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ABSTRACT

The tetrapeptide Arg-Leu-Tyr-Glu (RLYE), a vascular endothelial
growth factor (VEGF) receptor-2 antagonist, has been used
previously either alone or in combination with chemotherapeutic
drugs for treating colorectal cancer in a mouse model. We
analyzed the half-life of the peptide and found that because of
degradation by aminopeptidases B and N, it had a short half-life
of 1.2 hours in the serum. Therefore, to increase the stability and
potency of the peptide, we designed the modified peptide,
N-terminally acetylated RLYE (Ac-RLYE), which had a strongly
stabilized half-life of 8.8 hours in serum compared with the
original parent peptide. The ICsq value of Ac-RLYE for VEGF-A-
induced endothelial cell migration decreased to approximately
37.1 pM from 89.1 pM for the parent peptide. Using a mouse
xenograft tumor model, we demonstrated that Ac-RLYE was
more potent than RLYE in inhibiting tumor angiogenesis and
growth, improving vascular integrity and normalization through
enhanced endothelial cell junctions and pericyte coverage of the
tumor vasculature, and impeding the infiltration of macrophages
into tumor and their polarization to the M2 phenotype. Further-
more, combined treatment of Ac-RLYE and irinotecan exhibited

synergistic effects on M1-like macrophage activation and
apoptosis and growth inhibition of tumor cells. These findings
provide evidence that the N-terminal acetylation augments the
therapeutic effect of RLYE in solid tumors via inhibition of tumor
angiogenesis, improvement of tumor vessel integrity and nor-
malization, and enhancement of the livery and efficacy of the
coadministered chemotherapeutic drugs.

SIGNIFICANCE STATEMENT

The results of this study demonstrate that the N-terminal
acetylation of the tetrapeptide RLYE (Ac-RLYE), a novel vascular
endothelial growth factor receptor-2 (VEGFR-2) inhibitor, signif-
icantly improves its serum stability, antiangiogenic activity, and
vascular normalizing potency, resulting in enhanced therapeutic
effect on solid tumors. Furthermore, the combined treatment of
Ac-RLYE with the chemotherapeutic drug, irinotecan, synergis-
tically enhanced its antitumor efficacy by improving the perfusion
and delivery of the drug into the tumors and stimulating the
conversion of the tumor-associated macrophages to an immu-
nostimulatory M1-like antitumor phenotype.

Introduction

Tumor angiogenesis improves the formation of blood vessels
for supplying oxygen, nutrients, and growth factors required
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for the growth and survival of tumors (Folkman, 2007). This
process is initiated from pre-existing vasculature around the
tumors (Papetti and Herman, 2002; Folkman, 2007). Angio-
genesis is precisely regulated by a balance between the
proangiogenesis and antiangiogenic factors. Among the various
angiogenic factors, vascular endothelial growth factor (VEGF),
which is predominantly induced under hypoxic conditions,
including robust tumor growth, is identified as the most potent
and prominent factor to induce physiologic and pathologic

ABBREVIATIONS: Ac-RLYE, N-terminally acetylated RLYE; Arg1, arginase 1; CPT-11, irinotecan; FBS, fetal bovine serum; FITC, fluorescein
isothiocyanate; HPLC, high-performance liquid chromatography; HUVECs, human umbilical vein endothelial cells; iNOS, inducible nitric oxide; NG2,
neural/glial antigen 2; PBS, phosphate-buffered saline; PMSF, phenylmethylsulfonyl fluoride; RLYE, Arg-Leu-Tyr-Glu; RLYE-NH2, C-terminally
amidated RLYE; TAM, tumor-associated macrophages; TUNEL, terminal deoxynucleotidyl transferase-mediated digoxigenin-deoxyuridine
nick-end labeling; VEGF, vascular endothelial growth factor; VEGFR-1/2/3, vascular endothelial growth factor receptor-1/2/3.
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neovascularization through the activation of endothelial cells
(Papetti and Herman, 2002). Thus, VEGF contributes to tumor
progression by promoting angiogenesis (Folkman, 2007).

The VEGF family includes five VEGF isoforms (VEGF-A,
VEGF-B, VEGF-C, VEGF-D, and VEGF-E) and placental growth
factor (Hicklin and Ellis, 2005). Of these, VEGF-A is the most
potent inducer of angiogenesis. All the VEGF isoforms bind to
the receptor tyrosine kinases, VEGF receptor-1 (VEGFR-1),
VEGFR-2, and VEGFR-3; however, VEGF-A binds to and
activates both VEGFR-1 and VEGFR-2, which are expressed
mainly in endothelial cells. VEGFR-1 has a higher binding
affinity for VEGF-A compared with VEGFR-2, whereas its
angiogenic activity is much weaker than that of VEGFR-2
(Sawano et al., 1996). Therefore, the VEGF-A/VEGFR-2
pathway is the main axis driving angiogenesis under
physiologic and pathologic conditions.

Numerous studies have demonstrated that antibodies and
chemical drugs targeting the VEGF-A/VEGFR-2 axis are
potential strategies to inhibit tumor angiogenesis, thus abro-
gating tumor progression and metastasis. Although some of
these drugs, such as bevacizumab, ramucirumab, sunitinib,
and axitinib, have been clinically used to treat several solid
tumors (McIntyre and Harris, 2015), they have some limita-
tions because of unwanted adverse effects (Kamba and
McDonald, 2007; Verheul and Pinedo, 2007; Cook and Figg,
2010; Taugourdeau-Raymond et al., 2012). For example, the
anti-VEGF-A antibody bevacizumab frequently induces seri-
ous side effects, including severe hypertension, thromboem-
bolic events, bleeding, and hemorrhage in cancer patients
(Kamba and McDonald, 2007; Taugourdeau-Raymond et al.,
2012). In addition, chemical drugs that inhibit VEGF receptor
tyrosine kinase can inhibit several other tyrosine kinases
owing to their low specificity and can also lead to drug-
resistance, hypertension, and proteinuria (Verheul and
Pinedo, 2007; Cook and Figg, 2010); however, the anti-
VEGFR-2 antibody ramucirumab is predicted to be a prom-
ising drug for treating cancer patients since it inhibits tumor
angiogenesis without significant adverse effects (Fuchs
et al., 2014; Javle et al., 2014), suggesting that VEGFR-2
could be a potential target for tumor therapy.

