original article

Official journal of the American Society of Gene & Cell Therapy

Open

MT

A HER2-specific Modified Fc Fragment (Fcab)
Induces Antitumor Effects Through Degradation
of HER2 and Apoptosis
Kin-Mei Leung1, Sarah Batey1, Robert Rowlands1, Samine J Isaac1, Phil Jones1, Victoria Drewett1,
Joana Carvalho1, Miguel Gaspar1, Sarah Weller1, Melanie Medcalf1, Mateusz M Wydro1, Robert Pegram1,
Geert C Mudde1, Anton Bauer1, Kevin Moulder1, Max Woisetschläger1, Mihriban Tuna1, John S Haurum1
and Haijun Sun1
F-star Biotechnology Ltd, Babraham Research Campus, Cambridge, UK

1

FS102 is a HER2-specific Fcab (Fc fragment with antigen binding), which binds HER2 with high affinity and
recognizes an epitope that does not overlap with those
of trastuzumab or pertuzumab. In tumor cells that
express high levels of HER2, FS102 caused profound
HER2 internalization and degradation leading to tumor
cell apoptosis. The antitumor effect of FS102 in patientderived xenografts (PDXs) correlated strongly with the
HER2 amplification status of the tumors. Superior activity
of FS102 over trastuzumab or the combination of trastuzumab and pertuzumab was observed in vitro and in vivo
when the gene copy number of HER2 was equal to or
exceeded 10 per cell based on quantitative polymerase
chain reaction (qPCR). Thus, FS102 induced complete
and sustained tumor regression in a significant proportion of HER2-high PDX tumor models. We hypothesize that the unique structure and/or epitope of FS102
enables the Fcab to internalize and degrade cell surface
HER2 more efficiently than standard of care antibodies.
In turn, increased depletion of HER2 commits the cells to
apoptosis as a result of oncogene shock. FS102 has the
potential of a biomarker-driven therapeutic that derives
superior antitumor effects from a unique mechanism-ofaction in tumor cells which are oncogenically addicted
to the HER2 pathway due to overexpression.
Received 6 January 2015; accepted 7 July 2015; advance online
publication 25 August 2015. doi:10.1038/mt.2015.127

INTRODUCTION

HER2 is an oncoprotein in the ERBB receptor family. Activation
of this receptor family induces potent signaling through the mitogen-activated protein kinase (MAPK) and phosphatidylinositol
3-kinase (PI3K) pathways which promote tumor cell growth and
survival.1 HER2 does not have a known ligand and exists in an
“open” configuration with its dimerization interface accessible
in the native state.2,3 This property makes HER2 the preferred

dimerization partner of the other ERBB receptors.4 Heterodimers
containing HER2 are poorly internalized and degraded, a phenomenon that is more prominent when HER2 is overexpressed.5
HER2 is overexpressed in 20–30% of breast and gastric cancers and expression is correlated with a poor prognosis.6–9 A
number of HER2-targeted agents have been developed, including
trastuzumab, pertuzumab, trastuzumab emtansine (T-DM1), and
lapatinib. However, a large unmet medical need remains due to
intrinsic or acquired resistance. For example, the response rate
to T-DM1 in HER2-positive advanced breast cancer patients was
only less than 50%. Even for those who responded, the median
progression-free survival was less than a year.10
An Fc fragment with antigen binding (Fcab) is a 50 kDa
homodimeric antibody fragment format derived from the
constant domain of human IgG1 (residues 238–478 by Kabat
numbering). The engineering of the Fcab has been described previously by replacing amino acid sequences in the human IgG1 Fc
fragment located at the C-terminal structural loops in the CH3
domain to generate antigen binding sites (Figure 1a).11 The Fcab
scaffold typically retains effector functions as well as the long halflife comparable to wild-type (WT) Fcab (the unmodified corresponding sequence of the constant region of human IgG1) at one
third of the size of an IgG. Such properties set the Fcab apart from
other antibody scaffolds of similar or smaller size.
Here we report the discovery and preclinical activity of a
novel biologic, FS102, a HER2-targeting Fcab. FS102 has a unique
mechanism-of-action that involves induction of tumor cell apoptosis, and exhibits superior antitumor activity compared to standard
of care antibodies in xenograft tumor models preselected according to a novel biomarker strategy. The results presented suggest that
FS102 has the potential to address unmet medical needs including
those arising from resistance to trastuzumab-based therapies.

RESULTS
Selection and production of an anti-HER2 Fcab

Experimental and computational stability studies were performed
to assess the effects of randomization of distinct regions within

The first two authors contributed equally to this work.
Correspondence: Sarah Batey, F-star Biotechnology Ltd, Moneta Building B280, Babraham Research Campus, Cambridge, CB22 3AT, UK.
E-mail: sarah.batey@f-star.com

1722

www.moleculartherapy.org vol. 23 no. 11, 1722–1733 nov. 2015

Official journal of the American Society of Gene & Cell Therapy

Fcab Inducing Degradation of HER2 and Tumor Apoptosis

a

b
AB
360

350

Fc region

MCF7 (HER2−)

6,000
4,000
2,000
0
0

1

2

3

80,000
60,000
40,000
20,000
0
−1

4

Log concentration (nmol/l)
180
160
140
120
100
80
60
40
20
0
−20 0
−40

1

2

430

440

450

3

25,000
20,000
15,000
10,000
5,000
0
−1

4

0

1

2

3

4

Log concentration (nmol/l)

Log concentration (nmol/l)
1,200
1,000
Response (RU)

Response (RU)

d

0

390

HCC1954 (HER2+)

100,000

Mean fluorescence intensity

8,000

−1

EF
420

410

380

SK-BR-3 (HER2+)

10,000

Mean fluorescence intensity

Mean fluorescence intensity

c

400

370

200
1st Inj.

