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Generation of new peptide-Fc fusion proteins that mediate
antibody-dependent cellular cytotoxicity against different types

of cancer cells

Mouldy Sioud', Phuong Westby', Julie Kristine E. Olsen' and Anne Mobergslien'

Antibody-dependent cellular cytotoxicity (ADCC), a key effector function for the clinical effectiveness of monoclonal antibodies, is
triggered by the engagement of the antibody Fc domain with the Fcy receptors expressed by innate immune cells such as natural
killer (NK) cells and macrophages. Here, we fused cancer cell-binding peptides to the Fc domain of human IgG1 to engineer novel
peptide-Fc fusion proteins with ADCC activity. The designed fusion proteins were expressed in human embryonic kidney 293T cells,
followed by purification and characterization by western blots. One of the engineered variants (WN-Fc), bound with high affin-

ity to a wide range of solid tumor cell lines (e.g., colon, lung, prostate, skin, ovarian, and mammary tumors). Treatment of cancer
cells with the engineered peptide-Fc fusions in the presence of effector NK cells potentially enhanced cytotoxicity, degranulation,
and interferon-y production by NK cells when compared to cells treated with the Fc control. The presence of competing peptides
inhibited NK cell activation. Furthermore, a bispecific peptide-Fc fusion protein activated NK cells against HER-1- and/or HER-2-ex-
pressing cancer cells. Collectively, the engineered peptide-Fc fusions constitute a new promising strategy to recruit and activate NK
cells against tumor cells, a primary goal of cancer immunotherapy.
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INTRODUCTION
One of the major problems in cancer chemotherapy is the toxic
side effects of anticancer drugs designed to destroy dividing cells,
including those found in healthy tissues.”? Such unwanted effects
often result in dose reduction, treatment delay, or discontinuance of
therapy. Ligands that recognize cancer-specific cell surface proteins
have recently been highlighted as a promising strategy in cancer cell
targeting.>* Coupling such ligands to effector molecules will gener-
ate “smarter” therapeutic agents that would have the potential to be
both more effective and have fewer side effects. The need for tar-
geted therapies was made obvious in clinical trials with monoclonal
antibodies (mAbs) such as rituximab/Rituxam, cetuximab/Erbitux,
and trastuzumab/Herceptin targeting CD20, epidermal growth fac-
tor receptor (EGFR/HER-1 or ErbB1), and HER-2, respectively.’ Notably,
the activity of most approved mAbs used in cancer immunotherapy
depends on the recruitment of Fc-receptor-bearing effector cells
such as natural killer (NK) cells and macrophages.t'° Although anti-
body therapy has led to important clinical advances, it has a number
of limitations. For example, some patients do not respond at all, and
in many malignancies, no antitumor antibodies that stimulate NK cell
reactivity are yet available. Moreover, resistance has emerged as an
important clinical issue.” Given these challenges, the development of
new targeted therapies against cancer is of critical importance.

The discovery of random peptide phage libraries facilitated
screening large peptide libraries to isolate peptides that could

bind to specific cell types such as cancer cells,"'? thus eliminat-
ing the need for prior identification and purification of the target
receptor(s). Furthermore, the strategy allows for selection of pep-
tides that bind to their receptors in a native cellular context. We
and others have applied this strategy to isolate peptides with good
affinity and specificity for a variety of tumor types.’>-'° For example,
The LTVSPWY (LTV peptide) is part of a new generation of short
targeting peptides that we have identified capable of binding and
delivering therapeutics and imaging agents to cancer cells in vitro
and in vivo."**-2* The LTV-peptide bound preferentially to HER-
2-positive cancer cells.”*?° Urbanelli et al."” also selected a peptide
(MYWGDSHWLQYWYE), which specifically recognized HER-
2-expressing cells. Moreover, high-affinity peptide ligands for iden-
tification and capture of lymphoma cells have been selected.”® The
ability of the selected peptides to differentiate between tumor and
normal cells make them ideal therapeutic targeting vectors as doc-
umented by several studies.?*** Accordingly, incorporating cancer-
cell-binding peptides selected from peptide phage libraries into the
Fc domain of human IgG offers a new means for the development
of targeted therapies and has the potential to broaden the diver-
sity of tumor antigens that can be targeted for immunotherapy.
Like antibodies, the fusion protein forms a homodimer due to the
strong interactions of the CH3 domains. The homodimer structure
stabilized by interchain disulfide bonds in the hinge regions pro-
vides some of the antibody properties, such as increased apparent

'Department of Cancer Immunology, Institute for Cancer Research, Oslo University Hospital, Montebello, Oslo, Norway. Correspondence: M Sioud (mouldy.sioud@rr-research.no)

Received 15 July 2015; accepted 29 September 2015


http://dx.doi.org/10.1038/mtm.2015.43
mailto:mouldy.sioud@rr-research.no

Turning peptides into cancer cell killers
M Sioud et al.

N

affinity and serum half-life.* In addition to their potential pharma-
cokinetic advantages, the production and manufacturing of pep-
tide-Fc fusions, known as peptibodies,**-** can be more efficient and
less time consuming than those for full-length mAbs. Moreover, any
unwanted toxicities directly related to peptide-Fc fusion concentra-
tion can be circumvented with synthetic peptides via competition
binding to the receptor. Given their small size (64 kDa), peptide-Fc
fusions are expected to have good tissue penetration as compared
to antibodies (150kDa).

