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Abstract: Background: We previously reported that EGFR2R-lytic hybrid peptide was generated from the chemical 
conjugation of an epidermal growth factor receptor (EGFR)-targeted peptide and a cell-killing lytic peptide. This pep-
tide had effective cytotoxic and anti-tumor activities in vitro and in vivo against EGFR-expressing cancers, suggesting 
it may be a novel candidate for a molecular-targeted anti-cancer drug. Methods: In this preclinical study, the toxicity 
of this hybrid peptide was examined in mice by monitoring body weight, performing clinical and biochemical exami-
nations of blood samples, and observing histological changes. Results: No remarkable toxicity after intravenous 
injection of the hybrid peptide was observed up to a dose of 15 mg/kg, although a decrease in the alveolar space of 
the lung was identified from histological observations. Toxicity of the EGFR2R-lytic hybrid peptide in mice was also 
tested after oral administration. A significant change in body weight was not observed until a single dose of 300 
mg/kg, but a decrease in body weight was observed at repeated doses of 75 or 150 mg/kg. However, the tendency 
for body weight increase was similar between the saline (control) and hybrid peptide groups after the completion of 
the administration period. In the case of oral administration, the dosage of the hybrid peptide could be increased 
to a significantly higher range compared with intravenous administration without serious toxicity. Conclusion: The 
results of this study should facilitate further preclinical studies on the EGFR2R-lytic hybrid peptide and its applica-
tion in future cancer therapies.
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Introduction

Molecular-targeted approaches have recently 
been a focus of drug discovery for cancer treat-
ment [1]. Molecular targeted anti-cancer drugs 
currently in clinical use have some serious 
problems such as the development of drug 
resistance, although some mechanisms of this 
drug resistance have been reported [2]. To 
resolve these problems, it is necessary to iden-
tify as many candidates for molecular-targeted 
anti-cancer drugs as possible, including not 
only small molecules but also proteins and pep-
tides, including antibodies and immunotoxins. 
We previously reported that epidermal growth 
factor receptor (EGFR)-targeted hybrid peptid- 
es (EGFR-lytic and EGFR2R-lytic), in which an 
EGFR-targeting peptide was conjugated with a 
lytic-type peptide that can rapidly disintegrate 

cancer cell membranes, are potent and novel 
anti-cancer drug candidates [3-5]. Furthermore, 
these hybrid peptides could induce anti-tumor 
activity against cancer cells with KRAS muta-
tions [3, 4], which are resistant to molecular-
targeted anti-cancer drugs such as anti-EGFR 
antibodies and tyrosine kinase inhibitors [6, 7].

The previous studies also revealed the potency 
of the EGFR2R-lytic hybrid peptide as a drug 
delivery system through its combination with a 
biodegradable gelatin hydrogel and carboxy-
methyl dextran via disulfide linkers in vitro and 
in vivo [8, 9]. Notably, a short elimination phase 
was observed for this molecular mixture, and 
the concentration of the hybrid peptide de- 
creased rapidly in mouse blood after intrave-
nous (IV) administration, as measured by a fluo-
rescent dye coupled to the hybrid peptide [8]. 
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To develop an anti-cancer drug from the EGF- 
R2R-lytic hybrid peptide, it is therefore funda-
mentally important to know its toxicity, pharma-
cokinetics, and pharmacodynamics in vivo. 

Here, toxicity testing of the EGFR2R-lytic hybrid 
peptide was tested in mice after IV and oral 
administration. Also, the potential for using the 
hybrid peptide as an oral formulation is de- 
scribed and discussed.

Materials and methods

Peptide synthesis

The EGFR2R-lytic hybrid peptide (YRWYGYT- 
PQNVIGGGKLLLKLLKKLLKLLKKK [bold and 
underlined letters correspond to D-amino 
acids]) was synthesized by the American Pe- 
ptide Company (Sunnyvale, CA) as described 
previously [5]. The EGFR2R-lytic hybrid peptide 
was dissolved in 0.9% sterile saline and buff-
ered to pH 7.4 as described previously [4]. The 
peptide stock was freshly dissolved just before 
the experiments. 

Body weight changes

All animal experiments were conducted accord-
ing to the guidelines of the Institutional Animal 
Care and Use Committee at Kyoto University 
(Kyoto, Japan). Six-week-old male BALB/c mice 
were purchased from Japan SLC (Fukuoka, 
Japan). Animals were observed daily for clinical 
signs for 7 days. The body weight of the animals 
was measured on the day of administration  
and at 1, 3, and 7 days after injection of the 
EGFR2R-lytic hybrid peptide.