400

600

800

1,000

1,200

1,400

Time (s)
2nd Inj.
FS102, FS102
FS102, FS102+PE

800
600
400
200
0
−200

0

100

200
1st Inj.

PE, PE
PE, PE+FS102

300

400

500

600

700

800

900

2nd Inj.
FS102, FS102
FS102, FS102+TR

TR, TR
TR, TR+FS102

Figure 1 Fcab structure and binding characterization of FS102. (a) Graphic representation of an IgG with the Fc region magnified to show the
crystal structure of the WT Fcab. The light and dark gray space fills in the crystal structure denote the AB and EF loops respectively. (b) Amino acid
sequence comparison of FS102 (bottom) to WT Fcab (top). Differences are underlined. (c) Specific binding of FS102 to cell surface HER2 demonstrated by flow cytometry. Solid circles: FS102; Open Squares: WT Fcab. Each data point is the average of duplicate samples (error bars: standard deviation). (d) Competition in binding to HER2 ECD among FS102, trastuzumab (TR), and pertuzumab (PE) determined using BIAcore. Left: Competition
to HER2-bound PE, right: Competition to HER2-bound TR. The legend denotes the two analytes that were injected sequentially. The two injections
are indicated by arrows. Injection of FS102 results in the same response unit (RU) gain on a clean HER2 coated surface (---) as a PE or TR saturated
surface (—). Similarly, TR or PE give the same response unit change when injected on a clean HER2 surface (___) or a FS102 saturated surface (---).
Together these data show that FS102 does not compete for binding to HER2 with TR or PE. WT, wild type.

the CH3 domain of human IgG1 Fc fragment.12 The identified
permissive residues (358–362 and 413–419 Kabat numbering;
referred to as AB and EF loops) were randomized to construct a
yeast Saccharomyces cerevisiae surface display library of Fc fragments.13 The amino acid substitutions were carried out by PCR
using NNB-oligonucleotides.11 The corresponding isotype control
of Fcabs is the unmodified constant region of human IgG1 denoted
as wild-type (WT) Fcab. The library was screened for binding to
HER2 extracellular domain (ECD), and the structural integrity of
the positive clones confirmed by their uncompromised binding to
anti-CH2, CD64, and Protein A (data not shown). The resulting
FS102 contains a total of 9 amino acid substitutions in the AB and
EF loop of the CH3 domain compared to WT Fcab (Figure 1b).
Production of soluble FS102 was achieved by mammalian expression in transfected CHO cells followed by protein A purification.
Molecular Therapy vol. 23 no. 11 nov. 2015

Compared to the WT Fcab, FS102 exhibited a similar symmetrical
single-peak size exclusion chromatography profile, comparable
binding affinity to Fc receptors, and the same first thermal transition Tm1 (70.8 °C; Supplementary Figure S1 and Supplementary
Table S1). The mouse serum half-lives t1/2 of FS102 and the WT
Fcab were approximately 60 and 40 hours, respectively. Taken
together, these results indicate that the overall structural integrity
of FS102 was not significantly altered by the induced mutations.

FS102 is specific for HER2 and binds to a different
epitope than trastuzumab or pertuzumab
FS102 bound to recombinant HER2 ECD-Fc fusion with an
apparent KD of 0.8 ± 0.3 nmol/l. This binding was specific to
HER2. The KD of trastuzumab and pertuzumab binding to HER2
was 0.4 ± 0.03 and 6.3 ± 0.9 nmol/l, respectively (Supplementary
1723
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Table S2). The BIAcore specificity experiment showed that FS102
did not have any detectable binding to the other HER family
receptor EGFR, HER3, HER4 (Supplementary Figure S2). FS102
binds to HER2 overexpressing cancer cell lines SK-BR-3 (EC50 =
1.1 nmol/l) and HCC1954 (EC50 = 3.3 nmol/l). There is no significant binding to MCF7, which does not overexpress HER2
(Figure 1c). In a HER2 binding competition experiment, FS102
did not compete with trastuzumab or pertuzumab, indicating that
the epitope of FS102 does not overlap with those of trastuzumab
and pertuzumab (Figure 1d). Despite having nonoverlapping
epitopes, FS102 and trastuzumab exhibited no significant difference in the number of binding sites recognized on the surface of
HCC1954 or the SK-BR-3 cells (Supplementary Figure S2).