We had previously developed the antiangiogenic tetrapep-
tide Arg-Leu-Tyr-Glu (RLYE) from the amino acid sequence
of Lys-Leu-Tyr-Asp (KLYD) present in the antiangiogenic
kringle domain 5 of plasminogen (Sheppard et al., 2004; Baek
et al.,, 2015). RLYE inhibited VEGF-induced angiogenesis
in vitro more effectively than KLYD (Baek et al., 2015). Further
studies demonstrated that RLYE acts as a VEGFR-2 antagonist
and inhibits tumor angiogenesis by binding to VEGFR-2 at the
same binding site as VEGF-A (Baek et al., 2015, 2017). Here, we
found that RLYE had a short half-life in serum; therefore, we
developed a more stable peptide, Ac-RLYE, by N-terminal
acetylation of RLYE. The modified peptide potentially inhibited
tumor angiogenesis and improved tumor vessel integrity in an
animal model. These findings provide evidence that Ac-RLYE is
a promising therapeutic drug for solid tumors by targeting
tumor vessels.

Materials and Methods

Materials. Cell culture media and supplements were purchased
from Invitrogen Life Technologies (Carlsbad, CA). Fetal bovine serum
(FBS) was obtained from HyClone Laboratories (Logan, UT). Human
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recombinant VEGF-A 45 was obtained from R&D Systems (Minneap-
olis, MN). The peptides RLYE, Ac-RLYE, and others were purchased
from Peptron (Daejeon, South Korea). Irinotecan hydrochloride (CPT-
11) was purchased from Sigma-Aldrich (St. Louis, MO). Aprotinin,
leupeptin, EDTA, and phenylmethylsulfonyl fluoride (PMSF) were
purchased from Thermo Fisher Scientific (Waltham, MA). Bestatin,
arphamenine B, and leuhistin were obtained from Calbiochem (San
Diego, CA).

Cell Culture. Human HCT116 colon cancer cells and human
umbilical vein endothelial cells (HUVECs) were obtained from
American Type Culture Collection (Manassas, VA) and ScienCell
Research Laboratories (San Diego, CA), respectively. HCT116 cells
were cultured in RPMI medium supplemented with 10% FBS, 1 mM
sodium pyruvate, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid, and 100 U/ml penicillin-streptomycin antibiotic solution in
a humidified atmosphere of 5% CO. at 37°C. HUVECs were main-
tained and cultured in M199 as previously described (Baek et al.,
2017), and only passages 2—6 were used for all experiments.

In Vitro Angiogenesis Assay. Angiogenic activity was deter-
mined by measurements of endothelial cell migration and tube
formation as described previously (Baek et al., 2017). Chemotactic
migration was analyzed using Boyden chambers. Briefly, the lower
surface of the filter of Boyden chambers with 6.5-mm-diameter
polycarbonate filters (8-um pore size) was coated with 10 ug of gelatin.
Fresh M199 medium containing FBS (1%) and VEGF (10 ng/ml) was
placed in the lower wells. HUVECs were trypsinized and resuspended
at a final concentration of 1 x 10° cells/ml in M199 containing FBS
(1%) and peptides (1.5 nM or 1 pM to 10 nM). The cell suspension was
added into each of the upper wells in a final volume of 100 ul. After
incubation at 37°C for 4 hours, the cells that migrated to the lower side
of the filter were fixed and stained with hematoxylin and eosin and
counted using a phase-contrast microscope. On the other hand, the
formation of tube-like structure was determined after culture of
HUVECs on growth factor reduced Matrigel (Baek et al., 2017).
Twenty-four well culture plates were coated with Matrigel according
to the manufacturer’s instructions. HUVECs were plated onto the
layer of Matrigel at a density of 4.0 x 10° cells/well and stimulated
with VEGF (10 ng/ml) alone or in combination with the peptides (1.5
nM) preincubated with either phosphate-buffered saline (PBS) or
fresh human serum for 2 hours. After 20 hours, the tube-like structure
formation was visualized using a phase-contrast inverted microscope
(Olympus IX71; Tokyo, Japan). The degree of tube formation was
quantified using Imaged software (NIH, Bethesda, MA).

Determination of Peptide Degradation and Stability. Hu-
man whole blood was collected in sterile centrifuge tubes from healthy
volunteers according to protocols approved by the Institutional Re-
view Board at Kangwon National University Hospital (KNUH-2017-
01-010-004), and informed consent was obtained from all participants.
The investigation conforms to the principles outlined in the Declara-
tion of Helsinki. Whole blood was allowed to clot at 4°C and was then
centrifuged at 1500g for 20 minutes at 4°C. The serum was filtered
with a sterile filter (0.22 um; Millipore Corporation, Billerica, MA) and
stored in small aliquots at —70°C until further use. For measuring the
stability of each peptide in serum, the peptides (100 ug in 50 ul of
distilled water) were incubated with 50 ul of filtered human serum in
the presence or absence of protease or peptidase inhibitors in a 37°C
incubator for the indicated periods. The incubated sample was
fractionated by reverse-phase C18 high-performance liquid chroma-
tography (HPLC) with a linear gradient of acetonitrile (Vydac protein
and peptide C18 column, 0.1% trifluoroacetate in HyO for equilibra-
tion, and 0.1% trifluoroacetate in acetonitrile for elution). The relative
concentrations of the remaining peptides were analyzed by integra-
tion of the absorbance at 220 nm as a function of retention time using
the Analysis module of the Unicorn software package.