By coupling cancer cell-binding peptides to the Fc domain of
human IgGT, in this study, we have married the targeting specifici-
ties of four peptides with the effector function of antibodies such
as the activation of NK cells and induction of antibody-dependent
cellular cytotoxicity (ADCC). Our results show that the Fc domain
of human IgG1 when fused to cancer cell-binding peptides can
enhance NK cell activation. Like conventional mAbs, the peptide-
Fc fusion proteins enhanced ADCC against cancer cells, suggesting
their use as antitumor agents.

RESULTS

Expression and characterization of the peptide-Fc fusion proteins
During the last decade, peptide phage libraries have been screened
successfully to identify peptides for unknown receptors that are
expressed preferentially and/or specifically on the surface of target
cells, tissues, or organs.* The peptide-encoding DNA sequences can

be easily fused with any therapeutic gene. To this end, we gener-
ated peptide-Fc fusions consisting of short peptides and the Fc part
of human IgG1 (Figure 1a). The selection of the peptides is based
on their validation by several independent groups as cancer cell-
binding peptides.' The resulting peptide Fc fusion proteins were
confirmed by DNA sequencing and then introduced into HEK293T
cells using lipofectamine 2000 as described in the Materials and
Methods. The constructs contain an IL-2 signal peptide for secre-
tion in culture media. Transient expression of the WN, LTV, and MY
peptide Fc-fusion proteins resulted in a significant secretion of the
recombinant proteins into the culture media (Figure 1b, as a repre-
sentative example).

After having confirmed the expression, the peptide-Fc fusions
were purified by protein G affinity chromatography and charac-
terized by western blots. The purity of the engineered proteins
was higher than 98% as measured by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) and immu-
noblots (Figure 1¢,d). As a result of glycosylation, the apparent
molecular mass of recombinant human Fc is ~32kDa in SDS-
PAGE under reducing conditions. In contrast to the Fc control, all
three peptide-Fc fusions bound to breast cancer cell line SKBR3
(Figure 1e, blue histograms). The WN- Fc, LTV-Fc, and MY-Fc
fusions bound to SKBR3 cells with apparent affinities 15+4,
90+ 15, and 115+ 18 nmol/l, respectively. The binding of the
peptide-Fc fusion proteins to SKBR3 cells was inhibited by their
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Figure 1

Generation and characterization of the peptide-Fc fusion proteins. (@) Schematic representation of peptide-Fc construction. The arrow

indicates the cleavage site of IL-2 signal sequence. A glycine linker (in blue) was added to further increase the flexibility of the peptide moiety.
(b) Peptide-Fc fusion expression in HEK293T cells. Subsequent to 48 hours of transfection time, culture supernatants (15 pl each) were analyzed by
western blots using biotin-conjugated antihuman Fc antibody followed by streptavidin—-HRP. Lanes 1 to 4 correspond to cells transfected with plasmid
encoding WN-Fc, LTV-Fc, MY-Fc, and Fc control, respectively. Unt, supernatant from untransfeted cells. (c) Secreted peptide-Fc fusion proteins were
purified with protein G affinity chromatography from culture supernatants and analyzed by SDS-PAGE under reducing conditions and then stained with
Coomassie blue. (d) A duplicate gel was transferred to nitrocellulose membrane and processed as in b. Lanes 1 to 4 correspond to WN-Fc¢, LTV-Fc, MY-Fc,
and Fc control fusion proteins, respectively. (e) Binding of the peptide-Fc fusion proteins to SKBR3. The cells were incubated with either peptide-Fc
fusion proteins (blue histograms) or the Fc control (orange histograms) followed by FITC-conjugated antihuman Fc monoclonal antibody and analysis
by flow cytometry. All molecules were tested at 10 pg/ml. In the case of competition experiments, the cells were incubated with the peptide (100 pg/ml)
first and then with the corresponding peptide-Fc fusion protein (green histograms). Red histograms represent cells stained with only secondary
antibody. Data are from one experiment and are representative of at least 10 independent experiments.
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corresponding synthetic peptides (green histograms), thereby Subsequently, lactate dehydrogenase release in culture superna-
confirming the binding specificity. tants upon cell lysis was analyzed. Coincubation with the peptide-
Fc fusions increased ADCC against SKBR3 cells when compared to
either untreated cells or cells treated with the Fc control (Figure 2¢;
P < 0.05). In the presence of NK cells, for example, the WN-Fc fusion
was able to elicit 45+6% cytotoxicity at an effector-to-target ratio
of 20:1 (P < 0.02). The Fc control showed only 14+3% cytotoxicity,
which is comparable to that of untreated cells (SKBR3 + NK cells).
Under our experimental conditions, the EC50 for the WN-Fc, MY-Fc,
and LTV-Fc fusion proteins were around 20+5, 45+ 10, and 50+ 12
nmol/l, respectively.