FS102 induces profound receptor internalization and
degradation in cell lines expressing a high level of
HER2
The effects of FS102 on HER2 protein level and HER2-mediated
signaling as a function of time were investigated. In one study,
labeled antibodies and Fcabs were incubated with HER2 expressing BT474 cells and the intensity of the labels was determined at
various time points (Figure 2a). The results indicated that FS102
and trastuzumab were internalized at comparable rate and extent.
In another study, unlabeled antibodies or Fcabs were incubated
with SK-BR-3 cells, and membrane or total HER2 proteins were
subsequently stained (Figure 2b,c). The results showed timedependent depletion of membrane HER2 mediated by FS102,
trastuzumab, and the combination of trastuzumab and pertuzumab. Maximal depletion was recorded after 72 hours of incubation. FS102, trastuzumab, and the combination of trastuzumab
and pertuzumab reduced membrane HER2 levels by 81 ± 1.4,
35 ± 0.7, and 57.2 ± 6.0%, respectively. Meanwhile, significant
time-dependent depletion of total HER2 was observed in cells
treated with FS102 and the combination only. After 72 hours of
incubation, FS102, trastuzumab, and the combination of trastuzumab and pertuzumab reduced total HER2 by 70 ± 16, 20 ± 3,
and 29.1 ± 1.0%, respectively. To corroborate these findings, western blot of HER2 and pHER2 was conducted using the lysates of
SK-BR-3 cells that had been treated with antibodies or Fcabs for
24, 48, or 72 hours. The results confirmed that total HER2 protein
was reduced by both FS102 and to a lesser degree by the trastuzumab and pertuzumab combination but not by trastuzumab on
its own (Figure 2d). For all treatment modalities, reduction in
total HER2 closely correlate to that of the pHER2 (Figure 2d),
suggesting a possible cause-effect relationship. The same timecourse study was conducted using another HER2 overexpressing
cell line HCC1954, and similar observations were made (data not
shown).
Apoptosis is the unique biological effect induced
by FS102 and a prominent mechanism of action for
tumor cell growth inhibition: in vitro assessment
Unlike trastuzumab, FS102 did not induce G1 cell cycle arrest
or inhibit the shedding of HER2, (results not shown). Instead,
FS102 treatment of SK-BR-3 cells activated caspase 3/7 in a dose-
dependent manner with an EC50 of 0.8 nmol/l, whereas neither
trastuzumab nor the combination of trastuzumab and pertuzumab
1724
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increased caspase activity (Figure 3a). This indicates that induction of apoptosis is a unique mechanism of action of FS102. The
apoptotic effect was apparent after relatively prolonged treatment
(120 hours), corresponding to the hypothesis that the apoptosis
observed is a consequence of the internalization and degradation
of HER2.
A hallmark of apoptotic cells is compromised membrane
integrity. Membrane flipping increases the exposure of extracellular phosphatidylserine. Permeabilized cell membrane allows pro
pidium iodide to bind to nucleic acid. Staining of FS102-treated
cells after 120 hours incubation showed the presence of extracellular phosphatidylserine and nucleic acid-bound propidium iodide
in 38 ± 7 and 23 ± 5% of the cells, respectively (Figure 3a). Neither
trastuzumab nor the combination of trastuzumab and pertuzumab produced any significant effects in the same experiments.
The pronounced apoptotic activity of FS102 correlated with a
potent growth inhibition in a proliferation assay performed on cell
lines with high HER2 gene amplification status. FS102 reduced
SK-BR-3 cell numbers by 39 ± 8% after 5 days of incubation, compared to 22 ± 10 and 22 ± 3% by trastuzumab and the trastuzumab
and pertuzumab combination, respectively (Figure 3b). This difference in potency was even more pronounced in HCC1954 cells:
FS102 reduced the cell number by 47 ± 5% while the other two
agents were ineffective (Figure 3b). To confirm that these activities of FS102 are target-specific, the same study was repeated
using tumor cell lines in which HER2 is not amplified (MCF7 and
MDA-MB-468). As expected, FS102 did not show any significant
antiproliferative activity in these two cell lines (Figure 3c).

FS102 induces complete tumor regression and tumor
cell apoptosis: in vivo assessment
The antitumor activity of FS102 was tested in vivo using mice
implanted with HER2-positive PDX tumors. Remarkably, in one
model of colorectal cancer (CXF1991) and two models of gastric
cancer (GXA3039 and GXF281), FS102 induced complete tumor
regression after 4–5 weekly treatments at 10 mg/kg and no tumor
regrowth was observed during a 13-week follow-up period. In
contrast, trastuzumab or the trastuzumab and pertuzumab combination did not shrink the tumors but merely delayed tumor
growth (Figure 4). In a second colorectal model (CXF2102) and
a breast model (HBCx-13B), FS102 also exhibited strong tumor
control. This effect was superior to that of both trastuzumab and
the combination of trastuzumab and pertuzumab. To demonstrate
that the antitumor effect is mediated by specific HER2 targeting,
a gastric and a breast PDX without HER2 amplification were subjected to the same treatment. No significant antitumor effect was
observed from the treatments of any HER2 agents.
In a separate study, tumors from the GXA3039 gastric model
were subjected to ex vivo analyses of HER2 receptor level and cell
mitogenesis and apoptosis. Treatments were started with relatively
larger tumors (500 mm3 or greater, as compared to 100–200 mm3
in a typical in vivo study) so that sufficient tumor tissue could be
collected. FS102 maintained its unique activity to induce complete
tumor regression even in these larger tumors (Figure 5a). Western
blot analysis of the tumor lysates obtained from some of the mice 2,
4, or 6 days after the first dose showed that FS102 led to significant
downregulation of both HER2 and pHER2 (Figure 5b). Consistent
www.moleculartherapy.org vol. 23 no. 11 nov. 2015
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Figure 2 Effects of antibodies on HER2 protein level and signaling. TR, trastuzumab; PE, pertuzumab; TR+PE, 1:1 combination of trastuzumab and
pertuzumab. (a) A time course of labeled FS102 and TR shows both can be internalized in BT474 cells. At 4 °C, both FS102 and TR show characteristic
cell surface staining. At 37 °C, staining becomes increasingly more pixelated over time and loses the contour of the cells, suggesting internalization.
(b) A time course showing membrane HER2 staining of SK-BR-3 cells after being treated with FS102, TR, and TR+PE (200 nmol/l, 37 °C) highlights the
efficient removal of membrane HER2 by FS102 or TR+PE. (c) Quantification of HER2 staining confirms that FS102 is more effective in eliminating both
membrane and total HER2 in SK-BR-3 cells than TR and TR+PE. All treatments were at 200 nmol/l and 37 °C. Membrane HER2 and total HER2 labeling
were performed using unpermeabilized and permeabilized cells, respectively. Percentage of HER2-positive cells was calculated (error bars: standard
deviations). (d) Western blot of SK-BR-3 cell lysates confirms significant reduction of total HER2 and pHER2 by FS102 and TR+PE. WT, wild type.

with the observations in vitro, FS102 increased the level of cleaved
cytokeratin 18 in the treated tumors, indicating significant cell
death in these samples (Figure 5d). This was accompanied by
almost complete suppression of mitosis (Figure 5c). In all studies,
the effect of FS102 was already apparent 48 hours after first dosing.
Marked increase in cleaved cytokeratin 18 levels was also observed
in the control tumor lysate. However, this increase was likely the
result of background necrosis commonly observed in large tumors.