Animal Model of Human Colon Cancer. Seven-week-old male
athymic nude mice were purchased from OrientBio (Seongnam, South
Korea) and maintained on a standard chow diet ad libitum in a laminar
airflow cabinet under specific pathogen-free conditions. Animal experiments
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were performed in accordance with the guidelines of the Institutional
Animal Care and Use Ethics Committee of Kangwon National
University (KW-181109-1). Moreover, this investigation conformed
to the Guide for the Care and Use of Laboratory Animals published by
the United States National Institutes of Health (NIH Publications No.
8023, revised 1978). The sample size for animal experiments was
determined according to a previously modified method using a G
power program (Charan and Kantharia, 2013). Nude mice were
randomly allocated to experimental and control groups and chal-
lenged subcutaneously in the left flank with 100 ul of 1 x 107 HCT116
human colon carcinoma cells. After the tumor volume grew to at least
50—70 mm?, which occurred within 7 days, the mice were injected
intraperitoneally with saline, RLYE (0.5 mg/kg daily), or modified
RLYE (0.5 mg/kg daily). Some mice were injected intraperitoneally
with Ac-RLYE (0.5 mg/kg daily), RLYE (0.5 mg/kg daily), or in
combination with CPT-11 (17 mg/kg every 5 days). The dosage of
CPT-11 is one-third of the maximum-tolerated dose (50 mg/kg every 3
days) in the tumor-bearing mouse model and does not induce
cytotoxicity when injected intraperitoneally every 3 days (Uchino
et al., 2008). Tumor size was measured in two dimensions using
calipers. The tumor volume (cubic millimeter) was calculated using
the ellipsoid formula: width? x length x 0.52 (Baek et al., 2017).

Tumor Vessel Permeability. Tumor vessel permeability was
assessed using fluorescein isothiocyanate (FITC)-dextran as previ-
ously described (Baek et al., 2017). The tumor-bearing mice were
treated with peptides alone or in combination with CPT-11 for 18 days
and then intravenously injected with 3 mg/mouse FITC-dextran (40
kDa; Sigma-Aldrich). After 10 minutes, the tumors were isolated and
fixed briefly in 4% paraformaldehyde, and cryosections of the tumor
tissues were prepared to observe vascular leakage under a fluores-
cence microscope.

Immunostaining Analysis. The tumor tissues were fixed in
3.7% paraformaldehyde solution overnight at 4°C, rinsed with PBS
at room temperature, incubated in 15% sucrose overnight at 4°C, and
transferred to 30% sucrose at 4°C until the tissue sank. The fixed
tissues were embedded in Optimal Cutting Tissue compound (Leica
Biosystems, Richmond, IL) for 30 minutes at room temperature and
subsequently frozen in liquid nitrogen. Frozen sections (30 pum thick)
were cut at —20°C, and the slides were stored at —70°C until they
were used for immunostaining. The sections were incubated with
antibodies for rat anti-CD31 (1:100, no. 553370; DB Pharmingen,
San Jose, CA), inducible nitric oxide (iNOS, 1:100, no. 610600), goat
anti-VE-cadherin (1:100, SC-9989; Santa Cruz Biotechnology, Santa
Cruz, CA), arginase 1 (1:100, Argl, SC-166920), F4/80 (1:100,
SC-26642), and rabbit anti-NG2 (1:500, ab5320; EMD Millipore)
for 2 hours at room temperature. After washing three times with
0.1% Triton X-100 in PBS (10 min/wash), the sections were incubated with
Alexa Fluor-, FITC-, or tetramethylrhodamine-isothiocyanate—conjugated
secondary antibody (1:1000) for 60-90 minutes at room temperature,
counterstained with DAPI (1 pg/ml), and washed five more times with
0.1% Triton X-100 solution (10 min/wash). Some of the tumor sections were
also incubated with FITC-isolectin B4 (5 pg/ml; Vector Laboratories,
Burlingame, CA) for 1 hour. In addition, the apoptotic cells were detected
using a terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) kit (Roche Applied Science, Indianapolis, IN). The slides were
mounted with Permount solution (Thermo Fisher Scientific) and analyzed
using the Zeiss LSM 880 laser scanning confocal microscope with AiryScan
(Carl Zeiss, Oberkochen, Germany). Images were acquired with pinhole
settings of 1 Airy Unit, on a GaAsP-PMT detector with a gain setting of
800, a pixel dwell time of 2.06 ws, and no averaging. Airyscan images were
acquired with 2% of maximum laser power for argon-ion (488 nm),
helium-neon (633 and 543 nm), and diode (405 nm) laser lines. The
image acquisition parameters were kept constant between the control
and treated groups. Colocalization of CD31 and VE-cadherin was
assessed by Pearson’s correlation coefficient using the ZEN software
in a blinded investigation.

Statistical Analysis. The quantitative data are expressed as
mean * S.D. of at least three independent experiments performed in

triplicate. Image analysis was performed by three blinded observers,
and no samples were excluded from the analysis. Statistical analyses
were performed using GraphPad Prism 6 (La Jolla, San Diego, CA).
Statistical significance was determined using either the unpaired
student’s ¢ test or one-way ANOVA, followed by Tukey’s post-hoc test,
depending on the number of experimental groups analyzed. Differ-
ences were considered statistically significant at P < 0.05. For all
statistical analyses, the appropriate statistical tests were chosen, and
the data met the assumptions of the test, and the variance between the
statistically compared groups was similar.

Results

RLYE is Degraded by Heat-Labile Serum Factors.
Since small peptides are likely to be unstable in the serum
due to the presence of serum-derived peptidases and
therefore rapidly cleared from blood circulation, we first
examined the stability of the VEGFR-2 antagonist RLYE
(structure shown in Fig. 1A) in fresh human serum using
HPLC-based spectrophotometry after incubation for dif-
ferent periods at 37°C. The characteristic peak of RLYE
was rapidly reduced in the serum with a half-life (¢1/2) of
73 minutes, although it was quite stable in PBS (Fig. 1B),
suggesting that this peptide is degraded or absorbed by
certain biomolecules present in the serum. We next exam-
ined whether the stability of the peptide was affected by
heat-labile serum factors, such as peptidases or proteases.
The serum was preheated at different temperatures for
10 minutes and incubated with RLYE for 2 hours, followed
by quantitation of the amount of the remaining peptide.
The peptide stability remained unchanged only when
incubated with serum preheated over 70°C (Fig. 1C). These
data suggest that RLYE may be degraded or destabilized by
heat-labile serum factors.

