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HER-2 is a member of the EGF receptor family and is overex-
pressed in 20-30% of breast cancers. HER-2 overexpression
causes increased expression of VEGF at both the RNA and pro-
tein levels. HER-2 and VEGF are therefore considered good tar-
gets for cancer treatment, which has led to the development of
two humanized monoclonal antibodies (mAb) pertuzumab and
bevacizumab. Although passive immunotherapy with these Abs
are approved for treatment of advanced breast cancer, a number
of concerns exist. Treatment is expensive, has a limited duration
of action, and is usually accompanied by serious side effects. We
hypothesized that therapy with conformational peptide mimics
aimed at blocking receptor-ligand interaction is potentially
safer with little toxicity, cheaper with a longer half-life, and has
greater penetrating abilities than mAbs. We designed and syn-
thesized peptides based on the binding of HER-2 with pertu-
zumab and VEGF with VEGFR2. We show that treatment with
the peptide mimics induces potent anti-tumor responses in vitro
as determined by cell viability, proliferation, and HER2 phos-
phorylation assays. We also demonstrate in a transplantable
BALB/c mouse tumor model that treatment with the peptide
mimics resulted in a greater delay in tumor growth and develop-
ment. Similarly, treatment with the peptide mimics inhibited
angiogenesis in vivo as assessed by a Matrigel plug assay. To
address the problem of degradability of L-amino acid peptides in
vivo, we synthesized the retro-inverso p-peptide mimics that
resulted in higher efficacy in treatment. Our study shows that
combination treatment with HER-2 and VEGF peptide mimics
provides greater efficacy than individual treatments.

HER-2 (human epidermal growth factor receptor-2) is a
member of the HER family of receptor tyrosine kinases and is
overexpressed in about 30% of invasive breast cancers and mul-
tiple epithelial tumors (1, 2). HER-2 overexpression is associ-
ated with markedly aggressive forms of cancer with a worse
prognosis of several malignancies (3, 4) and is therefore consid-
ered an important therapeutic target in many cancers for sev-
eral reasons. The amount of HER-2 expressed on cancer cells is
much higher than in normal adult tissues (5), potentially reduc-
ing the toxicity of HER-2 targeting drugs. Tumors with a high
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expression of HER-2 often show homogeneous, intense immu-
nohistochemistry staining (6), signifying that HER-2-targeted
therapy would target most cancer cells in a given patient. Addi-
tionally, HER-2 overexpression is found in both the primary
and metastatic sites (7), suggesting that HER-2 targeted therapy
may be effective in all disease sites. HER-2 overexpression and
amplification are seen in subsets of gastric, esophageal, endo-
metrial, uterine, ovarian, and lung cancers (8 —13). All four HER
receptors (EGFR (HER-1), HER-2, HER-3, and HER-4) share
structurally homologous extracellular domains (14). HER-2
plays a major coordinating role in this network, because each
receptor with a specific ligand seems to prefer HER-2 as its
heterodimeric partner (15, 16) due to its constitutively “open”
conformation. HER-2-containing heterodimers potently
amplify signaling because HER-2 reduces the rate of ligand dis-
sociation, allowing strong activation of downstream signaling
pathways (17, 18) and those involving the phosphatidylinositol
3-kinase (PI3K) and MAPK (19). This makes HER-2 a very
attractive therapeutic target and also suggests that HER-2-tar-
geted therapy will target most cancer cells in a given patient.
The up-regulation of HER-2 is associated with increased
expression of vascular endothelial growth factor or VEGF at
both the RNA and protein levels in human breast cancer cells,
and exposure of HER-2-positive cells to trastuzumab signifi-
cantly decreases VEGF expression (20). Shc, a downstream
adaptor protein of the HER-2 signaling pathway, has been iden-
tified as a critical switch for VEGF production (21) showing that
VEGF is a downstream target of the HER-2 signaling pathway.
This shows that the effects of HER-2 on tumor cell behavior
may be mediated in part through stimulation of angiogenesis.
Angiogenesis is the growth of new blood vessels from pre-ex-
isting ones and contributes to the development of numerous
types of tumors and their metastasis. VEGF, a well known pro-
angiogenic factor, is secreted by most tumor cells (22). VEGF
expression is increased in many different types of cancer, and
most tumor cells secrete VEGF (23). It is also thought that
VEGEF is a key promoter of metastasis (24). VEGF is a 34 —42-
kDa, homodimeric, heparin-binding, and disulfide-bonded gly-
coprotein that has several isoforms arising from splice variants
(23,25-28). VEGF has three known tyrosine kinase receptors as
follows: Flt-1 (VEGF-R1), KDR (VEGF-R2, Flk-1), and Flt-4
(VEGEF-R3). VEGF-R1 has a higher affinity for VEGF, but it has
been shown that VEGF-R2 is the biologically relevant receptor.
Therefore, VEGF and its receptors VEGFR-1 and VEGFR-2 are
prime targets for anti-angiogenic intervention that is thought
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to be one of the most promising approaches in cancer therapy.
Blocking angiogenesis is an attractive strategy to inhibit tumor
growth, invasion, and metastasis. Several monoclonal antibod-
ies have been developed to block VEGF from binding to its
receptors, one of which, A4.6.1 or Avastin (bevacizumab), has
been approved by the Food and Drug Administration (29). Bev-
acizumab has been tested in several cancer clinical trials (29 —
31) and showed some promising results in a phase II clinical
trial for breast cancer (20). Other VEGF inhibitors in clinical
trials in progress today include several receptor tyrosine kinase
inhibitors, VEGF-Trap and anti-VEGF-R2 (21, 29). VEGF stim-
ulates angiogenesis by binding to its receptor VEGFR?2 that is
expressed by both endothelial and tumor cells (32). A two-
pronged approach to target by co-immunizing with defined
tumor-associated antigens and angiogenesis-associated anti-
gens has been shown to have synergistic effects (32—34). All of
these show that combination treatment targeting both HER-2
and VEGF is a promising strategy because angiogenic therapy
alone will only delay tumor growth (35), and targeting HER-2
and VEGF will destroy two different tumor-dependent
sub-pathways.