Pharmacokinetics
The binding to neonatal Fc receptor (FcRn) contributes to the
greater half-life of IgG1 due to recycling of the IgG1-FcRn complex to the cell surface. As mentioned earlier, the binding to FcRn
was not affected by the mutations induced in the CH3 domain
of FS102. Thus, the FcRn-mediated half-life protection may also
apply to FS102. The half-lives of trastuzumab, FS102, and WT Fcab
were determined in Balb/c mice and were found to be 428, 60, and
40 hours, respectively. The half-life of trastuzumab obtained was
consistent with the reported range of 264–936 hours.14 The molecular weight of Fcabs (approximately 50 kDa) is in the range of the
molecular weight cut off for glomerular filtration (30–60 kDa),15
therefore the fact that the half-lives of FS102 and the WT Fcab are
shorter than that of trastuzumab is consistent with the difference
Molecular Therapy vol. 23 no. 11 nov. 2015

in molecular weight of an Fcab and a mAb. However, the results
confirm that the sequence changes in the CH3 domain of FS102
compared with the equivalent wild type Fc fragment do not
adversely affect pharmacokinetics.
A dose-dependency study was conducted using a colorectal
tumor model CXF 2102 to compare the potency of FS102 and
trastuzumab. When both agents are dosed at 10 mg/kg, the molarity of the Fcab is approximately three times higher than that of
trastuzumab. FS102 and trastuzumab showed T/C values of 9.0
and 89.8%, respectively. The T/C was 20.2% when the dosage of
FS102 was reduced to 3 mg/kg to approximate the molarity of
trastuzumab at the time of dosing. This however, does not take
into account the somewhat faster clearance of FS102 (mouse t½ =
60 hours) compared with trastuzumab (mouse t½=428 hours).
Thus, at once weekly equimolar dosing, the exposure (AUC) of
FS102 is bound to be significantly lower than that of trastuzumab.
Taking together, these results demonstrate that the superior efficacy of FS102 is not due to increased exposure.

FS102 causes regression in tumors that are refractory
to the combination of trastuzumab and pertuzumab
The different biological activities of FS102 and the combination of trastuzumab and pertuzumab suggest that FS102 may be
1725
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Figure 3 FS102 induces apoptosis and reduces cell growth in vitro. SK-BR-3 cells were treated with FS102, trastuzumab (TR), or the trastuzumab
and pertuzumab combination (TR+PE) for 5 days before analysis. Each data point is the average of duplicated samples (error bar: standard d
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(a) FS102 induces apoptosis in HER2 overexpressing cell line, SK-BR-3. Shown by relative changes in caspase 3/7 activity, relative changes in the
population of late apoptotic cells measured by Annexin V/propidium iodide (PI) staining, and relative changes in the population of necrotic cells
measured by PI staining. (b) FS102 inhibits proliferation in HER2 overexpressing cell lines, as shown by relative decrease in SK-BR-3 and HCC1954
cell number after 5 days of treatment. (c) FS102 does not inhibit proliferation in HER2-negative cell lines as shown by relative changes in MCF7 and
MDA-MB-468 cell number after 5 days of treatment. Statistical analysis performed using repeated one-way analysis of variance, * denoted P < 0.05;
**P < 0.01; ***P < 0.001. WT, wild type.

applied following the combination treatment to address intrinsic
or acquired resistance. This was tested using the GXF281 model.
In this study, mice underwent initial weekly treatments with
vehicle control, FS102, or the combination of trastuzumab and
pertuzumab for 4 weeks. As previously observed, FS102 induced
complete tumor regression, while the combination treatment
merely slowed the tumor growth compared to control. After
a resting period, and when the tumors had reached an average
size of approximately 600 mm3, all the animals in the trastuzumab and pertuzumab combination therapy group were randomized and either (i) continued on the combination therapy, or
1726

(ii) switched to FS102 treatment at either 10 or 3 mg/kg, or (iii)
received no further treatment. Remarkably, the tumors which had
progressed on the standard of care combination showed a complete response to FS102 at both dosages, whereas as expected they
remained refractory to the combination (Figure 6).

HER2 gene amplification status appears predictive of
the antitumor effects of FS102
Previous studies have demonstrated that the efficacy of trastuzumab is dependent on the HER2 amplification status of the
patient.16 The effects of FS102 treatment in a total of 23 PDX
www.moleculartherapy.org vol. 23 no. 11 nov. 2015
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performed using repeated one-way analysis of variance, * denoted P < 0.05; ** denoted P < 0.01; *** denoted P < 0.001; **** denoted P < 0.0001.
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Figure 5 Ex vivo analyses of xenograft tumor tissues confirms the reduction of HER2 and the induction of apoptosis by FS102. (a) FS102 treatment leads to complete tumor regression. Treatment administration schedule is shown by arrows. (b) Western blot of HER2 and pHER2 using tumor
lysates collected from the mice on days 0, 2, 4, and 6. n1, n2, and n3 stand for three randomly selected mice within each treatment group. (c) Effect
of FS102 on cell mitosis visualized by H&E staining of the tumor sections. Each column represents the average number of mitotic cells from 10 fields
of view fields (error bar: standard deviation). (d) Western blot of cleaved cytokeratin-18 as an apoptosis marker. Each sample was a mixture of the
tumor lysates collected from the three randomly selected mice within each treatment group. PBS, phosphate-buffered saline.