RLYE is Degraded by Aminopeptidases B and N.
Since enzymes are generally neutralized by heating over
about 70°C, we examined the identity of the proteins,
including enzymes, which are involved in the degradation
or destabilization of RLYE. When incubated with albumin,
the most abundant protein in serum, RLYE, remained stable
(Fig. 2A), indicating that the stability of RLYE is not affected
by albumin; however, coincubation with protease inhibitors,
such as aprotinin, leupeptin, PMSF, or EDTA, failed to restore
the decreased peak height of RLYE that was observed upon
incubation with serum (Fig. 2A), suggesting that serum
proteases are not involved in the destabilization of RLYE.
Based on the amino acid sequence of the peptide, we hypoth-
esized that aminopeptidases B and N, which cleave Arg at the
N-terminal residue, may contribute to the degradation of
RLYE. Notably, bestatin, an inhibitor of aminopeptidases B
and N, completely restored the decreased peak height of RLYE
incubated with serum (Fig. 2B). These results suggest that
aminopeptidases B and N are responsible for degradation of
RLYE in the bloodstream. We next examined which of these
aminopeptidases is predominantly involved in the destabili-
zation of RLYE in serum using their specific inhibitors.
Destabilization of RLYE in serum was partially inhibited by
both aminopeptidase B-specific inhibitor (arphamenine B)
and N-specific inhibitor (leuhistin), and the inhibitory effect
of leuhistin was slightly higher than that of arphamenine B;
however, combined treatment with both inhibitors completely
blocked the destabilization of RLYE in serum (Fig. 2C). These
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Fig. 1. RLYE is degraded by a heat-labile serum factor. (A) Chemical structure of RLYE. (B) RLYE was incubated with PBS or healthy human serum at
37°C for the indicated times. The reaction mixture was fractionated by reverse-phase HPLC, and peptide concentration was analyzed by the integration of
absorbance at 220 nm as a function of retention (n = 3). Inserted peaks show a typical chromatogram of RLYE that was incubated in fresh human serum
for the indicated times. (C) Human serum was preheated at the indicated temperature for 10 minute and then incubated with RLYE at 37°C for 2 hours.
Representative spectra of the remaining RLYE were obtained via HPLC-based analysis.

results suggest that RLYE is degraded by both serum amino-
peptidases B and N.

N-Terminal Modification Stabilizes RLYE and Poten-
tiates its Antiangiogenic Activity. Toimprove the stability
of the peptide from serum peptidase-mediated degradation,
RLYE was modified at either the N- or C-terminal residue.
N-terminal acetylation (Ac-RLYE) significantly increased the
half-life of RLYE (1.2 hours) to approximately 8.8 hours in fresh
serum, whereas the C-terminal amidation (RLYE-NH,) did
not effectively change the serum stability of RLYE (Fig. 3, A
and C). Similar to Ac-RLYE, Rp)LYE, in which L-Arg of RLYE
is replaced with its inactive stereoisomer D-Arg, also had
an increased serum half-life of 7.0 hours compared with that of
RLYE, indicating that Rp)LYE is stable in serum, albeit
slightly less compared with Ac-RLYE (Fig. 3, B and O);
however, modification of RLYE at both N and C termini
(Ac-RLYE-NH,) increased its serum half-life to 9.4 hours,
which was slightly longer than that of Ac-RLYE and much
longer than that of RLYE-NH; (Fig. 3C), which suggests that
the N-terminal L-Arg residue is a critical determinant of the
stability of RLYE in serum. We next examined the effects of
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RLYE and its modified versions on VEGF-A-induced endo-
thelial migration, which is a typical characteristic of in vitro
angiogenesis. Treatment of HUVECs with 1.5 nM of Ac-RLYE
and Rp)LYE showed slightly higher inhibitory effects of
95.8% and 91.4%, respectively, than RLYE (85.4%) on VEGF-
A—induced endothelial cell migration; however, RLYE-NH,
revealed a lower inhibitory effect (79.7%) than RLYE (Fig. 3C).
On the other hand, Ac-RLYE-NH, had a significantly lower
inhibitory effect on VEGF-A—induced endothelial cell migration
compared with that of RLYE (11.3% vs. 85.4%). To further
compare the antiangiogenic activities of all the peptides, the
ICsg values were determined against VEGF-A-induced endo-
thelial cell migration. The ICs, values of Ac-RLYE and Rp)LYE
were approximately 37.1 pM [95% confidence interval (CI):
69.1-44.7 pM] and 52.5 pM (95% CI: 39.8-70.8), respectively,
which were lower than that of RLYE (IC50: 89.1 pM, 95% CI:
69.1-116.9 pM); however, the IC5q values of RLYE-NHj and Ac-
RLYE-NH; were 326.6 pM (95% CI: 224.8-475.3 pM) and >1.0
nM, respectively, much higher than that of RLYE (Fig. 3C;
Supplemental Fig. 1). Furthermore, we compared the antiangio-
genic activity of the peptides after preincubation with PBS or
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Fig. 2. Degradation of RLYE in serum is blocked by inhibitors of aminopeptidases B and N. (A) RLYE was incubated in PBS, human serum, or
50% human albumin solution in the presence or absence of aprotinin (1 M), EDTA (1 mM), leupeptin (100 uM), or PMSF (1 mM) at 37°C for 4 hours. The
remaining peptide was determined by HPLC-based analysis. (B) RLYE was incubated in PBS or human serum in the absence or presence of bestatin
(50 uM) at 37°C for 4 hours and analyzed by HPLC. (C) The peptide was incubated in PBS or human serum in the absence or presence of arphamenine B
(50 uM), leuhistin (50 uM), or a combination of both at 37°C for 4 hours and analyzed by HPLC. (A-C) All the peaks are representative spectra of two