Activation of NK cells by peptide Fc-fusion proteins

We next evaluated the ability of the engineered proteins to enhance
NK cell activation against SKBR3 cells. The peptide-Fc fusion pro-
teins significantly induced CD107a expression ranging from 26 to
40% of total NK cell population (Figure 2a; P < 0.05 compared to the
Fc control). CD107a is a surrogate marker for granule mobilization,
on resting and briefly activated NK cells. Usually CD107a is found
in vesicle membranes, but during NK-target cell interaction, it is
mobilized to the cell surface, and therefore, it can be quantified by
flow cytometry. Notably, NK cell degranulation was inhibited by the The WN-Fc-fusion protein is active against various cancer cell lines
corresponding synthetic peptides, which confirms that the binding Given the strong binding of the WN-Fc fusion protein to SKBR3 and
was mediated through the interaction of the fused peptides with subsequent activation of NK cells, we set out to study its binding

their receptors (Figure 2a, the three last panels). Moreover, the pep- potency to other cancer cell lines. In parallel, we analyzed the bind-
tide Fc fusions induced the release of interferon-y, which represents ing of the synthetic peptide. By contrast to control peptide, the WN
a second major effector mechanism by which NK cells contribute to peptide bound to most solid cancer cell lines tested, but not periph-
antitumor immunity (Figure 2b).” eral blood lymphocyte population (B cells, T cells, and NK cells)

In addition to degranulation (CD107a surface display), we (Figure 3a, orange histograms). Likewise, the corresponding WN-Fc-
directly investigated the ADCC activity upon exposure of SKBR3 to fusion protein bound to the tested cancer cell lines underlying its
the peptide-Fc fusions in the presence of NK cells. These analyses, versatile use in cancer therapy (Figure 3b, blue histograms). Under
which in contrast to experiments investigating NK cell degranu- our experimental conditions, the apparent affinities of the WN-Fc for
lation (4-5 hours of assay time), were performed for 24 hours. SKBR3, DMS-273, HT29, MDA-468, and FM-88 cancer cell lines were
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Figure2 Activation of NK cells and induction of ADCC. (a) NK cells (5 x 10*) were cultured with SKBR3 cancer cells (10°) in the presence or absence
(untreated) of the indicated peptide-Fc fusion proteins (10 pg/ml each), and granule mobilization in gated NK cell population was analyzed by flow
cytometry for CD107a expression on NK cells after 4 hours of incubation time in X-vivo 15 medium supplemented with IL-2 (10 ng/ml). The numbers in
dot plots represent the percentage of CD107a-positive NK cells. Data are representative of four independent experiments. (b) Interferon-y production
was measured by ELISA of culture supernatants after 24 hours of incubation time. (c) ADCC assays were done with SKBR3 target cells incubated with
NK cells at effector-to-target ratio of 20:1 in X-vivo 15 medium supplemented with IL-2. This ratio was selected from pilot experiments. The results in b
and c are represented as means + SD from triplicate determinations and are representative of at least three independent experiments using NK cells
from different donors. Statistically significant differences between peptide-Fc fusion-treated cells and Fc control-treated cells are indicated by asterisks.
*P < 0.05; **P < 0.02. Various colors are used to indicate the different molecules as indicated in x axis.
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Figure3 Representative examples of WN-peptide- and WN-Fc fusion-binding profiles. The indicated cell lines were stained with either the (a) WN
peptide or the (b) WN-Fc fusion protein and then analyzed by flow cytometry. Freshly isolated NK cells were stained with the WN-Fc fusion (blue
histogram), LTV-Fc fusion (green histogram), or Fc control (orange histogram). Red histograms represent cells stained with the secondary dectection
agent. The data are from one experiment and are representative of at least five independent experiments. SKBR3, PMI, and MDA-468 are common
breast cancer cell lines. DMS-273, small-cell lung cancer cell line; FM-88, melanoma cell line; HMEC, normal human mammary epithelial cells; HT-29,
colon cancer cell line; PC3, prostate cancer cell line; PBMC, normal peripheral blood mononuclear cells.

comparable (15-20 nmol/l). No binding to blood CD4+ T cells was
detected. As anticipated, all peptide-Fc fusion proteins displayed
strong binding to NK cells via the interaction of the Fc domain with
the activating Fcy Rlll a receptor (CD16) (Figure 3b, last panel). NK
cells do not express inhibitory antibody receptors, underscoring a
significant role in ADCC. Under our experimental conditions, the
peptide and its Fc-fusion partner exhibited some binding to normal
human mammary epithelial cells, although lower than that seen
with cancer cells (Figure 3a,b). By contrast, the other engineered
peptide-Fc fusions did not bind to human normal cells (data not
shown). Collectively, the data suggest that the WN-Fc fusion protein
recognizes a receptor that is common to many types of tumors.

We next evaluated the ability of the WN-Fc fusion protein to
activate NK cells against various solid tumor cell lines. In these
experiments, SKBR3 (breast), HT-29 (colon), and DMS-273 (lung)
were used as target cells. For comparison, we have included
cetuximab, a human-mouse chimeric mAb that reacts with HER-1
and is currently US Food and Drug Administration approved for
the treatment of certain types of cancer.3® Cetuximab is known
to induce ADCC and receptor internalization.* Notably, HER-1 is
expressed by normal cells but overexpressed in a variety of tumor
types, such as breast, gastric, colorectal, and ovarian tumors.> The
WN-Fc fusion protein enhanced NK cell activation as revealed by
the upregulation of the CD107a marker (Figure 4a). Indeed, it was
able to activate NK cells in the presence of target cells HT-29 (25
versus 9%; P < 0.05), SKBR3 (34 versus 7%; P < 0.05), and DMS-273
(12 versus 1%; P < 0.005) when compared to the Fc control. In the
case of HT-29 and SKBR3, cetuximab showed higher activation
potential than WN-Fc fusion protein (35 versus 25% and 56 versus
34%, respectively). However, the WN-Fc was more active against
DMS-273 than cetuximab (12 versus 4%). With respect to SKBR3,
the EC50 for the WN-Fc and cetuximab were 25+3 and 9+3
nmol/l, respectively. It should be noted that the effects of the dif-
ferent fusion proteins varied with NK cells of different donors, but
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in all cases, NK reactivity with peptide-Fc fusions was more pro-
nounced than that with the Fc control. This supports the notion
that NK reactivity is regulated by a balance of multiple activating
and inhibitory signals that differ in individual patients.?”