tumors are summarized in Table 1 and Figure 7. The PDX tumors
displayed a wide range of HER2 gene copy number (GCN) per cell
as measured by qPCR. A strong correlation is observed between
the efficacy of FS102 and the HER2 GCN status of the tumors
(Figure 7). In tumors with GCN ≥ 10 (8 out of 23 models), FS102
was not only active but showed efficacy that was consistently
superior to that of trastuzumab. FS102 produced unusually potent
antitumor effects in the majority of these tumors, as demonstrated
by complete tumor regression in several models. In contrast,
complete regression was never observed following trastuzumab
treatment and only rarely with the trastuzumab and pertuzumab
combination. In the xenograft tumors with HER2 GCN < 10,
FS102 did not show significant antitumor effect. Interestingly,
tumors in this group also responded poorly to trastuzumab.

DISCUSSION

FS102 belongs to a new class of biologics generated by introducing
antigen-binding sites in the CH3 domains of the immunoglobulin
1728

constant domain.11 FS102 and the WT Fcab showed similar biophysical properties, suggesting no major structural deviation
between the two molecules. The structure of the WT Fcab has
been solved (data not shown) and is similar (root mean squared
deviation (RMSD) = 0.3) to that of the reported structure of the
IgG1 constant domain (1H3X). Based on this structure, it is inferred
that the binding sites of FS102 form a relatively compact antibody
fragment with two binding sites situated in close proximity. In contrast, the Fab arms of a typical mAb are separated by a flexible hinge
region. By virtue of these structural differences, the two classes of
molecules may target the same antigen differently, such as via different antigen epitopes or resulting in different configurations of
the antigen:antibody complex. FS102 binds HER2 with high affinity comparable to that of trastuzumab and pertuzumab. However, it
does not compete with either mAb in binding to the receptor.
Trastuzumab binds to HER2 on domain IV, an interaction that
may provide a steric barrier to direct interaction of the transmembrane regions to avoid kinase activation.17 It facilitates endocytosis
www.moleculartherapy.org vol. 23 no. 11 nov. 2015
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Table 1 Summary of the efficacy as defined by the T/C values of FS102
and trastuzumab treatments and HER2 GCN of the 23 PDX models
tested
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Figure 6 FS102 causes complete tumor regression in patient-derived
xenograft model that has progressed after the trastuzumab and
pertuzumab combination treatment (TR+PE). Animals were subjected
to four cycles of treatments with vehicle, FS102, or TR+PE. After 31-day
recovery, they were subjected to seven additional cycles of treatments as
indicated. Treatment administration schedule is shown by arrows.
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of HER2.18 Consequently, trastuzumab indirectly decreases the
population of HER2 heterodimers by sequestering the monomer,
even though it does not directly target the dimerization interface.
The epitope recognized by trastuzumab is in close proximity to the
proteolytic cleavage site on HER2 thus preventing shedding and
the formation of constitutively active truncated receptors.17,19,20
Pertuzumab targets the dimerization of HER2, thereby inhibiting the formation of HER2 homodimers and HER2-containing
heterodimers.21,22
Although the structure of the FS102:HER2 complex is not
known, our data clearly suggest major differences in epitopes and
the effects of formation of this complex compared with those of
trastuzumab and pertuzumab. FS102 induces profound HER2
internalization and degradation, whereas trastuzumab internalizes but does not downregulate cell surface HER2.18 HER2
removal should inhibit the signaling of not only HER2 homodimers but also HER2-containing heterodimers because HER2 acts
as the central node of the ERBB signaling pathways.4
Internalization and degradation of oncogenic receptors is an
important mode of action for other antibody therapeutics (e.g.,
against EGFR, c-MET, HER2, IGF1R).23–26 By removing the receptor from the cell surface, a therapy is less susceptible to certain
resistance mechanisms such as compensatory ligand upregulation
or ligand-independent activating mutations of the receptors.27
However, it has been suggested that HER2 homodimers and heterodimers are naturally resistant to internalization due to their
exclusion from clathrin-coated pits, thereby avoiding the ubiquitin-c-Cbl-mediated lysosomal pathway for degradation.28,29 The
current data showed that trastuzumab effectively internalized
HER2, yet the internalization did not lead to equally effective
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a,b
These groups were treated with 30a and 60b mg/kg FS102 to reach maximal
efficacy observed in the in vivo study.
GCN, gene copy number; PDX, patient-derived xenograft.

removal of the receptor, consistent with a previous observation
where trastuzumab-induced internalized HER2 is efficiently
recycled.18 Recent data suggest that receptor internalization
and degradation may be best achieved by a cocktail of antibodies or bispecific constructs that recognize different epitopes on
the receptor and cause the formation of large antigen–antibody
lattices.30,31 It is speculated that such complexes are prone to collapse into the cytoplasm and subsequent trafficking and degradation in the lysosome. Indeed, an EGFR-specific antibody cocktail
has been demonstrated to be highly efficient in reducing EGFR
signaling in cells that are resistant to ligand-blocking antibodies
such as cetuximab and panitumumab.27
The two HER2 binding sites of FS102 are spatially close to
each, as compared with those of a typical mAb (30–40 Å versus
120–170 Å).32 It is conceivable that the close proximity of the two
sites in the relatively inflexible Fcab structure may favor a more
1729
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Figure 7 FS102 shows potent activity in patient-derived xenograft
(PDX) tumors with HER2 GCN ≥ 10. Scatter plot showing T/C values of
the PDX models treated with FS102 or trastuzumab (TR). P values were
determined using unpaired Student’s T-test. GCN, GCN, gene copy number; T/C, treatment/control.

