receptors better with optimized glycosylation such as
fucosylation, it is reported that the low-fucosylated anti-
EGFR mAbs, which have higher binding to FcgRIIIA and
improved ADCC by mononuclear effector cells, actually dis-
play reduced tumor cell killing by polymorphonuclear cells
(29). Preferential expression patterns of the activation recep-
tor FcgRIIIA on mononuclear cells and the inhibition recep-
tor FcgRIIIB on polymorphonuclear cells might account for
the differences.

A class of bispecific molecules has been developed to direct
ADCC activity specifically to tumors (Bsab). In these con-
structs, a tumor specific scFv, such as scFv for p185her2/neu, is
linked to another scFv specific for activating Fc receptors [e.g.,
FcgRIIIA (CD16); 30]. These Bsab constructs show ADCC
against p185her2/neu expression tumor cells, especially when

the scFv has nM affinity to p185her2/neu. However, the ADCC
induced by scFv Bsab, even with the trivalent form that shows
the highest potency, is much weaker than that of trastuzumab
(31). The full-length antibody-based Bsab (2B1) shows ADCC
comparable to trastuzumab, but it is observed to induce
cytokine release syndromes in clinical trials (30).

Our Grababody approach uses the Z domain to capture
circulating IgG, which subsequently direct immune effector
cells and the complement system to attack tumor cells (Figs.
3 and 4). The Z domain is derived from the B domain of
Protein A (SpA), a cell wall protein of Staphylococcus aureus.
There are immunogenicity concerns of using non-human
sequence in reagents developed for human use. It should be
pointed out that Staphylococcus aureus is a very common
pathogen and to which most people have been exposed. It is
estimated that about 80% of individuals have nasal carriage
of Staphylococcus aureus and 20% to 30% of the human
population have persistent S. aureus colonized in the ante-
rior nares (32, 33).

One immunologic concern of SpA relates to its binding to
Fab region of human immunoglobulins, primarily those of VH3
origin (34). Because of this binding capability, SpA is also
expected to bind VH3-encoded B-cell antigen receptors, lead-
ing to the selection of these B cells and production of anti-
bodies accordingly (35, 36). According to the solved complex
structure of D domain of Protein A and Fab (37), the helix 2 and
helix 3 of the D domain form the interface with Fab. However,
although the Z domain has intact helixes 2 and 3 as other
domains in Protein A, its affinity to VH3 containing Fab or scFv
is tremendously reduced (38). Thus, as the Grababody contains
only the Z domain instead of other IgG binding domains or the
whole Protein Amolecule, we should have less concerns on this
issue.

SpA can bind airway epithelial cells and activate TNFR1
signaling (39). Meanwhile, SpA also induces the shedding of
sTNFR, which limits TNFa function and is anti-inflammatory
(40). The ultimate effect of SpA on TNFa signaling is unclear.
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Figure 3. 4D5scFvZZ induces
CDC towards cells expressing
p185her2/neu. T6-17 cells were
incubated with h4D5, 4D5scFv
or 4D5scFvZZ in the presence of
either 5% FBS or mouse serum.
Cell viability was measured by
standard MTT assay. Growth
inhibition was determined by this
formula: [(control wells�treated
wells)/control wells] � 100%.
A t test was conducted to compare
statistical difference between
groups. Although all treatment
groups showed statistical
inhibition as compared with control
(P < 0.05), we consider >20%
inhibition to be biologically
significant. Both 4D5scFv and
4D5scFvZZ showed dose-
dependent inhibition activity in
the presence of mouse serum.

Cai et al.

Cancer Res; 73(8) April 15, 2013 Cancer Research2624

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/73/8/2619/2697750/2619.pdf by guest on 19 M

ay 2023



Interactions of SpAwith EGFR have been reported, which leads
to the activation of TACE, a metalloprotease that cleaves
TNFR1 and releases sTNFR1 from cell surface (40). In those
studies, SpAwas used at a very high effective concentration, 2.5
mmol/L (�100 mg/mL). We have not observed any significant
binding of EGFR with Protein A in immunoprecipitation
studies (41). In addition, as the potency of individual IgG
binding domain, such as the B domain and Z domain, to
induce sTNFR1 is minimal (39), we do not expect our Graba-
body to have any significant effect on TNFR1.
Although we only showed a p185her2/neu Grababody con-

structed from the scFv of h4D5, similar proteins can be
generated using smaller antibody-derived fragments, for exam-
ple, the constrained CDR3 from the heavy chain (data not
shown). These shorter antibody fragments in general have a
weaker affinity than the whole antibody molecule, but the
affinity can be optimized through a variety of techniques. In
addition, the half-life of the Grababody may not yet be ideal. In
a very recent study, the IgG binding B domain was proposed as
a way to extend the plasma half-life of scFv approximately 6

times (42). We expect the p185her2/neu Grababody to have a
similar serum half-life of approximately 12 hours, but that will
still be shorter than the half-life of 7 to 10 days for IgG. The less
than ideal affinity as well as half-life suggest thatwe need to use
a higher dosage of Grababody than the antibody to obtain
similar levels of in vivo activity (Figs. 5 and Supplementary Fig.
S4).

In addition to the future optimization of the affinity and
half-life, we recognize that there is still room for improve-
ment for the Z domain in the Grababody. The Z domain
could be deimmunized and humanized for future use in
human (43). Furthermore, it seems that the IgG binding
domain can be shortened. Braisted and colleagues reported
a shorter version of the Z domain with slightly reduced
affinity to Fc (KD ¼ 43 nmol/L vs. 10 nmol/L of the Z domain;
ref. 22). In a follow-up study, a disulfide bond was used to
constrain the conformation of the mini-Z domain to
improve binding to Fc (44).

In summary, we have developed a proof-of-concept class of
novel recombinant proteins to direct endogenous antibody to

Figure 4: ADCC activity mediated
by 4D5scFvZZ. ADCC activity of
human PBMCs against breast
cancer BT474 cells was tested
in the presence of 4D5scFvZZ
(1 or 10 mg/mL) and human IgG
(100 mg/mL; A). A significant increase
of ADCC activity was observed when
10 mg/mL of 4D5scFvZZ was used
(t test, P< 0.05) as compared with
human IgG alone. In contrast, no
activity was detected when 4D5scFv
was used under similar conditions.
B, ADCC activity of 4D5scFvZZ was
dependent on the supplemented
human IgG. In the absence of human
IgG, only the h4D5 antibody showed
very significant ADCC activity
(P < 0.01). No significant ADCC
activity was detected for 4D5scFvZZ
on control cell lines A431 (C) and
NIH3T3 (D).
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tumor cells. As a result, effector cell functions can be mediated
towards tumors. Using a scFv of an anti- p185her2/neu receptor
antibody, we have shown much improved in vivo activity of

Grababody as compared with the scFv alone. This approach
can be quickly adopted for other tumor antigen-targeting
proteins.
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