independent experiments.
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Fig. 3. N-terminal modification of RLYE increases stability and antiangiogenic activity in serum. (A and B) RLYE and its modified derivatives at N and
C termini were incubated in human serum at 37°C for the indicated periods. The remaining peptide was determined by HPLC-based analysis (n = 3). (C)
Half-lives of RLYE and its derivatives were calculated from data of the (A and B) (n = 3). The inhibitory effects of RLYE (1.5 nM) and its derivatives on
angiogenesis were determined by assaying chemotactic migration of HUVECs stimulated with 10 ng/ml of VEGF-A (n = 3). The IC5, values and their
95% confidence intervals (95% CI) against endothelial cell migration were determined by (Supplemental Fig. 1) plotting the pooled data from three
independent experiments performed in triplicated using the logarithmic regression. *P < 0.05 versus RLYE. (D) RLYE and its derivatives were
preincubated in PBS or human serum for 2 hours, followed by assessment of their inhibitory activity against VEGF-A-induced tube formation of
HUVECs. Scale bar, 250 um. Tube length was measured using Imaged software, and data were analyzed using two-way ANOVA followed by Tukey’s post-

hoc test (n = 3). ns, not significant. **P < 0.01.

human serum for 2 hours to mimic the in vivo system of
circulating blood. When preincubated either with PBS or human
serum, Rp)LYE and Ac-RLYE strongly inhibited VEGF-induced
tube-like structure formation, whereas RLYE had potent anti-
angiogenic activity when preincubated with PBS but showed
only partial activity with human serum (Fig. 3D), suggesting
that Rp)LYE and Ac-RLYE have more potent anti-angiogenic
activity than RLYE in serum. Collectively, our results suggest
that the N-terminal modification greatly stabilizes RLYE in
circulating blood and effectively inhibits VEGF-A-induced
angiogenesis.

Ac-RLYE and Rp)LYE Potentially Inhibit Tumor
Growth and Angiogenesis. We examined the antitumor
effects of Ac-RLYE and RpLYE in a human colorectal
tumor xenograft model. Treatment with both modified pep-
tides significantly inhibited tumor growth and decreased
tumor size and weight compared with RLYE treatment, and
the antitumor effects of Ac-RLYE were slightly greater than
those of R(p)LYE (Fig. 4, A-C). We next assessed the inhibitory
effects of these peptides on tumor angiogenesis. Immunohis-
tochemical analysis of CD31, an endothelial specific marker,
showed that both modified peptides significantly decreased
blood vessel formation in the tumor tissues compared with
RLYE, and the effect of Ac-RLYE was greater than that of
Rp)LYE (Fig. 4, D and E). Therefore, these data suggest that
Ac-RLYE has more a potent antitumor effect than the other
peptides via effective inhibition of tumor angiogenesis.

Ac-RLYE Improves Normalization of Tumor Vessels.
Since tumor angiogenesis forms the abnormal vasculature in

conjunction with increased vascular permeability and leak-
age, leading to tumor progression and metastasis (Jain, 2005),
we evaluated the effect of Ac-RLYE on the vascular perme-
ability and leakage in tumors using FITC-dextran. Treatment
of tumor-bearing mice with Ac-RLYE significantly reduced
tumor vessel leakage compared with that of saline control, and
this effect was greater than that of RLYE (Fig. 5, A and B).
Vascular permeability is regulated by abnormal vascular
structures, such as loss of endothelial cell junctions and lack
of pericytes (Hellstrom et al., 2001). As expected, we found
that treatment with Ac-RLYE resulted in a high degree of
colocalization of CD31 and VE-cadherin, an endothelial cell
junction protein, as well as a significant decrease in CD31
immunoreactivity compared with RLYE treatment (Fig. 5, C
and D). Moreover, Ac-RLYE treatment resulted in increased
pericyte coverage on tumor vessels compared with RLYE
treatment, as determined by staining with the pericyte
marker NG2 (Ozerdem et al., 2001) (Fig. 5, E and F). These
results suggest that N-acetylation improves the effect of RLYE
on tumor vessel normalization through enhancement of
endothelial cell junctions and pericyte coverage.

Ac-RLYE Sensitizes Tumor to CPT-11. Since reduced
vascular leakage via tumor vessel normalization increases
drug delivery to solid tumors and facilitates chemotherapeutic
efficacy (Jain, 2005; Dineen et al., 2008; Carmeliet and Jain,
2011), we examined the combined effect of the peptides and an
anticancer drug CPT-11 (17 mg/kg every 5 days) on tumor
progression. Cotreatment with RLYE and CPT-11 revealed
a synergistic inhibition of tumor growth, and this synergistic
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Fig. 4. Ac-RLYE and R(p LYE inhibit tumor angiogenesis and growth. Nude mice were challenged subcutaneously in the left flank with 1 x 107 HCT116
human colon carcinoma cells in a volume of 100 ul. On day 6, when the tumor volume reached 50-70 mm?, mice were injected intraperitoneally with
saline, RLYE (0.5 mg/kg daily), or modified RLYEs (0.5 mg/kg daily) for 24 days (n = 6). (A) Tumor burden was measured by three blinded observers every
3 days. The arrow indicates the beginning of the peptide treatment. (B) The size of tumors excised from HCT116 tumor-bearing mice treated with peptides
for 24 days (n = 6). (C) Tumor weight was measured immediately after isolation (n = 6). (D) Representative image of tumor sections that were stained
with an anti-CD31 antibody. Scale bar, 100 um. (E) CD31 levels were quantified by three blinded observers using computer-aided confocal microscopy.
Data were analyzed using one-way ANOVA followed by Tukey’s post-hoc test (n = 6). ns, not significant. *P < 0.05 and **P < 0.01.

effect was further augmented by replacement of RLYE with
Ac-RLYE (Fig. 6A). Consistent with this, TUNEL assay
showed that apoptotic cells were synergistically augmented
in tumors of mice treated with a combination of Ac-RLYE and
CPT-11, and the synergistic apoptosis was greater than that
induced by cotreatment with RLYE and CPT-11 (Fig. 6, A-C);
however, treatment with Ac-RLYE, CTP-11, and both together
did not significantly change the serum levels of the hepato-
toxicity markers alanine aminotransferase and aspartate
aminotransferase (Fig. 6D) and the body weights (23.5 = 0.8,
24.1 = 0.8, and 22.8 = 0.7 g, respectively), in concordance with
the results shown in a previous study (Uchino et al., 2008).
These results suggest that the N-acetylation enhances the
effect of RLYE on CPT-11-mediated chemotherapeutic efficacy
without significant toxicity in a mouse model.