The work described here stems from work conducted in our
laboratories over the past decade in developing effective vac-
cine strategies for HER-2/neu (36 -41) as well as developing
novel therapies based on blockade of receptor-ligand interac-
tions such as B7:CD28 (42-44, 53). Additionally, we have
shown that peptide vaccines of the HER-2/neu dimerization
loop are effective in inhibiting mammary tumor growth in vivo
(53). We have also developed effective inhibitors of VEGF,
VEGFR?2 (see accompanying paper (73)). The latter objective
was driven by the observation that HER-2 activation induces
the expression of VEGF, which is a pro-angiogenic factor mak-
ing blockade of angiogenesis an attractive and additional strat-
egy to inhibit tumor growth, invasion, and metastasis.

The basic hypothesis in the design of peptide mimics of
VEGF and HER-2 is that many proteins exert their biological
activity through relatively small regions of their folded surfaces.
This approach relies on the premise that the key residues of the
binding epitope, in particular side-chain functional groups
responsible for a significant portion of the binding affinity to a
given receptor/ligand, may be transferred to a much smaller
molecule with the contributions to binding largely intact (45).
The strategy for the retro-inverso (RI)*> modification of pep-
tides relies on the synthesis of the sequence using b-amino acids
in reverse order (from the N to C termini), such that the result-
ing peptide mimic has a reversal of the peptide backbone but a
topochemical equivalence to the parent peptide in terms of
side-chain orientation.

In this study, we report on the studies of the HER-2(266 —
296) peptide mimic in combination with two VEGF peptide
mimics that were synthesized using L- and D-amino acids. The
conformational VEGF peptides were shown to mimic the bind-
ing site of VEGF to its receptor VEGFR2 (73) by surface plas-
mon resonance assay. Combination treatments with both

2The abbreviations used are: R, retro-inverso; EGFR, EGF receptor; Fmoc,
N-(9-fluorenyl)methoxycarbonyl; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide; RTK, receptors tyrosine kinase.
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peptides were able to cause superior anti-tumor and anti-
angiogenic effects in vitro and in vivo. This dual therapeutic
benefit is clearly demonstrated by the increased proliferation
and phosphorylation inhibition as well as by a decrease in cell
viability. Combination treatment also caused a greater delay in
tumor growth and development in a transplantable tumor
model. These results indicate that the selected inhibitory pep-
tides have great therapeutic effects in targeting both HER-2 and
VEGF by eliciting potent anti-tumor and anti-angiogenic
effects.

MATERIALS AND METHODS

Synthesis and Characterization of Conformational Peptides—
Peptide synthesis was performed on a Milligen/Biosearch 9600
peptide solid phase synthesizer (Bedford, MA) using Fmoc/¢-
butyl chemistry. Preloaded Fmoc-Val-CLEAR acid resin (0.35
mmol/g) for the 266 —296-residue and CLEAR AMIDE resin for
the VEGF peptides (0.32 mmol/g) (Peptides International, Lou-
isville, KY) were used for synthesis. The 266 —296-residue cycl-
ized epitope was assembled by choosing the regioselective side
chain protector Trt on Cys residues 268 and 295 (20), and in the
VEGF peptides two cysteines were inserted between amino acid
GIn-79 and Gly-92 and between Ile-80 and Glu-93. Peptides
were cleaved from the resin using cleavage reagent B (trifluoro-
acetic acid/phenol/water/TIS, 90:4:4:2), and crude peptides
were purified by semi-preparative reversed-phase HPLC and
characterized by electrospray ionization mass spectroscopy
(46). Intramolecular disulfide bonds were formed using iodine
oxidation as described previously (47), and disulfide bridge for-
mation was further confirmed by maleimide-PEO,-biotin reac-
tion and subsequent analysis using electrospray ionization
mass spectroscopy.

Circular dichroism was done as described previously (20).
Briefly, aqueous solutions for CD were prepared by dissolving
the freeze-dried peptides in appropriate amounts of HPLC
water to give a final concentration of 0.5 mm and used as stock
solution for further dilution. CD spectra were recorded on an
AVIV model 62A DS CD instrument. Mean residue ellipticity
([6],,) values were calculated according to the equation
[0]p,0 = (6 X 100 X M,)/(n X ¢ X I), where 6 is the recorded
ellipticity (degree); M, indicates the molecular weight of the
peptide; 7 indicates the number of residues in the peptide; ¢
indicates the peptide concentration (milligrams/ml); and / indi-
cates the path length of the cuvette.

Animals—Female BALB/c mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). Animal care and use
were in accordance with institutional guidelines.

Cell Lines and Antibodies—All culture media, FBS, and sup-
plements were purchased from Invitrogen. The human breast
tumor cell lines BT-474, SK-BR-3, and MDA-468 were pur-
chased from American Type Culture Collection (Manassas,
VA) and maintained according to the supplier’s guidelines.
TUBO cells were a cloned cell line established in vitro from a
lobular carcinoma that arose spontaneously in a BALB-neuT
mouse (48). Humanized mouse mAb trastuzumab was gener-
ously provided by Genetech, Inc. (South San Francisco, CA).