We also determined whether the WN-Fc fusion protein affected
NK cell reactivity against normal allogenic lung fibroblasts, human
mammary epithelial cells and mesenchymal stem cells. A moderate
enhancement of NK cell activation was observed when compared to
the Fc control (Figure 4b), although significantly lower than that seen
with cancer cells (P < 0.05). Among all the tested molecules, cetux-
imab gave the highest CD107a expression on NK in the presence
of allogenic normal cells (Figure 4b, last panels). We further investi-
gated the activation of NK cells against healthy autologous mono-
cytes prepared from the same peripheral blood mononuclear cells as
the NK cells. All tested constructs showed no significant effect on NK
degranulation when compared to untreated cells (Figure 5).

Dual targeting of HER1 and HER2 by peptide-Fc fusions

Next, we explored the possibility of engineering multiple specifici-
ties by including different peptide targeting sequences into a sin-
gle Fc domain, an approach that will address the important issue
of antigenic variability and escape in tumor immunotherapy. To
this end, two validated peptides targeting HER-1 (GE-peptide) and
HER-2 (MY peptide) were fused to the Fc-domain of human IgG1,
expressed in HEK293T cells, and then protein G affinity purified
as described in Figure 1b. The GE peptide was identified as HER-1
ligand and validated as a targeting moiety for HER-1 overexpressing
tumors in vitro and in vivo.*® A schematic illustration of the fusion
peptide is shown in Figure 6a. We introduced an artificial disulfide
bridge into the MY peptide in order to reduce its interaction with
the GE peptide. To test the specificity of the construct, two breast
cancer cell lines MDA-453 and MDA-468 that express very low levels
of HER-1 or HER-2, respectively, were used.** As shown in Figure 6b,
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Figure4 Activation of NK cells. (@) NK cells (5 x 10%) were incubated with various peptide-fusion proteins coated target cancer cells (10°) in X-vivo 15
medium supplemented with IL-2 and then gated NK cell population was analyzed by flow cytometry for CD107a surface expression after 4 hours of
incubation at 37 °C. All molecules were tested at 10 pg/ml. The numbers in dot plots represent the percentage of CD107a-positive NK cells. (b) Granule
mobilization in the presence of normal allogenic cells. Experimental conditions are as in a. The same NK cell preparation was used in a and b panels. The
datain aand b are from one single experiment and are representative of at least three independent experiments using NK cells from different donors.

HER-2 protein was not detected in MDA-468, while MDA-453
expressed very low level of HER-1 when compared to MDA-468. The
MY-Fc fusion protein showed significant binding to MDA-MB-453,
but not to MDA-468 cells, which did not express HER-2 (Figure 6c,
purple histograms). By contrast, the GE-Fc fusion protein bound
more effectively to MDA-468 than MDA-453 (Figure 6¢, green his-
tograms). Interestingly, the dual peptide-Fc fusion protein bound to
both cell lines (Figure 6¢, blue histograms) with comparable appar-
ent affinity (65 10 nmol/l). In accordance with the binding profiles,
the dual construct enhanced NK cell activation against MDA-453 (23
versus 6%) and MDA-468 (15 versus 1.6%) cell lines when compared
to the Fc control (Figure 6d; P < 0.05), providing a new dual target-
ing opportunity for antibody-based therapy. In all experiments,
MDA-453-coated peptide Fc fusions showed more sensitivity to NK
cells than MDA-468.

Official journal of the American Society of Gene & Cell Therapy

The GE-MY peptide-Fc fusion induced ADCC in both cancer cell
lines

After verifying the activation of NK cells by the GE-MY peptide-Fc
fusion protein, we next investigated its ability to induce ADCC. In
the presence of NK cells, the dual construct was able to elicit a signif-
icant ADCC in MDA-453 (35+6%; P < 0.02) and MDA-468 (24 +2%;
P < 0.02) when compared to the Fc control (Figure 7). Consistent
with the receptor expression profiles, the parental MY-Fc fusion pro-
tein enhanced ADCC in only MDA-453. Although HER-1 expression
was low in MDA-453 when compared to MDA-468, the GE-Fc fusion
protein activated NK cells and induced a significant ADCC response
against this cell line (18 +£4%). These results are supportive of the
possibility that peptide-Fc fusion-induced ADCC response could be
elicited in cancer cells expressing low levels of target antigen. With
respect to MDA-453, the EC50 for the dual construct and cetuximab

Molecular Therapy — Methods & Clinical Development (2015) 15043
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Figure5 Granule mobilization in the presence of autologous normal
cells. NK cells were added to autologous freshly isolated monocytes
pretreated with the indicated molecules (10 pg/ml each) and then
analyzed for CD107a surface expression after 4 hours of incubation at
37 °C.The data are from one single experiment and are representative
of at least three independent experiments using NK cells from
different donors.

were about 35+ 5 and 25+ 3 nmol/l, respectively. It should be noted
that cetuximab is already optimized for clinical use (see Discussion).