Ac-RLYE Inhibits Infiltration of Macrophages and
their Polarization to M2 Phenotype. Tumor-associated
macrophages (TAMs) express VEGFR-2 (Dineen et al., 2008)
and play an important role in tumor angiogenesis by polari-
zation from the cytotoxic M1 to the angiogenic M2 phenotype
(Riabov et al., 2014). We examined whether Ac-RLYE regu-
lates infiltration of macrophages into tumors and their
phenotypic polarization. Treatment with Ac-RLYE signifi-
cantly decreased infiltration of F4/80-positive macrophages
into tumors compared with injection of saline (Fig. 7, A and B).
TAMs in mice treated with Ac-RLYE expressed low levels of
the M2 macrophage marker Argl and high levels of the M1
macrophage marker iNOS compared with TAMs in saline-
treated mice (Fig. 7, A and C-E). CPT-11 treatment resulted
in a significant increase in infiltration of macrophages, which
expressed high levels of Argl and low levels of iNOS compared
with those in control tumors, and these gene expression

patterns were inversely regulated by cotreatment with Ac-
RLYE (Fig. 7, A and C-E). Therefore, treatment with Ac-
RLYE inhibited infiltration of macrophages and polarization
of TAMs to the M2 phenotype (Fig. 7, B and F), possibly
resulting in an increase in TAM-induced tumor cytotoxicity.

Discussion

Since formation of the tumor vascular network plays
a critical role in tumor growth and metastasis, many
angiogenic inhibitors have been developed and clinically
used for treating solid tumors (Kamba and McDonald,
2007; Verheul and Pinedo, 2007; Cook and Figg, 2010;
Taugourdeau-Raymond et al., 2012; McIntyre and Harris,
2015). The tumor vasculature created by tumor-derived
VEGF exhibits a spectrum of morphologic and functional
abnormalities characterized by loss of vessel hierarchy,
increased tortuosity, poor perfusion, instability, and in-
creased vascular leakage (McDonald and Baluk, 2005).
Thus, antiangiogenic agents not only inhibit tumor angio-
genesis but also normalize the tumor vasculature, result-
ing in improved chemotherapeutic efficacy by enhancing
the delivery of anticancer drugs to tumors.

We previously demonstrated that the tetrapeptide RLYE
effectively suppressed tumor neovascularization by blocking
the interaction between VEGF-A and VEGFR-2, resulting in
inhibition of tumor growth and metastasis in a tumor-
bearing mouse model (Baek et al., 2015, 2017); however,
we found that RLYE was unstable and readily degraded
with a half-life of approximately 1.2 hours when incubated
in human serum. This short half-life was due to serum
aminopeptidases B and N, which cleave the N-terminal Arg

$202 ‘9T 800190 U0 SfeuInor 134SY e B1o's jeuno fiadse: wireyd (0w woJ) pepeoumoq


http://molpharm.aspetjournals.org/

698

Yun et al.

>
o

ok
3 ok

(9]

w
5

Saline
_ A NN W

g e
VE-Cad CD31

FITC-Dextran intensity

ACRLYE RLYE

m
w
°N
=
o

CD31/NG2

Saline

D ek
RLYE AcRLYE 1.01 LT ]
§§ 0.81 5
=
3§ 061
OCw
E"c 0.4
G2
WS 0.2
>8
<@ & &
A A
I
F 100 *k = Hok
(-]
£~ 80
>R
s o
25 604
22
+ o 401
O3
= © 201

o

9’0\\(\6

L &
A3t \}g«\*

Fig. 5. Ac-RLYE improves tumor vessel normalization. HCT116 tumor-bearing mice were injected intraperitoneally daily with saline, RLYE (0.5 mg/kg),
or Ac-RLYE (0.5 mg/kg) for 18 days. (A and B) Vascular permeability was assessed and quantified in tumor tissues from mice after 10 minutes of
intravenous injection with FITC-dextran using computer-aided confocal microscopy (n = 8). (C) Representative immunofluorescence staining images
showing CD31 and VE-cadherin in the tumor sections, and (D) the ratio of VE-cadherin to CD31 was quantified using computer-aided confocal microscopy
(n = 8). (E) Representative immunofluorescence staining images showing CD31 and NG2 in the tumor sections, and (F') pericyte coverage was quantified
as a percentage of NG2"-covered area that lies along the CD31*-blood vessels (n = 8). (B, D, and F) Statistical analysis was performed using one-way
ANOVA followed by Tukey’s post hoc test (n = 8). All Scale bars, 100 um. **P < 0.01.

residue of the peptide. Since these enzyme activities are
elevated in the sera of patients with breast and pancreatic
cancer (Dineen et al., 2008; Martinez-Martos et al., 2011),
RLYE would need to be modified to be resistant to both
aminopeptidases for clinical use in tumor treatment. To
address this need, we developed N-terminal modified pep-
tides, Ac-RLYE and R )LYE, with increased stability of 7.3
and 5.8 folds, respectively, in serum compared with RLYE.
Ac-RLYE had more potent inhibitory activity than Rp)LYE
against VEGF-A-induced in vitro angiogenesis. Moreover,
Ac-RLYE effectively inhibited tumor angiogenesis and

tumor growth, as well as improved tumor vessel normaliza-
tion, resulting in enhanced therapeutic efficacy when
cotreated with the chemotherapeutic drug CPT-11. As
demonstrated by clinical evidence that antiangiogenic
agents show antitumor activity mostly in combination with
chemotherapeutics (Sengupta et al., 2015; Margonis et al.,
2017), our findings strongly suggest that Ac-RLYE could be
used as a potential drug for antiangiogenic tumor therapy or
in combination with chemotherapy.