Statistical Analysis—Tumor growth over time was analyzed
using Stata’s XTGEE (cross-sectional generalized estimating
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equations) model, which fits general linear models that allow
you to specify within animal correlation structure in data
involving repeated measurements. For other experiments, Stu-
dent’s t test was carried out to observe the statistical relevancy
between different sets of experiments and the significant differ-
ence between treated and nontreated cells.

Proliferation Assay—BT-474, SK-BR-3, MDA-468, and TS/A
cells (1 X 10% were plated in 96-well flat-bottom plates over-
night. Growth medium was replaced with low sera (1% FCS)
medium, and the cells were incubated overnight. Media were
removed from the wells and replaced with low sera medium
containing HER-2 and VEGF mimic peptides at concentrations
ranging from 25 to 150 ug/ml, and plates were incubated an
additional 1 h at 37 °C before adding 10 ng/ml HRG in 1%
medium. Plates were incubated for an additional 72 h at 37 °C
before adding MTT (5 mg/ml) to each well. Plates were incu-
bated for 2 h at 37 °C, and 100 ul of extraction buffer (20% SDS,
50% dimethylformamide (pH 4.7)) was added to each well.
Plates were incubated overnight at 37 °C and read on an ELISA
reader at 570 with 655 nm background subtraction. Inhibition
percentage was calculated as follows: 100% X (untreated cells —
peptide-treated cells)/(untreated cells).

Phosphorylation Assay—1 X 10° BT-474 cells were plated in
each well of a 6-well plate and incubated overnight at 37 °C.
Culture medium was removed and the cell layer washed once
with PBS low score (1% FCS). Culture medium was added to the
wells, and plates were incubated overnight. Cells were washed,
and 50 ug of peptides, anti-peptide Abs, and controls in binding
buffer (0.2% w/v BSA, RPMI 1640 medium with 10 mm HEPES
(pH 7.2) was added to the wells and incubated at room temper-
ature for 1 h. HRG (5 nMm/well) was added, and the incubation
was continued for 10 min. Binding buffer was removed, and the
cell layer was washed once with PBS before adding 1 ml of RIPA
lysis buffer (Santa Cruz Biotechnology, Santa Cruz, CA). Plates
were rocked at 4 °C for 2 h. Lysates were removed, spun at
13,000 X g and supernatants collected. Protein concentration
of each sample was measured by Coomassie Plus protein assay
reagent kit, and lysates were stored at —80 °C. Phosphorylation
was determined by Duoset IC for human phosphor-ErbB2
according to the manufacturer’s directions (R&D System:s).

Viability Assay—This assay was performed just like the pro-
liferation assay, but after treatment with the peptide inhibitors,
the aCella-TOX reagent was used to estimate the amount of
dead cells. After peptide treatment for 72 h, the plate was
removed and equilibrated to room temperature for 15 min
before adding 10 ul of lytic agent to the control wells for max-
imum lysis and incubated for 15 min at room temperature. 100
wl of the Enzyme Assay Reagent containing Glc-3-P was then
added to all wells followed by 50 ul of the detection reagent.
The plate was immediately read using a luminometer.

In Vivo Matrigel Assay—500 wl of liquid Matrigel was
injected subcutaneously into the flanks of Balb/c mice. The
Matrigel (BD Biosciences) contained VEGF, ¢ at a final con-
centration of 500 ng/ml to stimulate angiogenesis and VEGF
peptides or irrelevant peptides were added at a concentration of
500 pg/ml. All treatment group contained 3 mice and each
mice had two plugs each on the left and right flanks. After 10
days, the mice were sacrificed and Matrigel plugs were removed
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TABLE 1

Amino acid sequences and molecular weight of HER-2 and VEGF pep-
tide mimics

Sequences of amino acids are represented from N to C termini except for the retro
inverso peptides RI-HER-2-CYC and VEGF-RI-P4-CYC that were synthesized in
the reverse order using D-amino acids. All peptides were synthesized on CLEAR
amide resin, using Fmoc/t-butyl chemistry. All peptides were acetylated on resin
using acetyl-imidazole (4X) in dimethylformamide for 4 h. Cysteine residues are
underlined to indicate the locations of the disulfide bonds.

M.Wt.
Designation Peptide Sequence (da)
266-296
266-HER-2 | L-amino acid
(cv) cyclized CH,CONH-(L)-*%6LHCPA LVTYNTDTFESMPNPEGRYTFGASCV?%-CONH2 2925
peptide IS )
266-296
RI-HER-2 D-amino
(cYe) acid cyclized CH,CONH-D-%VCSAGFTYRGEPNPMSEFTDTNYTVLAPCHL265-CONH2 2925
peptide
76-96
VEGF-P3 L-amino acid
(cvo) cyclized CH,CONH-(L)-78ITMQ7-C-°2GIHQGQHPKIRMI®-C-SEMSF-CONH2 2527
peptide \
96-76
RI-VEGF-P4 | D-amino
(cvo) acid cyclized | CH,CONH-(D)-5FSME®-C-2IMRIKPHQGQHIGS2-C-°QMTI76-CONH2 2527
peptide —_—

and hemoglobin content was determined using the Drabkin’s
reagent kit. The Matrigel plugs were homogenized in hypotonic
lysis buffer (250 ul of 0.1% Brij-35 per plug) and centrifuged for
5 min at 5,000 X g. The supernatant was incubated at 0.5 ml of
Drabkin’s solution for 15 min at room temperature, and the
absorbance was measured at 540 nm with Drabkin’s solution as
a blank. Because absorbance is proportional to the total hemo-
globin content, the relative hemoglobin content was calculated
versus the negative and positive controls.