ordered and tightly packed Fcab-antigen lattice and result in
accelerated aggregation and internalization of the antigen/Fcab
complexes. Alternatively, FS102 may act by inducing HER2 to
adapt a conformation that is more susceptible to the degradation
machinery. Such mechanism of action has been described previously where the antibody L26 interacted with HER2 to increase
the recruitment of cbl.33 Further structural studies such as x-ray
crystallography may be necessary to shed light on the internalization mechanism of the FS102:HER2 complex.
FS102 induces pronounced apoptosis in tumor cells expressing high level of HER2. Neither trastuzumab nor the combination
of trastuzumab and pertuzumab show such an effect. Although
the molecular events resulting from FS102 treatment have not
been fully elucidated, apoptosis appears to be a key mechanismof-action for the antitumor activity of FS102, which is consistent with the oncogene addiction paradigm. Overexpression of
an oncogene growth receptor such as HER2 affords tumor cells
with a growth advantage over the normal cells. Paradoxically, this
advantage may also become the Achilles’ heel of the tumor cell.
Uncontrolled growth upsets cell homeostasis and exerts stress on
the machinery that maintains normal physiological processes.
Cancer cells cope with this pressure by activating prosurvival
and antiapoptotic signals.34 This, together with other mutations
and epigenetic abnormalities, renders the intracellular circuitry
of the cancer cell in a bizarre state in which cancer cells become
overtly dependent on the oncogene for survival. Profound inactivation and/or elimination of such an oncogene thus leads to
“oncogene shock” and cell death due to differential attenuation of
prosurvival and antiapoptotic signals.35 HER2 depletion as a way
1730
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to induce oncogene shock has previously been demonstrated by
using siRNA.36 In our studies, the oncogene shock may be more
apparent in cells treated with FS102 than those by trastuzumab
and pertuzumab due to the fast and profound HER2 elimination
through internalization and degradation.
A pattern emerges when the biological activity of the Fcab is
compared to the HER2 gene amplification status. By one measure
the superior activity of FS102 over trastuzumab is observed when
the HER2 gene copy number exceeds 10. Furthermore, our study
shows that FS102 is capable of completely overcoming resistance
to the combination therapy. These findings are consistent with our
current understanding of the mechanism-of-action of the Fcab.
Tumors with greater degrees of oncogene addiction are more
likely to exhibit higher levels of HER2 gene amplification.37 The
greater internalization and degradation induced by FS102 leads to
receptor depletion and profound “oncogene shock” in oncogeneaddicted tumors. Thus, in carefully selected tumors, FS102 may
act as a cytotoxic rather than as a classical biologics therapeutic
with growth inhibitory activity.
The development of HER2-specific agents represents
one of the greatest achievements in targeted cancer therapy.
Trastuzumab and pertuzumab have significantly improved the
outlook for HER2-positive breast and gastric cancer patients.38,39
Recently, the trastuzumab-based antibody drug conjugate T-DM1
was approved in metastatic breast cancer, representing another
significant milestone in targeting HER2. However, a number of
resistance mechanisms to these standard-of-care agents have
emerged. For example, trastuzumab is thought to derive some of
its activity via ADCC, therefore patients with a weaker immune
system may not respond well to trastuzumab-based treatment
regimens.40 As T-DM1 becomes more broadly used, the incidence
of resistance to T-DM1 may increase, in part because tumors that
are insensitive to taxane-based chemotherapeutics are likely also
to be resistant to T-DM1.41 Thus, a significant unmet medical need
remains. FS102 is a novel HER2-specific biologic that induces significant tumor cell apoptosis, and its biological activity may be
predicted by a clinically relevant biomarker.
The Fcab is remarkably stable and maintains many drug-like
features of a mAb. In PDX mouse tumor models, FS102 significantly reduces the growth of breast, gastric and colorectal cancers
which are positive for the HER2 gene copy number biomarker, in
many cases leading to complete tumor regression. Thus, FS102
holds significant promise as a biomarker-driven clinical candidate in a subset of solid tumor patients with high HER2 gene copy
numbers.

MATERIALS AND METHODS

Library design and construction. The Fcab library was constructed using
the modified pYD1 (Life Technologies, Carlsbad, CA) yeast display vector
pYD1dXFcdel as described previously.11 Briefly, residues 358–362 of the
AB loop and 413–419 of the EF loop (Kabat EU numbering)13 in the CH3
domain were randomized by PCR using NNB-oligonucleotides.11 Growth
of the libraries, induction of display, and determination of library size were
performed according to standard protocols (Life Technologies). Libraries
and clones were monitored for display using anti-Xpress antibody (Life
Technologies) and for the quality of displayed protein using anti-CH2FITC (AbD Serotec, Oxford, UK). Induction was carried out at 37 °C
during different stages of construction (Supplementary Figure S3a).42

www.moleculartherapy.org vol. 23 no. 11 nov. 2015

Official journal of the American Society of Gene & Cell Therapy

Functional clones were gated based on binding to anti-Xpress and antiCH2 antibodies. These clones were isolated and used as a template for an
additional iteration of library construction in order to reach desired diversity (Supplementary Figure S3b). The final naive library contains >108
independent clones.
HER2 selections and screening. Selection and screening of Fcab libraries
to HER2-ECD (Bender MedSystems, Vienna, Austria) were performed as
described previously.11,43 Positive binders were detected with streptavidinR-phycoerythrin (Sigma, St Louis, MO). The selection was repeated three
times against 500 nmol/l biotinylated HER2 ECD and initial hits were subjected to additional affinity maturation by rerandomizing the AB or EF
loop. All 20 amino acids were represented equally for each position during
the randomization. The resulting library was subjected to another three
rounds of selection against 50 nmol/l biotinylated HER2 ECD and positive
clones were expressed as soluble Fcabs. FS102 was selected based on its
overall superior attributes in affinity and specificity to HER2 ECD.
Cell lines, animals, and reagents. Human breast cancer cell lines BT-474,