Tumor angiogenesis progresses from the pre-existing nor-
mal vessels surrounding the tumor under the influence of
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Fig. 6. Ac-RLYE improves chemosensitivity of tumors. HCT116 tumor-bearing mice were i.p. injected with RLYE (0.5 mg/kg daily) or Ac-RLYE
(0.5 mg/kg daily) alone or in combination with irinotecan (CPT-11 or CPT, 17 mg/kg every 5 days). The arrow indicates the beginning of peptide and CPT-
11 treatment. (A) Tumor volumes were measured every 3 days (n = 11). (B and C) Apoptotic cells in tumor tissues were determined and quantified using
TUNEL assay (n = 11). (D) The levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were determined in serum from mice at
the end of experiment using a colorimetric assay kit (Asan Pharmaceutical, Seoul, Korea). Scale bar, 100 um in all images. ns, not significant. **P < 0.001.
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Fig. 7. Ac-RLYE attenuates polarization of TAMs to M2 phenotype. Tumors isolated from HCT116 tumor-bearing mice folloeing treatment with Ac-
RLYE, CPT-11, or a combination of both, were immunostained with antibodies against F4/80, Argl, or iNOS. (A) Representative images for F4/80 and
Argl were obtained using computer-aided confocal microscopy. (B) F4/80" TAMs were quantified by examining eight high-power fields (HPFs) per slide
(n = 11). (C) F4/80" Arg™ cells were also quantified (n = 11). (D) Representative images for F4/80 and iNOS were obtained using computer-aided confocal
microscopy. (E) F4/80"iNOS™ cells were quantified (n = 11). (F) The ratio of M1 and M2 was calculated from the relative levels of F4/80" Arg* cells and
F4/80"iNOS™ cells (n = 11). Scale bars, 100 wm. *P < 0.05 and ** P < 0.001.

proangiogenic growth factors secreted by the tumor cells.
Among the angiogenic stimulators, the VEGF family stim-
ulators are the most potent mitogenic and angiogenic activa-
tors (Hicklin and Ellis, 2005). Of the VEGF isoforms, VEGF-A
is the most important factor controlling tumor angiogenesis
and vascular network (Papetti and Herman, 2002; Folkman,
2007). VEGF-A binds to both VEGFR-1 and VEGFR-2, which
are expressed mainly in endothelial cells. VEGFR-1 has a high
binding affinity for VEGF-A, which is one order higher than that
of VEGFR-2, whereas its angiogenic activity is approximately
10-fold weaker than that of VEGFR-2 (Sawano et al., 1996;
Shibuya, 2011). Therefore, VEGFR-2 plays a crucial role not only
in physiologic angiogenesis during wound healing and embryo-
genesis but also in pathologic angiogenesis during tumor growth
and metastasis (Kerbel, 2008). Thus, VEGFR-2 is a potential
therapeutic target for inhibiting tumor angiogenesis and tumor
progression (Roland et al., 2009). We previously demonstrated
that RLYE interferes with the interaction between VEGF-A and
VEGFR-2, leading to endothelial dysfunction. Since RLYE was
rapidly degraded by serum-derived aminopeptidases B and N,
we developed Ac-RLYE, a peptide with increased stability in
serum, which inhibited tumor angiogenesis even more and
improved the tumor vessel normalization.

RLYE binds specifically to VEGFR-2, but not VEGFR-1, at
the interface between the immunoglobulin homology domains

D2 and D3 (Baek et al., 2017), which is known to be the binding
site for VEGF-A/C (Leppénen et al., 2010). Notably, both the
terminal residues of RLYE, Arg and Glu, bind electrostatically
to Glul40 and Lys286 of VEGFR-2, respectively, and Lys286
is crucial for the formation of a salt bridge with Glu64 of
VEGF-A (Leppénen et al.,, 2010). Ac-RLYE was stable in
serum and increased antiangiogenic activity, indicating that
the N-terminal acetylation does not affect interaction between
Ac-RLYE and VEGFR-2. On the other hand, RLYE-NH, was
not stable in serum but partially decreased antiangiogenic
activity, whereas Ac-RLYE-NH, was more stable in serum
compared with the other modified peptides but showed
markedly decreased antiangiogenic activity compared with
RLYE. These phenomena can be explained by two possibili-
ties. First, RLYE can be degraded not only by aminopepti-
dases B and N, but also partially by other enzymes, including
glutamate carboxypeptidase, which is a secreted enzyme that
hydrolyzes the C-terminal Glu of peptides in circulating blood
(Lee et al., 2016); however, we cannot exclude another
possibility that it can be destabilized by unknown endopepti-
dases because half-life of Ac-RLYE-NH, was less than 10 hours
when incubated with serum. Second, both positive and negative
charges at the termini of the peptide are important for its biologic
activity owing to their essential contribution to interaction
with VEGFR-2 (Leppénen et al., 2010; Baek et al., 2017). This
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structural and binding information is important for develop-
ing nonpeptidic small molecules targeting VEGFR-2, with
strong resistance to the blood peptidases.

Since tumor blood vessels are heterogeneous, tortuous, and
irregularly branched, they are structurally and functionally
abnormal (Jain, 2005). The tumor vessels are poorly perfused,
hyperpermeable, and leaky with loss of interendothelial
junctions and less coverage of pericytes, thereby limiting the
delivery of cytotoxic agents to tumors and hence decreasing
chemotherapeutic efficacy (Carmeliet and Jain, 2011). In
general, antiangiogenic drugs targeting the VEGF-A/
VEGFR-2 system not only inhibit tumor angiogenesis, but
they also promote tumor vascular normalization, leading to an
increase in drug delivery and efficacy when combined with
chemotherapeutic drugs (Jain, 2005; Dineen et al., 2008;
Carmeliet and Jain, 2011). Others and we have demonstrated
that combination therapy of the antiangiogenic drug bevaci-
zumab or vascular leakage blocker Sac-1004 with anticancer
drugs increased drug delivery through tumor vessel normal-
ization and hence improved the antitumor efficacy (Dickson
et al., 2007; Yanagisawa et al., 2010; Agrawal et al., 2014).
Similarly, we demonstrated that Ac-RLYE fostered vascular
normalization through improvement of endothelial junctions
and pericyte coverage, resulting in increased tumor-cell
apoptosis and therapeutic efficacy of coadministered CPT-11.