Peptide Treatment in Transplantable Mouse Model—
BALB/c mice (n = 5) 5— 6 weeks of age were challenged subcu-
taneously with 1 X 10° TUBO cells that express the rat HER-2/
neu, and after challenge, mice were treated intravenously
weekly with 100 ug of either HER-2 or VEGF peptide mimics or
a combination of both as inhibitors for a total six treatments. So
at day 0, mice are given both the TUBO cells and the first treat-
ment. Mice were euthanized at day 39 post-TUBO challenge
(week 10), and tumors were removed. Tumors were measured
for tumor volume twice a week using calipers and calculated
using the formula (length X width?)/2. All animal handling was
done according to the institutional guidelines.

RESULTS

Selection, Design, Synthesis, and Characterization of Peptides—
The selection of the VEGF peptide mimic residues 102-122
(numbered as 76 -96 in the crystal structure) corresponds to
the overlapping VEGF-binding sites to VEGFR-2 and Avastin.
Engineering of this peptide sequence has been described in
details elsewhere (73). The sequences of both the HER-2 and
VEGF peptide mimics are shown in Table 1. Briefly, the strategy
to create a conformational peptide consisting of an anti-parallel
B-sheet is described elsewhere (Vicari et al. (73)), where the
sequence was modified in a way that the resulting peptide
VEGF-P3(noncyclized) adopted a conformation very similar to
the native structure. It also required two artificial cysteines to
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FIGURE 1. A, schematic representation of the effects of retro-inverso peptides. Natural orientation of parent L-amino acid peptide (panel A). Reversed
side chain orientation in D-amino acid peptide (panel B). Retro-inverso peptide with restored side chain orientation (panel C). B, CD spectra of retro-
inverso VEGF peptide mimic. CD spectroscopy measurements were made of 100 um peptide solutions in ether water. Spectra characteristic of B-turn is
observed by the shifting of  mimina toward 217 nm. Inversion of the ellipticity in the spectra was result of inverted chirality by using b-amino acid (RI)

resulting in a mirror image profile.

be introduced between GIn-79 and Gly-92 and between Ile-80
and Glu-93. After synthesis and purification of the VEGE-
P3(noncyclized) peptide, the disulfide bond was formed by oxi-
dation enabling the formation of the twisted anti-parallel
B-sheet structure in the VEGF-P3(CYC). The RI peptide analog
VEGEF-RI-P4 was synthesized using p-amino acids with the
amino acid sequence in reverse order, such that the resulting
peptide mimic has a reversal of the peptide backbone but a
topochemical equivalence to the parent peptide in terms of
side-chain orientation (45, 49, 50). The rationale behind the
retro-inverso peptidomimetic is that it should present similar
activity with the advantage of higher bioavailability (43). Fig. 1A
shows a schematic representation of the retro-inverso-b-pep-
tide mimics.
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The choice for the HER-2 peptide mimic sequence span-
ning residues 266 —-296 (Table 1) was determined first on the
basis of the crystal structure of the Fab of pertuzumab bound
to the subdomain II of HER-2 extracellular domain (52) and
extensive immunogenic studies as described in Ref. 53. The
HER-2 peptide mimic 266 -296 was selected based on the
criteria that antibodies elicited against the peptide were
capable of inhibiting dimerization of HER-2 due to its ability
to bind and recognize the HER-2 extracellular domain (53).
Similar strategies to the VEGF peptide mimic were used to
design the HER-2 peptide mimic RI-HER-2 (CYC). All syn-
thetic peptides were successfully synthesized in our labora-
tory using well established protocols, purified by reversed-
phase HPLC using Vydac C-4 column and acetonitrile/water
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FIGURE 2. Antiproliferative effects of HER-2 and VEGF peptide mimics used as single treatments. BT474, SK-BR-3, MDA-468, and TS/A cells were incubated
with HER-2 peptide, VEGF peptides, trastuzumab, and irrelevant peptide. Bioconversion of MTT was used to estimate the number of active tumor cells
remaining after 3 days. Peptides were added at four different concentrations using the above-mentioned cell lines. The proliferation inhibition rate was
calculated using the formula (OD, g, Untreated — OD peptides or Ab)/OD,,,;ma Untreated X 100.
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FIGURE 3. Antiproliferative effects of combination treatment with HER-2
and VEGF peptide mimics. BT-474 cells were treated in the same manner as
in Fig. 2 but treated with HER-2 peptide, VEGF peptides, or a combination of
both. Trastuzumab and irrelevant peptide were used as positive and negative
controls. Rate of inhibition was calculated using the same formula as above,
and all results represent the average of three different experiments. Statistical
analysis was done using the analysis of variance model, and * indicates p <
0.001 when compared with the untreated. Error bars represent mean = S.D.