SK-BR-3, HCC1954, and MCF-7 were obtained from the American
Type Culture Collection (ATCC, Manassas, VA). Antitumor effects were
assessed in vivo using PDX. Models of gastric tumors (GXA3039, GXF281,
GXA3054, GXA3038, GXA3067, and GXA3005) and colorectal tumors
(CXF1991, CXF2102, CXF647, CXF1103, CXF975, CXF1729, CXF260,
and CXF1034) breast tumors (MAXF583 and MAXF508), lung tumors
(LXFA983 and LXFE690), ovarian tumor (OVXF1023), and pancreatic
tumors (PAXF736 and PAXF2005)) were provided by Oncotest (Freiburg,
Germany). The breast tumor model HBCx-13B was provided by Xentech
(Evry, France) and the gastric tumor model GA0060 was provided by
Crown Bioscience (Taicang, China).

BIAcore analyses. Data were acquired using a BIAcore 3000. All dilution

mixtures were prepared in HBS-P buffer (GE Healthcare, Little Chalfont,
UK). Antigens were immobilized on CM5 chips using the standard amine
coupling technique. For KD determination, the antigen human HER2
ECD-Fc recombinant (R&D Systems, Minneapolis, MN) was immobilized on a CM5 chip to 200 response units (RU). The analyte FS102
(50 µg/ml) was injected at a rate of 20 µl/minute. For specificity assessment, the human EGFR, HER3, or HER4 ECD-Fc antigens (R&D systems,
Minneapolis, MN) were immobilized on a CM5 chip to 6,000 RU. The analyte FS102 (50 µg/ml) was injected at 20 µl/minute. For competition binding assessment, the human HER2 ECD-Fc antigen was immobilized on a
CM5 chip to 1,000 RU. The two analytes were injected at a flow rate of 20 µl/
minute sequentially: the first contained one anti-HER2 agent (10 µg/ml)
and was injected to saturate the immobilized antigen while the second is a
mixture of the first agent and a competing agent (both at 10 µg/ml).
Flow cytometry. Cells were seeded at 2 × 106 cells/ml in 96-well plates in

cold buffer (1× Dulbecco’s phosphate-buffered saline, calcium and magnesium, Life Technologies) containing 2% fetal bovine serum (FBS, Life
Technologies) and incubated with 0.1–2,000 nmol/l primary antibodies or
Fcabs for 1 hour at 4 °C with agitation. Binding was detected by an antiHuman IgG-Phycoerythrin secondary antibody (P8047, Sigma) according
to the standard protocol.

Internalization of Fcabs and antibodies. BT474 cells were seeded in a

96-well plate at 3 × 104 cells/well. 5 µg/ml of Alexa-488 conjugated antibodies or Fcabs (Lightning-Link Rapid DyLight 488, Innova Bioscience,
Cambridge, UK) were added to the cells. After 45 minutes of incubation
on ice, cells were washed before subjected to a time course study: Cells
were incubated at either 4 or 37 °C, and harvested at given time points. To
stop the incubation, cells were fixed in 3% formaldehyde (Sigma, St Louis,
MO). Fixed cells were stained by Hoechst (H3570, Life Technologies),
and imaged at 20× magnification using ImageXpress MicroXL (Molecular
Devices, Sunnyvale, CA).
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HER2 imaging. SK-BR-3 cells were seeded in a 96-well plate at 1 × 104

cells/well in McCoy’s 5A medium containing 10% FBS and incubated at
37 °C overnight. Each test article was added the next day to the cells at a
final concentration of 200 nmol/l. The cells were incubated at 37 °C for
an additional 24, 48, or 72 hours, then washed with phosphate-buffered
saline (PBS) and fixed with 4% formaldehyde in PBS for 20 minutes. To
detect membrane HER2, cells were subjected to HER2 staining using an
anti-HER2 primary antibody (MGR2, Enzo Life Sciences, Farmingdale,
NY) and an anti-mouse secondary antibody (anti-mouse Alexa-647, Life
Technologies). Cell number was determined using Hoechst nuclear staining. To detect total HER2 (both membrane and cytosolic proteins), cells
were permeabilized using 0.1% TritonX100 in PBS and 0.1 mg/ml glucose
and subjected to HER2 staining. Imaging and data analysis were conducted
using an ImageXpress MicroXL using 40× magnification. Quantification of
percentage of cell displaying HER2 was determined using:
Cells stained with HER 2 and Hoechst
×100
Cells stained with Hoechst

Western blot. SK-BR-3 cells were seeded in a six-well plate at 3.3 × 105

cells/ml in McCoy’s 5A medium containing 0.1% FBS. Each test article was
added to a final concentration of 200 nmol/l and incubated at 37 °C for 24,
48, or 72 hours. Cells were lysed and subjected to western blot a nalysis.
The following primary antibodies were used: anti-HER2 (#2248, Cell
Signaling Technology, Danvers, MA), anti-pHER2 (#2243, Cell Signaling
Technology), and anti-β-actin (A1978, Sigma). Anti-mouse and antirabbit secondary antibodies were from Jackson ImmunoResearch (West
Grove, PA).