Accumulating evidence suggests that the VEGF-A/VEGFR-
2 axis is also crucial for the immune modulation of the tumor
microenvironment, in addition to its effect on the vasculature
(Dineen et al., 2008; Roland et al., 2009). The VEGF-A/
VEGFR-2 axis is not only important for tumor vascularization,
but it is also a key factor in the inhibition of the recognition
and destruction of tumor cells via negative regulation of the
immune system (Ohm and Carbone, 2001). In fact, VEGF-A
interferes with cell-mediated immunity by decreasing differ-
entiation, recruitment, function of T cells, and development of
T cells from early hematopoietic progenitor cells in tumor-
bearing mice and cancer patients (Ohm et al., 2003; Osada
et al., 2008; Shrimali et al., 2010; Terme et al., 2013). An
interesting study showed that VEGF-A enhances the expres-
sion of PD-1 and other inhibitory checkpoints involved in
CD8™" T-cell exhaustion (Voron et al., 2015), which suggests
that inhibitors of the VEGF-A/VEGFR-2 axis play a key role in
preventing the development of an immunosuppressive micro-
environment. Therefore, selective inhibition of the activation
of VEGFR-2 by treatment with the anti-VEGF-A antibody r84
can effectively restore antitumor immunity by decreasing
infiltration of suppressive immune cells (myeloid-derived
suppressor cells and Treg) and elevating a population of
functionally mature dendritic cells within tumors compared
with other anti-VEGF therapies (Roland et al., 2009). VEGF-A
enhances infiltration of macrophages into tumors via activa-
tion of VEGFR-2 (Wheeler et al., 2018), as well as stimulates
the polarization of TAMs from the cytotoxic M1 to the
angiogenic M2 phenotype (Riabov et al., 2014). M2 polariza-
tion contributes to a detrimental tumor microenvironment via
VEGF expression and immune suppression (Mazibrada et al.,
2008; Zhong et al., 2015). Therefore, treatment with anti-
angiogenic drugs, including Ac-RLYE, that target the VEGF-
A/VEGFR-2 axis is a useful regimen for promising outcomes
by negatively regulating macrophage infiltration and polari-
zation in preclinical and clinical settings (Dineen et al., 2008;
Rivera and Bergers, 2015). Furthermore, recent studies have

demonstrated that the combination of antiangiogenic drugs
(bevacizumab and trebananib) and immune checkpoint inhib-
itors (ipilimumab and pembrolizumab) show promising ther-
apeutic effects in patients with melanoma and renal cell
cancer (Wu et al., 2017; Rahma and Hodi, 2019). This finding
suggests that Ac-RLYE may be beneficial for combination
therapy with immune checkpoint inhibitors. This possibility
should be examined soon.

Many studies have demonstrated that the exposure of
tumors to chemotherapeutic drugs increases infiltration of
macrophages expressing the M2-marker MCR1 into tumor,
leading to increased angiogenesis and limited chemothera-
peutic efficacy, probably by increasing hypoxia-inducible
factor-la (HIF-1a)-dependent CXCL12 and VEGF expression
(Hughes et al., 2015; Zhao et al., 2017). These results are
consistent with our data showing an increase in M2-type
macrophage infiltration in tumor-bearing mice receiving CPT-
11; however, the CPT-11-induced increase in macrophage
infiltration and M1/M2 polarization could be blocked or
reprogrammed via tumor vessel normalization, decreased
vascular leakiness, and favorable tumor environment (de-
creased HIF-1a level) by treatment with antiangiogenic drugs,
including Ac-RLYE (Dineen et al., 2008; De Palma and Lewis,
2013; Baek et al., 2017). Based on these results, combined
therapy of Ac-RLYE with CPT-11 or other chemotherapeutic
drugs is a potential approach in the treatment of cancer via
increased TAM-induced tumor cytotoxicity.

Macrophages isolated from tumor-bearing mice express
both VEGFR-1 and VEGFR-2, whereas macrophages har-
vested from non-tumor-bearing animals express only
VEGFR-1 (Dineen et al., 2008), suggesting that VEGFR-2 is
essential for macrophage infiltration into tumors. Indeed, the
monoclonal antibody against VEGFR-2, ramucirumab, is
clinically used for treating patients with different tumor
types (Aprile et al., 2014). This finding suggests that the
specific blockade of VEGFR-2 activation might be more
effective than other antiangiogenic strategies, including
VEGFR-2 kinase inhibitors with relatively low specificity
(Verheul and Pinedo, 2007; Cook and Figg, 2010) and anti-
VEGF antibodies with several side effects (Kamba and
McDonald, 2007; Taugourdeau-Raymond et al., 2012). Thus,
specific inhibitors of VEGFR-2 overcome not only tumor
angiogenesis, but they also tumor immune privilege, without
serious systemic toxicity (Roland et al., 2009). Our data
showed that Ac-RLYE, an N-terminal acetylated peptide of
RLYE specifically bound to VEGFR-2 (Baek et al., 2017),
potentially inhibited infiltration of macrophages into tumors
and their polarization to the M2 phenotype, which exerts
angiogenic and immunosuppressive activities (Riabov et al.,
2014). These findings suggest that Ac-RLYE is a potential
agent for preventing TAM-mediated creation of unfavorable
tumor microenvironment, resulting in enhanced tumor
cytotoxicity and decreased tumor angiogenesis.

In conclusion, the present study demonstrates that
N-terminal acetylation significantly potentiated the effect of
RLYE on angiogenesis, vascular normalization, and tumor
immunity in solid tumors because of its increased serum
stability. As a result, Ac-RLYE effectively inhibited tumor
progression both by inhibiting tumor angiogenesis and by
improving tumor immunity and drug delivery in combination
therapy with anticancer drugs. Together, our findings provide
evidence that Ac-RLYE can be used as a potential VEGFR-2
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antagonist for anti-angiogenic tumor therapy and enhanced
chemotherapeutic drug delivery and efficacy.
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