(0.1% TFA) gradient system, and characterized by MALDI

spectral analysis. As shown in Fig. 1B, the CD spectra is
typical of b-sheet structure.
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Antiproliferative Effects of Peptides—The antiproliferative
effects (Fig. 2) of the peptides were tested using four different
cell lines (BT-474 and SK-BR-3, HER-2"8"; MDA-468, HER-
2'°%; and TS/A, HER-2"°€2%"¢) in the presence of HRG to acti-
vate the HER-3 receptor. Unlike trastuzumab that is specific to
HER-2-positive cells, pertuzumab is known to act on cells by
disrupting ligand-dependent receptor complexes independent
of HER-2/neu expression (54). The cells were incubated with
the peptides before being exposed to HRG. We found that both
the HER-2 and VEGF peptides were able to inhibit tumor
growth, and the effect was concentration-dependent (Fig. 2).
We used four different cell lines to show that the effects of
the peptide were dependent on HER-2 expression because
higher inhibition was observed in cases of high HER-2
expression. BT-474 and SK-BR-3 both have high HER-2 ex-
pression, but the levels of HER-1 and HER-3 (HER-2
dimerization partners) in SK-BR-3 are, respectively, 10 times
and 2 times higher than in BT-474 (55). This probably
explains why the % inhibition is by far greater in SK-BR-3
cells than in BT-474 cells (Fig. 2). The HER-2(266 —296) also
showed inhibitory effects on HER-2 negative cells (TS/A
cells), which originated from a mammary adenocarcinoma
that arose spontaneously in a BALB/c female retired breeder.
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This is because the peptide was designed based on the bind-
ing of HER-2 to pertuzumab, which has been shown to
inhibit HER-2-negative cells (36).

To determine whether combination treatment would have
a significant bearing on inhibition of proliferation as com-
pared with individual treatment, we used mixtures of the
HER-2 and VEGF peptide mimics. As shown in Fig. 3, we
observed an increase in rate of inhibition when both peptides
were used as compared with single treatments (Fig. 3). Sta-
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FIGURE 4. Effects of combination treatment on cancer cell viability. BT474
cells were incubated with media alone, HER-2 peptide, VEGF peptides, tras-
tuzumab, and irrelevant peptide. The number of viable cells remaining after 3
days was determined using the aCella-TOX reagent kit, and all instructions
were done according to the manufacturer’s instructions. Cell viability is
expressed as a percentage of untreated cells. Data points represent the mean
of three independent experiments. Error bars represent S.D. Results represent
average of three different experiments. Statistical analysis was done using the
random effect linear regression model, and * indicates p < 0.001 when com-
pared with the untreated and ** indicates p < 0.001 when comparing single
treatments to combination treatments.
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100 -

tistical analysis showed a significant difference between the
treated and untreated cells in all five concentrations (25, 50,
75, 100, and 150 pg) with p values of <0.001 using the 95%
confidence intervals. Irrelevant peptide did not show antiprolifera-
tive effects, whereas trastuzumab (positive control) showed anti-
proliferative effects only on cells that express the HER-2 receptor
(Figs. 2 and 3).

Effects of Peptide Treatment on Breast Cancer Cell Viability—
We next evaluated the effects of combination treatment on
tumor cell survival in vitro. The MTT proliferation assay simply
shows that the peptides are able to prevent the cells from grow-
ing but does not show whether the cells are being killed by the
peptide. This was tested using the acella-TOX reagent kit
where dead or dying cells released the enzyme GAPDH, and
measuring the activity of this enzyme will give an estimate of
the cell viability after treatment. The results showed that the
peptide treatment was able to cause a decrease in cell viability,
and combination treatment caused a further decrease in viabil-
ity of at least 40% compared with a single treatment (Fig. 4).
There was a statistically significant difference between treat-
ment with HER-2 or VEGF peptides and the untreated group
with p values of <0.05 using the 95% confidence interval. The
difference was most significant in the case of the combination
treatment with both HER-2 and VEGF peptide mimics with p
values of <0.001 when using the 95% confidence interval when
compared with the untreated. Finally, when comparing the sin-
gle and combination treatment, we also obtained a significant
difference with p values of <0.001 using the same confidence
interval. Treatment with irrelevant peptide showed no statisti-
cal difference with untreated cells.

Peptide Inhibition of Phosphorylation—The main mode of
action of pertuzumab is to inhibit phosphorylation. This is due
to the fact that antibody sterically blocks the dimerization
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FIGURE 5. Effects of combination treatment on HER-2 phosphorylation. BT-474 cells were incubated with 100 g of HER-2 and VEGF peptides before being
exposed to HRG (HER-3-activating ligand) for 10 min and lysed. Phosphorylated HER-2/neu was determined by indirect ELISA and percent inhibition was
calculated as above. AG825 (Calbiochem), a potent HER-2 phosphorylation inhibitor, was used as a positive control. Results represent average data from three
different experiments. Error bars represent mean = S.D. Statistical analysis was done using the random effect linear regression model, and * indicates p < 0.001
when compared with the untreated, and ** indicates p < 0.001 when comparing single treatments to combination treatments.

APRIL 15,2011 +VOLUME 286+-NUMBER 15

JOURNAL OF BIOLOGICAL CHEMISTRY 13631



HER-2 and VEGF Peptides Inhibit HER-2 Signaling Pathways

Matrigel

_alone

Matrigel +
WVEGF

Mice 2 Mice 1

Mice 3

120 1

100 A

2]
=]

%Hb cone In plugs
(]
[=]

20 A

%//Aﬁ
i

Matrigel =
WEGF + P3 VEGF + P4 VEGF + IRR

Matrigel + Matrigel +

T

N NS

Matrigelabne  Matrigel+ VEGF Matigel +VEGF Matrigel+ VEGF Matigel +VEGF

+P3 +P4 +IRR

FIGURE 6. Inhibition of VEGF-dependent angiogenesis in Matrigel plugs by VEGF peptides. Top panel, 1st lane, Matrigel containing PBS alone (—control);
2nd lane, VEGF (+ control); 3rd lane, VEGF + P3 peptides; 4th lane, VEGF + P4, and 5th lane, VEGF + irrelevant peptide (VEGF + IRR) were subcutaneously
administered to BALB/c mice on the right and left flanks, and 10 days later the plugs were removed and photos taken as shown. Bottom panel, hemoglobin
content was determined using Drabskin’s method. Each group contained three mice. Error bars represent mean =+ S.D.