DISCUSSION
The development of new targeted therapies should represent a
promising therapeutic strategy toward improving outcomes for
cancer patients. In this study, we have demonstrated that fusion of
a single copy of validated tumor-targeting peptides to Fc domain of
human IgG1 can generate fusion partners that activate NK cells and
enhance ADCC against various human tumor cell lines. Moreover, the
engineered dual peptide-Fc variant constitutes a first step toward
the targeting of tumors that coexpress multiple HER family mem-
bers. It is of substantial value to be able to effectively target innate
immune cells such as NK cells and macrophages to specific cell types
by making use of peptides selected from phage display libraries.
Fc-fusion proteins have been used as research tools and more
significantly as protein therapeutics. For example, etanercept/
Enbrel, which is composed of the 75kDa soluble extracellular
domain of the TNF-a. receptor Il fused to the Fc domain of human
IgGT1, is the first successful example of using a soluble receptor-
Fc fusion protein as a therapeutic drug.*4' A peptide mimic of
thrombopoietin fused to Fc (romiplostim, AMG-531) was the first
peptide-Fc fusion (peptibody) developed for the treatment of
chronic immune thrombocytopenia purpura.®? Trebananib (for-
merly known as AMG 386) is also a peptibody with dual specificity
to angiopoietin (Ang)-1 and -2.* AMG 386 neutralizes the bind-
ing of two soluble ligands, Ang-1 and Ang-2, to the Tie-2 receptor
tyrosine kinase and inhibits tumor angiogenesis.** More recently,
Qin and colleages developed a peptibody that depleted myeloid-
derived suppressor cells in tumor-bearing mice.® Interestingly,
the peptibody depleted myeloid-derived suppressor cells without
affecting other proinflammatory cells, including dendritic cells
and lymphocytes (T, B, and NK cells). To the best of our knowledge,
the peptide-Fc fusions described in the present study are the
first constructs reported to activate NK cells and enhance ADCC
against tumor cells, thus providing a new tool for cancer immuno-
therapy. Furthermore, they can be used either as cancer detection
or agent for radiotherapy after conjugation to a fluorescent probe
or radionuclide, respectively. Also, attaching peptide-Fc fusions

Molecular Therapy — Methods & Clinical Development (2015) 15043

to chemotherapeutic agents can make them more powerful, and
therefore, they will have positive impact on cancer patients.

Notably, cancer continues to remain a major health concern
despite the progress in targeted therapies, mainly due to the devel-
opment of resistance by cancer cells. Although multiple factors may
contribute to the development of resistance to antibody therapy,
several studies indicate that resistance is often associated with the
downregulation of the antibody target and/or the involvement of
other factors not targeted by the specific antibody.* Hence, a thera-
peutic strategy targeting several factors might be superior from a
conceptual point of view. Because most tumors coexpress multiple
HER family members, identification of dual specific inhibitors may
provide a therapeutic benefit to a broader patient population. Our
data demonstrate that dual peptide-Fc fusion targeting HER-1 and
HER-2 can be designed. The engineered protein induced ADCC in cell
lines expressing HER-1 and/or HER-2. Moreover, the fusion protein
was slightly more effective than the corresponding individual paren-
tal peptide Fc fusions. Similarly, a dual construct displaying the LTV
and GE peptides showed a promising activity against several breast
cancer cell lines (data not shown). Establishing the flexibility for dual
targeting should pave the way to designing peptide-Fc fusion pro-
teins with other dual specificities. Moreover, two or more specificities
can be combined within single Fc domain to further improve effi-
cacy, specificity, and reduce escape to antibody therapy.

With regard to toxicity, the specificity of a target antigen isan impor-
tantissue. None of the used targeting peptides in this study bound to
blood leukocytes, including T and B cells.* As such, blood cytotoxicity
is expected to be low. The LTV-Fc and MY-Fc fusion proteins showed
selectivity toward HER-2-expressing cancer cells, whereas the
GE-fusion protein exhibited specificity toward HER-1-expressing can-
cer cells. Treating normal human cells (e.g., lung fibroblasts, human
mammary epithelial cells, and mesenchymal stem cells) with LTV-Fc,
MY-Fc, GE-Fc, or GE-MY-Fc fusion protein had minimal effects on NK
cell activation. We observed some binding of the WN-Fc fusion to nor-
mal cells, although weaker than that seen with cancer cells. However,
it does not mean that the WN-Fc fusion will activate NK cells. Indeed,
the WN-Fc receptor expression levels and many other immunoregu-
latory molecules such as NK inhibitory HLA class | will determine
whether NK reactivity against these healthy cells will occur or not.
Under our experimental conditions, the activation level of NK cells
against normal cells in the presence of the WN-Fc fusion protein was
less pronounced than that induced by cetuximab already approved
for clinical use (Figure 4). Therefore, any potential toxicity is expected
to be less pronounced than that induced by cetuximab.

It should be noted that the WN-fusion protein showed a strong
binding to most solid tumor cell lines tested regardless of their
HER-1 and/or HER-2 expression profiles, which supports its further
consideration as a promising therapeutic agent in treatment of any
form of tumors. Overall, the data suggest that the WN peptide rec-
ognizes a receptor that is common to many types of cancers, and
therefore, it could make immunotherapy far more effective and per-
haps cheaper since it can be produced by genetic engineering using
eukaryotic or prokaryotic expression systems. It should be noted
that any potential side effects upon application of the WN-Fc fusion
to patients would likely be temporary in nature due to the expected
pharmacokinetics of peptide-Fc fusion proteins.*® Indeed, the aver-
age plasma half-life of peptide-Fc fusions in humans ranges from 3
to 8 days, whereas that of antibodies is up to 4 weeks.** Moreover,
any unwanted toxicities related to the peptide-Fc fusion concentra-
tion can be reversed by the corresponding free synthetic peptide.