Proliferation. Unless specified otherwise, tumor cells were cultured at 37 °C

in growth media containing 10% FBS. SK-BR-3 and HCC1954 cells were
seeded overnight in 96-well plates at 7.5 × 103 and 1 × 103 cells/well, respectively. Test articles were added and treatment lasted for 5 days at 37 °C. At
the end of study, cells in each well were counted.
Apoptosis assays. SK-BR-3 cells were treated for 5 days as described above.
At the end of the treatment, cells were stained at room temperature (RT)
for 1 hour with a mixture of 1 µg/ml Hoechst, 2.5 µg/ml propidium iodide
(PI, P4864, Sigma), and 1% Alexa-647 Annexin V (Life technologies).
Stained cells were imaged at 40× magnification. The staining of Annexin
V and PI were used to quantify late apoptotic (Annexin V+/PI+) and
necrotic cells (Annexin V-/PI+). Caspase 3/7 activity was measured using
the Promega (Fitchburg, WI) Caspase-Glo 3/7 assay following the manufacturer’s instructions.
DNA copy number analysis. Quantitative PCR analysis (qPCR) on DNA
isolated from PDX models was performed using Taqman Genotyping
Master Mix (#4371355, Life Technologies), HER2 Taqman primers (Gene
Assay ID: Hs00817646 Cat No:4400291, Life Technologies) and housekeeping RNAseP Taqman primers (#4403326, Life Technologies). After
acquisition of raw cycle threshold (CT) data, a manual CT of 0.2 and an
auto-baseline were applied to yield the final results.
All data were normalized to the housekeeping gene. The results of the
quantitative PCR were expressed in arbitrary units (AU, related to the copy
number per cell). The difference between the CT value of a housekeeping
gene and the HER2 gene was calculated as follows:

Target gene expression = 2 (CT housekeeping gene – CT HER2 gene)
Results were analyzed using Copy Caller Software (Life Technologies).
A DNA reference sample (#11691112001, Roche Life Science, Indianapolis,
IN) was included as a standard based on which results are normalized
(normal value for HER2 gene in the reference genomic DNA = 2 AU).
PDX models. PDX tumors were implanted subcutaneously (s.c.) in Balb/c
nude mice (Crown Bioscience), NMRI nu/nu mice (Oncotest), or athymic
nude-Foxn1nu mice (XenTech). Test articles were delivered intravenously
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(i.v.). Animals were cared for following local, national, and international
guidelines. Tumor inhibition was quantified as T/C value, defined as the
ratio (in percentage) of the mean tumor volume of a test article versus a
control on any given day.
Tumor tissue analyses. GXA3039 tumors were grown in nude mice to the

size of ~500 mm2. Mice were randomized and subjected to i.v. treatment of
test articles on day 0 and day 3. Three mice in each treatment group were
randomly selected and sacrificed on day 0 (before treatment), day 2, day 4,
and day 6. Tumors were excised and prepared into lysates or tissue sections
(4 µmol/l thickness). Lysates were analyzed by western blot. Anti-HER2
(#2242, Cell Signaling Technology), anti-pHER2 (#2243, Cell Signaling
Technology), anti-M30 (12140322001, Roche Life Science, Indianapolis,
IN), and anti-actin (A2228, Sigma) were used as primary antibodies. Antirabbit-horseradish peroxidase and anti-mouse-horseradish peroxidase
secondary antibodies were from Jackson ImmunoResearch (West Grove,
PA). H&E staining was performed on tumor sections according to standard protocols. Mitotic rate was scored by counting the number of cells
undergoing mitosis in ten randomly selected fields of the tumor sections
under 40× magnification.

Pharmacokinetics. A single intravenous injection of 10 mg/kg purified
WT Fcab, FS102, or trastuzumab was administered into the tail vein of
Balb/c mice. Blood samples were taken from the retro-orbital plexus using
haematocrit capillary tubes before injection and at multiple time points
between 0.25–144 hours after injection. The serum concentration of WT
Fcab, FS102, or trastuzumab was measured by the detection of human IgG1
Fc using an ELISA protocol. A F(ab’)2 fragment directed against human
Fc (Sigma) was coated at 1 µg/ml overnight. Serial dilutions of sera were
added and incubated for 1 hour at room temperature. Bound human IgG1
Fc were detected with Protein A coupled to horseradish peroxidase for 30
minutes. The standard curve was established by spiking WT Fcab, FS102,
or trastuzumab into the mouse serum in a dilution series from 2,000 to
0.98 ng/ml in 2% bovine serum albumin. The serum concentration of WT
Fcab, FS102, or trastuzumab was interpolated from the standard curve.
Quantification of antibody binding capacity. Quantum Simply Cellular

anti-human IgG microbead kit (BLI816, Bangs Laboratories, Fishers, IN)
was adopted to quantify the antibody binding capacity of the cells (SK-BR3, HCC1954, and CHO-K1). The experiments were conducted according
to the protocols provided by the manufacturer of the kit. Fluorochromelabeled antibodies were incubated with the cells at saturating conditions
(1 µmol/l) for 1 hour at 4 °C. Bound antibodies were subjected to flow
cytometry analyses. Raw data were processed by interpolation of a standard curve to yield antibody binding capacity values.

Bartl, Theresa Friedrich), production and biological characterization of
antigens and Fcabs (Susanne Wiederkum), protein purification and biophysical/biochemical characterization of antigens and Fcabs (Bernhard
Antes) and biological characterization of antigens and Fcabs (Manuela
Kainer). All authors are present or former employees of F-star.
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