domain of HER-2 thereby preventing the formation of dimers
with other HER receptors and thus interrupting downstream
signaling. As shown in Fig. 5, the peptides were able to prevent
phosphorylation of the HER-2 protein, and single treatment
with the HER-2 peptide alone caused a 38% inhibition rate,
although the VEGF peptide with L- and p-amino acids caused
an inhibition rate of 28 and 39%, respectively. Combination
treatments led to dramatic increases in rate of inhibition of 67
and 70% for combining HER-2 + VEGF-P3-CYC and HER-2 +
VEGF P4-CYC, respectively (Fig. 5). All peptide treatments
were compared with the positive control AG825 (Calbiochem),
a HER-2-specific phosphorylation inhibitor. Statistical analysis
also showed a significant difference between the treated and
untreated groups with p values of <0.001 using the 95% confi-
dence intervals. Also, comparing the single and combination
treatments also showed a statistical significant difference between
the two treatments with p values of < 0.001. The cells treated with
the irrelevant peptide were similar to untreated cells.

In Vivo Matrigel Angiogenesis Assay—To determine whether
the VEGF peptides were able to inhibit angiogenesis in vivo, we
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FIGURE 7. In vivo anti-tumor effects of combination treatment with HER-2
L-amino acid peptide. Wild type BALB/c mice (n = 5), at the age of 5-6
weeks, were challenged with TUBO cells that were derived from BALB-neuT
mice which are transgenic for the rat HER-2/neu oncogene and were treated
intravenously with HER-2 and VEGF peptide mimics and scrambled irrelevant
peptide. Tumor measurements were performed twice a week using calipers.
The data are presented as the average tumor size per group and are reported
as 3 mm for combination treatment with HER-2 L-amino acid VEGF peptide
mimics.
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performed an in vivo Matrigel assay in which BALB/c mice
were injected with Matrigel containing VEGF and treated with
peptide mimics. As shown in Fig. 6, a decrease in hemoglobin
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FIGURE 8. In vivo anti-tumor effects of combination treatment with HER-2 p-
and VEGF p-amino acid peptide. Wild type BALB/c mice (n = 5) at the age of
5-6 weeks were challenged with TUBO cells that were derived from BALB-neuT
mice that are transgenic for the rat HER-2/neu oncogene and were treated intra-
venously with HER-2 and VEGF peptide mimics and scrambled irrelevant peptide.
Tumor measurements were performed twice a week using calipers. The data are
presented as the average tumor size per group and are reported as 3 mm for
combination treatment with HER-2 b-amino acid VEGF peptide mimics.
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content was observed in the case of treatment with VEGF pep-
tide mimics as compared with treatment with an irrelevant
peptide or untreated animals. These results indicate that the
peptides are able to prevent blood flow to the plugs effectively
limiting angiogenesis.

Transplantable Tumor Challenge Models—To determine the
ability of the peptides to inhibit tumor growth in vivo, we used
a rat neu-expressing tumor challenge model. The rat neu has a
97% similarity to that of the human HER-2(266 —296) sequence
with only one disparate amino acid (20). To investigate the effi-
cacy of peptide treatment, we challenged groups of BALB/c
mice (n = 5) with TUBO cells derived from tumors of BALB-
neuT transgenic mice (23) followed by weekly treatment
with either HER-2 or VEGF peptide mimics or a combina-
tion of both and monitored tumor growth up to 5-6 weeks
post-challenge.

Asshown in Fig. 7, combination treatment with HER-2(266 —
296) (L) peptide mimic with VEGF peptide mimics (VEGF-P3-
CYC-(L) or VEGF-P4-(D) produces greater anti-tumor effects
as compared with single HER-2 or VEGF peptide mimic treat-
ment. Mice that were treated with the HER-2 peptide alone
were significantly different from the group treated with combi-
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FIGURE 9. Tumor-free survival rates for combination treatments with HER-2 and VEGF peptide mimics. Mice were monitored for tumor development
twice weekly in both cases of combination treatment with L-amino HER-2 peptide (A) and b-amino HER-2 peptide (B). In both cases, combination treatment
showed the best tumor-free survival rates as compared with single treatments and untreated.
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nation of HER-2 and VEGF peptide mimics (p < 0.001). There
was also a significant delay in onset of tumor development in
the case of combination treatment (around day 25) as com-
pared with single treatment (around day 18).

Next, we compared in vivo anti-tumor effects with all
D-retro-inverso peptide mimics. As shown in Fig. 8, combina-
tion treatment with HER-2 D-amino retro inverso peptide and
the VEGF-RI-P4 peptide shows greater inhibitory effects than
treatment with HER-2 peptide alone. Mice treated with the
combination were significantly different from those treated
with either the HER-2 peptide alone or the VEGF peptide alone
(p < 0.001). There was also a delay in onset of tumor develop-
ment in the case of combination treatment (around day 28) as
compared with single treatment (around day 21). These groups
also produced a delay in tumor burden, and the group treated
with HER-2 and p-amino acid VEGF peptide was 20% tumor-
free at the end of the experiment (Fig. 94). The same combina-
tion treatment group using the p-amino acid VEGF peptide and
HER-2 peptide produced the most statistical significant reduc-
tion in the percent tumor weight (p <0.001) using analysis of
variance (Fig. 9B). There was no significant difference or delay
in tumor growth between the untreated and the irrelevant pep-
tide, and tumor growth and development followed a similar
pattern.