Although the designed peptide-Fc fusions activated NK cells
against cancer cells, their effectiveness can be more enhanced by
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Figure6 Bi-targeting HER-1 and HER-2 by peptide Fc fusions. (a) Schematic representation of the dual fusion peptide. Targeting peptides were separated
by a glycine linker. (b) Western blot analysis of HER-1 and HER-2 expression in MDA-453 and MDA-468. The arrows indicate the immune-reactive
bands. (c) Binding of the GE-, MY-, or GE-MY peptide-Fc fusions to breast cancer cell line MDA-453 and MDA-468. Cells were stained with the indicated
fusion proteins and then analyzed by flow cytometry. (d) NK cells were incubated with various peptide-fusion coated target cells in X-vivo 15 medium
supplemented with IL-2 and then gated NK cell population was analyzed by flow cytometry for CD107a expression after 4 hours of culture in X-vivo 15
medium supplemented with IL-2. All molecules were tested at 10 pg/ml. The numbers in dot plots represent the percentage of CD107a-positive NK cells.
The data in cand d are from one single experiment and are representative of at least three independent experiments using NK cells from different donors.

fusing two or more peptide sequences to the Fc domain of human
IgG1 and/or addition of specifically designed flanking residues,
spacers, or linker sequences. In addition, a number of engineered Fc
variants showed significant enhancement in ADCC potency. These
variants include the single mutants S239D and I332E and the double
and triple mutants $S239D/I1332E and S239D/1332E/A330L.#"“¢ Also,
the binding of IgG to FcyRllla was enhanced at least 10-fold by gly-
can that lacks the core fusosyl moiety.***° This increased binding to
FcyRllla expressed by NK cells resulted in a substantial higher level
of ADCC by all four IgG isotypes. The incorporation of such amino
acid substitutions in our peptide-Fc fusions would increase their
therapeutic potency. Indeed, some peptide-Fc fusions harboring
the triple mutations strongly activated NK cells and inhibited tumor
growth in vivo (Peng Q and Sioud M, manuscript in preparation).
While a number of selected peptides from phage libraries have
been used for tumor imaging and/or drug delivery without knowl-
edge of the cellular receptors, their clinical use will be further facili-
tated by the characterization of the binding receptors. Based on
previous studies, the receptor for LTV and MY peptides is more likely
HER-2 (refs. 18,19) and for GE peptide is HER-1 (ref. 38). We have
performed a series of experiments (e.g., affinity capture) to identify
the WN-peptide receptor, and the data suggest the involvement 33
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integrin and other protein expressed on the cell surface of cancer
cells. Hence, the binding may arise from the formation of a native con-
formational epitope involving the interaction of these protein part-
ners. Such interaction is more likely to be lost upon the preparation
of membrane proteins for affinity capture. Therefore, a combination
of several cellular and molecular biology techniques will be needed
to tackle this challenging question, which is under investigation.

In conclusion, the present data indicated that short peptides
selected from phage display libraries can be turned into cancer cell
killers via fusion to the Fc-domain of human IgG1. The engineered
mono- or dual-specific peptide-Fc fusion proteins not only acti-
vated NK cells but also enhanced ADCC, which supports their fur-
ther development as promising agents for cancer immunotherapy.
Moreover, if antibodies could be engineered to recognize antigens
that are common to many types of cancers, it could lead to a new
versatile targeted cancer therapy. Hence, the WN-Fc fusion protein
could be a candidate for such therapy.

MATERIALS AND METHODS
Cell lines and culture conditions

Human cancer cell lines SKBR3, PM1, MDA-453, MDA-468, DMS-273, PC3,
FM-88, and embryonic kidney HEK293T were purchased from the American
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Induction of ADCC by the GE-MY peptide-Fc fusion. ADCC was evaluated with LDH release assay in which MDA-453 and MDA-468 (5 x 10°/well)

were incubated with the different peptide-Fc fusion proteins or cetuximab (30 nmol/l each) for 30 minutes at room temperature. After incubation, NK cells
(10%/well) were added to the wells and incubated at 37 °C for 24 hours in X-vivo medium supplemented with IL-2. Subsequently, LDH release in culture
supernatants was quantified. The results are represented as means + SD from triplicate determinations and are representative of three independent
experiments using NK cells from different donors. Statistically significant differences between peptide-Fc fusion-treated cells and Fc control-treated cells
are indicated by asterisks. *P < 0.05; **P < 0.02; ***P < 0.001. ADCC, antibody-dependent cellular cytotoxicity; LDH, lactate dehydrogenase.

Type Culture Collection. Cells were cultured in Roswell Park Memorial
Institute medium 1640 (Sigma St Louis, MO) or Dulbecco’s Modified Eagle’s
medium (Sigma St Louis, MO) supplemented with 10% heat-inactivated fetal
calf serum and antibiotics. Normal human mammary epithelial cells and nor-
mal lung fibroblasts were purchased from Clonetics/BioWittaker (Allendale,
NJ) and maintained in complete Mammary Epithelial Cell Growth medium
(Lonza, Verviers, Belgium). Human peripheral blood mononuclear cells were
prepared from buffy coats obtained from normal volunteers. Monocytes
were enriched from peripheral blood mononuclear cells using plastic adher-
ence, and purification was verified by phenotypic analysis of the surface
marker CD14+. Bone marrow-derived mesenchymal stem cells were pre-
pared from bone marrow aspirates as described previously. Approval for
obtaining blood and bone marrow samples from normal volunteers was
granted by Oslo University Hospital Ethics Committee.