These results strongly indicate that combination treatment
with HER-2 and VEGF peptide mimics produced statistically
significant reduction in tumor growth and development in vivo
and also showed more potent anti-tumor effects in in vitro
assays indicating that targeting both HER-2 and VEGF is a
more attractive strategy than targeting only one of the path-
ways. Also, the retro inverso b-amino acid peptide mimics gave
better results than the L-amino acid peptides in both the cases
of single and combination treatments. Additionally, as shown
in Fig. 9, combination treatment causes a decrease in tumor
burden as illustrated by the % tumor weight in the mice treated
with both peptides. The best results were obtained in the case of
combination of both the p-amino acids peptides of HER-2 and
VEGF with a significant value of p < 0.001 as compared with
their individual treatments with p < 0.0047 when compared
with the untreated.

DISCUSSION

Research in our laboratory over the past 2 decades has
focused mostly on the development of B-cell epitope vaccines
that activate both the humoral and cellular arms of the immune
system resulting in the production of high affinity anti-peptide
antibodies with enhanced anti-tumor activities. HER-2/neu is
an oncoprotein that is overexpressed in many types of tumors
and is associated with highly aggressive forms of cancers (56,
57). HER-2 is thus an important therapeutic target, and thera-
peutic modalities have been devised that target the receptor and
downstream molecular pathways. We have successfully trans-
lated our extensive HER-2 preclinical studies (36, 37) to the
clinic in a phase 1 trial (58). Structural studies of HER-2
in complex with the anti-HER-2 antibodies trastuzumab/
Herceptin® and pertuzumab/Omnitarg™" have significantly
provided new insights into how these drugs function (52). We
have designed several conformational peptides based on the
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binding of the extracellular domain of HER-2 with pertuzumab
(53) and trastuzumab (59) as vaccine candidates, which is the
subject of an upcoming clinical trial at The James Cancer Hos-
pital (Columbus, OH).

Many therapeutic modalities targeting receptors tyrosine
kinases (RTK) and downstream molecular pathways have been
devised, and most outstanding among these are the ErbB and
vascular endothelial growth factor receptor (VEGFR) families
of kinases (26, 30, 60). Many agents have been developed aimed
at targeting RTKs, and these include therapeutic antibodies to
RTK ligands or the receptors themselves and small molecule
inhibitors that target the intracellular kinase domains of RTKs
(61-63). Many of the Food and Drug Administration-approved
therapies targeting both HER-2 (trastuzumab, Herceptin®) and
VEGF (bevacizumab, Avastin) have significant toxicities,
including cardiac dysfunction and congestive heart failure (64 —
66), and many of the patients demonstrate disease progression
because of development of resistance. Clinical applications of
mAD therapy in general is limited by a number of concerns such
as frequency of treatments, associated costs, limited duration of
action, undesired immunogenicities, development of resis-
tance, and significant risk of cardiotoxicities (67). Similarly, the
small molecule RTK inhibitors such as sunitinib, which have
entered clinical trials alone or in combination with radiother-
apy or chemotherapy, show problems of efficacy, development
of resistance, and unacceptable safety profiles that continue to
hamper their clinical progress (65). Despite the success of these
drugs, there still remains a high and unmet need for novel
molecular cancer therapeutics. Novel therapies targeting these
aberrant molecular pathways are urgently needed that can offer
hope that the effectiveness and duration of response can be
greatly improved.

In this study, we were interested in extending our approaches
by evaluating therapy with peptide mimics designed to inhibit
the interaction between receptor and its ligand as immunother-
apeutic strategies. Given the present state of small molecule
inhibitors and their unacceptable safety profiles, we believe that
rational synthetic peptide approach may offer a viable and safe
alternative. Peptide mimics offer the benefits of being water-
soluble, nonimmunogenic, and the ability to easily cross tissue
barriers (68). One of the major drawbacks of using peptides as
therapy is their high susceptibility to proteosomal degradation
(69). Because retro-inverso peptides are synthesized with p-
amino acids and proteases usually recognize L-amino acids,
they should be resistant to proteosomal degradation and there-
fore will increase the bioavailability of the peptidomimetic ther-
apeutic in vivo (44, 69, 70). As demonstrated in our companion
paper (73), our interest in VEGF stems from the fact that over-
expression of HER-2 is associated with increased expression of
VEGF at both the RNA and protein levels in breast cancer cells,
and a positive association between HER-2 and VEGF expres-
sion in breast cancer patients has been identified (71). Target-
ing these two receptors using a combination strategy can result
in a synergistic/additive manner killing tumor cells and retard-
ing tumor development (32-34). Thus, combination therapy
targeting both HER-2 and VEGF is a very promising strategy
because anti-angiogenic therapy alone will only delay tumor
growth (35) and targeting HER-2 and VEGF will destroy two
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FIGURE 10. Effects of combination treatment on tumor weight. Wild type BALB/c mice (n = 5), after TUBO challenge and treatment, were sacrificed at day
39, and the weight of the mice with the tumors was measured and recorded. The tumors were then extracted and also measured, and the data were used to
calculate the % tumor weight. Results showed a greater reduction in % tumor weight in the cases of combination treatment with the best results observed in
the case of combination with both retro inverso b-amino acid peptides. Error bars represent mean = S.D.

different tumor-dependent pathways. As shown in our com-
panion paper (73), we have successfully designed peptide mim-
ics of VEGF to inhibit angiogenesis. This peptide was synthe-
sized and tested in a number of different studies using cancer
cells, human umbilical vein endothelial cells, and animal mod-
els (73), resulting in the choice of VEGF-P3-CYC.