Antibodies

Anti-CD107a and anti-CD56 antibodies were purchased from BD Pharmingen
(San Diego, CA). Fluorescein isothiocyanate-conjugated mouse antihuman
Fc and biotin-conjugated antihuman Fc mAbs were purchased from Sigma
(St Louis, MO). Anti-HER-1 and anti-HER-2 antibodies were purchased from
Santa Cruz (Dallas, TX). Anti-CD14, antimouse immunoglobulin G-, and anti-
sheep IgG-horseradish peroxidase conjugates were purchased from Dako
(Glostrup, Denmark). Streptavidin-horseradish peroxidase conjugates were
obtained from Thermo Scientific (Rockford, IL).

Peptides, oligonucleotides, and cloning

Synthetic peptides were chemically synthesized and purified by high-per-
formance liquid chromatography with >85% purity (GeneCust, Dudelange,
Luxembourg). They were dissolved in dimethyl sulfoxide at 20mg/
ml and stored at —80 °C until use. LTV-peptide: LTVSPWY; WN-peptide:
WNLPWYYSVSPT,  MY-peptide: ~ MYWGDSHWLQYWYE;  GE-peptide:
YHWYGYTPQNVI. The following overlapping DNA oligonucleotides encod-
ing peptides were made and high-performance liquid chromatography
purified by Eurofins Genomics (Ebersberg, Germany).

LTV peptide: 5-AATTCGCTGACGGTGTCGCCTTGGTATGGTGGAGGCA-3’;
5’-GATCTGCCTCCACCATACCAAGGCGACACCGTCAGCG-3’

WN peptide: 5-AATTCGTGGAATCTTCCTTGGTATTATAGCGTCAGTCCTAC
GGGTGGAGGCA-3’; 5’-GATCTGCCTCCACCCGTAGGACTGACGCTATAATACCAA
GGAAGATTCCACG-3’

MY peptide: 5-AATTCGATGTACTGGGGAGACTCTCACTGGCTGCAATA
CTGGTACGAGGGCGGCA-3’; 5"-GATCTGCCGCCCTCGTACCAGTATTGCAGCCA
GTGAGAGTCTCCCCAGTACATCG-3’

GE-peptide: 5-AATTCGTACCACTGGTACGGCTACACGCCACAAAATGTCAT
TGGCGGCGGCA-3’

5’-GATCTGCCGCCGCCAATGACATTTTGTGGCGTGTAGCCGTACCAGT
GGTACG-3’

GE-MY peptide: 5-AATTCGTACCACTGGTACGGCTACACGCCACAAAATG
TCATTGGAGGAGGATGCGGAATGTACTGGGGAGACTCTCACTGGC
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TGCAATACTGGTACGAGGGATGCGGAGGAA-3’; 5"-GATCTTCCTCCGCATCCCTC
GTACCAGTATTGCAGCCAGTGAGAGTCTCCCCAGTACATTCCGCATCCTCCTC-
CAATGACATTTTGTGGCGTGTAGCCGTACCAGTGGTACG-3’

GE-LTV peptide: 5-AATTCGTACCACTGGTACGGCTACACGCCACAAAATGT
CATTGGAGGAGGATGCGGACTGACGGTGTCGCCTTGGTATGGATGCGGAGGA
A-3';5"-GATCTTCCTCCGCATCCATACCAAGGCGACACCGTCAGTCCGCATCCTCC
TCCAATGACATTTTGTGGCGTGTAGCCGTACCAGTGGTACG-3’

Fc control peptide: 5-AATTCGATATCGGCCATGGTTA-3"; 5’-GATCTAACC
ATGGCCGATATCG-3’

DNA oligonucleotides were annealed together to form double-stranded
sequences with overhanging bases for EcoR1 and Bglll restriction sites to allow
cloning into EcoR1-Bglll-cleaved pFuse-hlgG1-Fc2 vector in frame with IL-2
signal sequence and the Fc portion of human IgG1 (In vivoGen, San Diego,
CA). Ligation mixtures were transformed into XL1 blue cells and plated on
Zeocin LB plates. Plasmid DNAs were prepared from Zeocin-resistant clones
and digested with EcoR1 and Bglll restriction enzymes in order to verify the
presence of the oligonucleotide inserts. Positive colonies were selected and
then verified by DNA sequencing (Eurofins Genomics). The intracellular cleav-
age of the IL-2 signal peptide occurs after serine 20, just before the first amino
acid of the cloned peptides, as indicated in Figure 1a.

Expression and purification of peptide-Fc fusion proteins

The peptide-Fc fusions were produced by transient transfection of the plas-
mids into HEK293T cells. Briefly, the cells were seeded into 75 cm? tissue cul-
ture plates using 15ml culture medium to reach 70-80% confluency after
overnight culture. Next day, medium was completely replaced by DMEM
supplemented with 5% v/v IgG stripped fetal calf serum and antibiotics to
minimize co-purification of bovine IgG by protein G. Transfection was per-
formed with lipofectamine 2000. A total of 30 pg plasmid DNA and 30 pl
lipofectamine were separately diluted in 1.5 ml optimum medium, and both
solutions were mixed and incubated for 30 minutes at room temperature.
Thereafter, the mixtures were added to the cells and incubated for 48-72
hours. Peptide-Fc fusions were purified from culture supernatants by Protein
G chromatography, and purity was determined by electrophoresis on 10%
SDS-PAGE, followed by staining with Coomassie blue. Purified fractions were
collected, pH adjusted to 7.5, and then stored at —80 °C until use.

Analysis of gene expression by western blots

Subsequent to 48 hours of transfection time with plasmid encoding peptide-
Fc fusions, culture supernatants (15 pl) were separated by electrophoresis on
10% SDS-PAGE and electrotransfered to nitrocellulose membrane. After block-
ing in 5% milk in TBS/T (0.1% Tween) for 2 hours, membranes were incubated
overnight at 4 °C with biotin-conjugated antihuman Fc mAb. Subsequently,
the membranes were washed and then incubated with streptavidin-HRP
conjugates. Immunoreactive proteins were detected using the enhanced
chemiluminescence system (GE Healthcare, Buckinghamshire, UK). HER-1
and HER-2 expression in MDA-468 and MDA-453 cancer cell lines were also
analyzed by western blots. An equal amount of total protein extracts (30 pg)
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were separated by 10% SDS-PAGE, and immunoblotting was carried out using
rabbit monoclonal anti-HER-2 and sheep monoclonal anti-HER-1 followed by
HRP-conjugated antirabbit or antisheep IgG, respectively. Enhanced chemilu-
minescence detection reagent was used to visualize the protein bands.

Flow cytometry analysis and affinity determinations

The binding of the peptides and peptide-Fc fusion proteins to cancer and
normal cells were analyzed by flow cytometry. In brief, aliquots of cells (10°)
were divided into conical 96-well microplate, washed with phosphate-
buffered saline containing 1% fetal calf serum, and then incubated with
the affinity-purified peptide-Fc fusions for 30 minutes on ice. After washing,
cells were incubated with FITC-conjugated antihuman Fc for 30 minutes on
ice, and then, the samples were analyzed by flow cytometry. Competition
assays were performed by preincubating cancer cells with the peptides for
20 minutes on ice prior to staining with the peptide-Fc fusions. Binding
of the synthetic WN-peptide and control peptide to cancer cells was per-
formed as previously described.” Briefly, the cells were incubated with
biotin-conjugated peptides (10 pg/ml) for 30 minutes at 4 °C. After washing,
they were incubated with streptavidin-phycoerythrin and then analyzed by
flow cytometry. Sample acquisition was performed using a FACSCanto I
(BD Biosciences, San Jose, CA), and mean fluorescence intensities were ana-
lyzed in Flow Jo software. Affinity measurements by enzyme-linked immu-
nosorbent assay for cell surface antigens were calculated as described by
Bator and Reading.*® Briefly, peptide-Fc fusions at various concentrations
were mixed with cell suspensions incubated for 2 hours on ice with occa-
sional mixing and were then pelleted by centrifugation. Supernatants
were removed and retained for the quantification of unbound peptide-Fc
fusions using the human IgG ELISA Quantification Kit (Bethyl Laboratories,
Montgomery, TX). Bound peptide-Fc peptide concentrations are obtained
by subtraction of unbound peptide-Fc fusions from the initial antibody con-
centrations, and these values are then used to construct Scatchard plots.

Degranulation of NK cells

NK cells were purified from buffy coats from healthy donors using NK cell
isolation kit and auto MAC Pro Separator according to the manufacturer’s
instructions (Miltenyi Biotec), and purification was verified by phenotypic
analysis of the surface marker CD56. The purity of the cells was more than
96%. The target cells were seeded into 96-well plates at 2 x 10%/100 ul DMEM
supplemented with 10% (v/v) fetal calf serum and then incubated over-
night at 37 °C. On the following day, the medium was replaced by X-vivo 15
medium (Lonza, Verviers, Belgium) supplemented with IL-2, and peptide-Fc
fusions were added to the cells (5-10 pg/ml) and incubated at room tem-
perature for 30 minutes. Subsequently, IL15-activated NK cells (5x 10*in 100
ul X-vivo medium) along with PE-Cy5-conjugated mouse antihuman anti-
CD107a (2 pl/well) and monensin (0.2 pl/well) were added, and the plates
incubated at 37 °C. In some experiments nonbinding peptide-Fc fusions
were removed prior to adding NK cells to target cells. Competition with
the synthetic peptides (100 pg/ml) was performed by preincubating target
cells with the peptides for 60 minutes prior to adding the corresponding
peptide-Fc fusions (10 pg/ml). After incubation at 37 °C for 4 hours, the cells
were harvested, washed, stained with FITC-conjugated mouse antihuman
CD56 mADb, and then analyzed by flow cytometry. Sample acquisition was
performed using a FACSCanto Il (BD Biosciences), and mean fluorescence
intensities were analyzed by Flow Jo software.

ADCC assay

The assay was conducted using the lactate dehydrogenase cytotoxicity kit
based on the manufacturer’s instructions (Promega, Madison, WI). Target
cells pretreated with the peptide-Fc fusions (10 pg/ml) were incubated with
IL-15-activated NK cells at effector-to-target ratio of 20:1 for 24 hours at 37 °C
in X-vivo 15 medium supplemented with IL-2. After incubation, cell superna-
tants were transferred to a 96-well plate to determine the amount of lactate
dehydrogenase released. Percentage of cell lysis in the cytotoxicity assays
was calculated as (experimental release — background release/maximum
release — background release) x 100. The effector-to-target ratio 20:1 was
determined from pilot experiments.

Statistical analysis

Statistical analysis was performed with a Student’s t-test. P values <0.05 were
considered significant. Unpaired two-tailed t-test was used to assess differ-
ences in NK cell CD107a expression and ADCC activity.
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