The retro-inverso analog of the VEGF peptide was designed
and synthesized using p-amino acids with the intent that it
would be superior to the L-amino acid peptide mimic when
used in vivo. Pertuzumab binds to different epitopes in the
HER-2 extracellular domain, amino acids 266-333, near the
junction of domains I-III (52). This interaction was shown to
sterically hinder the association of HER-2 with other receptors
such as HER-3 sterically blocking a pocket necessary for recep-
tor dimerization and signaling. Based on these studies, we have
selected one HER-2 peptide mimic pertuzumab-like sequence
266 —296, which has been shown to be a good candidate for a
neutralizing peptide (53).

We evaluated the antiproliferative effects of the peptides or
their combinations on different cell lines. Trastuzumab has
been shown to be specific to only HER-2-positive cells, and this
was observed in our results where no inhibition was observed
with the TS/A(HER-2-negative) cell line. There was also a
reduction in % inhibition in the case of MDA-468 (HER-2 low)
as compared with BT-474 and SK-BR-3 (HER-2 high) cells.
This indicates that the peptides were effective in inhibiting
HER-2 cancer cells. The HER(2-266) peptide showed inhibi-
tory effects also on the HER-2-negative cell line (TS/A), and this
is because it is the pertuzumab-like peptide, and pertuzumab is
also effective in cells that are independent of HER-2. After
showing some level of specificity to the HER-2 receptor, we
tested the effects of combination treatment with both HER-2
and VEGF peptides. We noticed that there was an increase in
proliferation and inhibition when combination treatment was
used, and the treated groups were statistically different from
the untreated, but the irrelevant peptide had no statistical
effects on the cells (Figs. 2 and 3).
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We also evaluated the effects of combination treatment on
cell viability, and the results obtained showed that single treat-
ment with HER-2 or VEGF peptides gives a viability of about
70%, whereas combination treatment with both peptides
reduces the viability to less than 25% (Fig. 4). The difference was
statistically significant between the single and combination
treatment with p values of <0.001. HER-2 is known to dimerize
with its partners HER-1 and HER-3 leading to receptor phos-
phorylation and intracellular signaling, and pertuzumab mainly
functions by sterically blocking this receptor from binding to its
partners and is therefore classified as a dimerization inhibitor
(51, 72). We therefore wanted to investigate the effects of pep-
tide treatment on phosphorylation, and the results also indi-
cated an increase in phosphorylation inhibition from less than
40% in the case of single treatments to about 70% in the case of
combination treatment, and the differences between these two
treatments were statistically significant with p values of <0.001
(Fig. 5).

Efficient in vivo angiogenesis assays to assess and compare
anti-angiogenic activity are a prerequisite for the discovery and
characterization of anti-angiogenic targets. When VEGF are
mixed with Matrigel and injected subcutaneously into mice,
endothelial cells migrate into the gel plug. These endothelial
cells form vessel-like structures, a process that mimics the for-
mation of capillary networks. To delineate whether our results
in BALB/c mice were due to inhibition of angiogenesis, we car-
ried out experiments in which we injected Matrigel, Matrigel
containing VEGF, and used P3, P4, and an irrelevant peptide as
inhibitors (see Fig. 6). The results are clear that there was sig-
nificant inhibition of hemoglobin content in the plugs treated
with the VEGF peptides. This indicates that angiogenesis was
significantly inhibited and points to the importance of targeting
VEGF and tumor angiogenesis for the treatment of human
cancer.

To evaluate the effects of peptide treatment in vivo, we used
a transplantable mouse model. BALB/c mice were challenged
with TUBO cells and treated with peptides and their combina-
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tions. The results obtained indicated a statistical significance of
p <0.001 between the group treated with the peptides and their
combinations and the group treated with the irrelevant peptide
or untreated (Fig. 7). Combination treatment with HER-2 p-
amino acid RI peptide and the VEGF-P4 peptide showed
greater inhibitory effects than treatment with HER-2 peptide
alone (Fig. 9). Combination treatment increases the tumor-free
survival rates and onset of tumor emergence because 20% of
mice in the group treated with HER-2 L-amino acid and
VEGEF-P4 remained tumor-free at the end of the experiment
(Fig. 9A), whereas 40% of mice in the group treated with HER-2
D-amino acid and the VEGF-P4 also remained tumor-free at the
end of the experiment (Fig. 9B). Combination treatment causes
adecrease in tumor burden as illustrated by the % tumor weight
in the mice treated with both peptides. The best results were
obtained in the case of combination of both the p-amino acid
peptides of HER-2 and VEGF with a significant value of p <
0.001 as compared with their individual treatments with p <
0.0047 when compared with the untreated (Fig. 10).

In summary, these data greatly illustrate that the peptide
mimics have potent anti-tumor activity, and combination treat-
ment with both HER-2 and VEGF peptides mimics produces
additive effects. This shows that targeting the two different
receptors will produce greater anti-tumor and anti-angiogenic
effects both in vitro and in vivo. Furthermore, our in vivo results
point to the treatment efficacy of HER-2 and VEGF combina-
tion of the p-amino peptide mimics. These results support our
hypothesis that the p-amino peptide exhibits greater in vivo
stability because it cannot be degraded by proteases. In conclu-
sion, our results may have significant implications and provide
viable safe alternatives to present treatment and hold tremen-
dous potential for the treatment of various solid tumor types.
Tailored treatments consisting of combinations of vaccines,
targeted therapies, angiogenesis inhibitors, and metronomic
chemotherapy will hopefully result in better patient outcomes
with little toxicity events. Integration of novel agents targeting
VEGF, HER-2, and EGFR with the goal to predict which specific
targeted agent combinations will most likely benefit individual
patients remains a formidable challenge but certainly an attain-
able goal in the future.
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