Hematological and biochemical examinations 
of blood samples

The EGFR2R-lytic hybrid peptide was injected 
via the tail vein of male BALB/c mice. The mice 
were anesthetized with 50 mg/kg pentobarbi-
tal via a disposable syringe using a 26-gauge 
needle, and approximately 1 mL blood was col-
lected from the inferior vena cava. Leucocytes, 
erythrocytes, hemoglobin, hematocrit, mean 
corpuscular volume, mean corpuscular hemo-
globin, mean corpuscular hemoglobin concen-
tration, platelets, reticulocytes, neutrophils, 
eosinophils, basophils, lymphocytes, and mo- 
nocytes were evaluated as hematological 
parameters. Clinical biochemistry analysis in- 
volved the following parameters: aspartate 

aminotransferase, alanine aminotransferase, 
alkaline phosphate, γ-glutamyl transpeptidase, 
leucine aminopeptidase, lactate dehydroge-
nase, creatinine phosphokinase, total bilirubin, 
total protein, triglyceride, total cholesterol, bl- 
ood urine nitrogen, creatinine, Na, Cl, K, Ca, 
and inorganic phosphates. Biochemical plasma 
analyses were carried out by Japan Clinical 
Laboratories, Inc. (Kyoto, Japan).

Gross necropsy and histopathology

Animals were euthanized at 1, 3, or 7 days after 
the administration of the EGFR2R-lytic hybrid 
peptide. Heart, lung, liver, and kidney were har-
vested and tissues were fixed and preserved in 
4% paraformaldehyde (Nacalai Tesque, Kyoto, 
Japan): Histopathological examinations were 
conducted on all tissues and organ samples 
from the saline control group and from the 5, 
10, and 15 mg/kg EGFR2R-lytic hybrid peptide 
groups. Fixed tissue and organ samples were 
embedded in paraffin, sectioned, and stained 
with hematoxylin and eosin.

Toxicity testing after oral administration

Female 7-week-old ICR mice were purchased 
from SLC Japan (Shizuoka, Japan). Single or 
repeated oral administration of saline or the 
EGFR2R-lytic hybrid peptide was performed, 
and body weight was monitored as described 
previously [10]. In addition to blood samples, 
the heart, liver, lung, kidney, spleen, stomach, 
and intestines were collected for hematological 
analysis and histological assessments.

Statistical analysis

Values are given as the mean ± standard devia-
tion (SD), and differences were analyzed using 
one-way analysis of variance with Dunnett’s 
test for multivalent comparisons. Differences 
were considered to be statistically significant at 
P < 0.05. All statistical analysis was performed 
using JMP Pro Statistics software (ver. 14.0.0, 
SAS Institute Inc.).

Results

Clinical observations, body weight, hematol-
ogy, and clinical biochemistry

A toxicity test for the EGFR2R-lytic hybrid pep-
tide was first performed after IV administration. 
To examine the solvent effect of the peptide, 
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the zeta potential of the EGFR2R-lytic hybrid 
peptide dissolved was determined in saline or a 
5% glucose solution (Supplemental materials 
and methods), which are often used as sol-
vents for anti-cancer drugs [11]. However, no 
remarkable difference between the vehicle 
solutions was observed. Nanoparticles of the 
hybrid peptide were positively charged and the 
zeta potential was 13.2 ± 10.56 mV in saline 
and 2.67 ± 10.56 mV in 5% glucose solution 
(Figure S1). The hemolytic activity of the 
EGFR2R-lytic hybrid peptide was slightly higher 
in 5% glucose solution than in saline (Supple- 
mental materials and methods). However, its 
activity in both solutions was quite low com-
pared with that in the positive control (Figure 
S2). In this toxicity test, the EGFR2R-lytic hybrid 
peptide was dissolved in 0.9% sterile saline 
and administered IV to mice. No deaths 
occurred in any group throughout the study 
period. However, black faces were observed in 
the 15 mg/kg group. When we monitored the 
body weight of mice after IV administration of 
the EGFR2R-lytic hybrid peptide, no significant 
differences were observed among the doses of 
the EGFR2R-lytic hybrid peptide used com-
pared with the saline group (Figure 1A). Several 
significant differences were noted in the blood 
tests at day 1 after administration. An increased 
number of neutrophils and a decreased num-
ber of lymphocytes were observed in the 15 
mg/kg group (Table 1). However, there was no 
significant difference in leucocytes compared 
with the control group. Moreover, compared 
with the saline control group, significant 
increases in aspartate aminotransferase and 
chloride were observed in the 15 mg/kg group. 
No other treatment-related effects on any other 
clinical or biochemical parameters were 
observed (Table 2). In addition, no remarkable 
changes were observed among these groups at 
3 and 7 days after IV administration of the 
EGFR2R-lytic hybrid peptide (Tables S1, S2, S3, 
S4).

Histopathology

Histopathological observations were next made 
on several organs after IV administration of the 
EGFR2R-lytic hybrid peptide to the mice. Ti- 
ssues from heart, lung, liver, and kidney for all 
experimental and control animals were histo-
logically examined. The histopathological find-
ings in the heart, kidney, and liver were not con-
sidered to be of toxicological significance at 7 

days after administration and at each concen-
tration used, since no remarkable changes 
were observed between the saline and EGFR2R-
lytic hybrid peptide groups (Figure 1B). In con-
trast, the alveolar space in the lung was 
observed to be decreased even at 1 and 3 days 
after administration (Figure S3A and S3B). 

Toxicity testing after oral administration

We previously reported that the EGFR2R-lytic 
hybrid peptide exerts anti-tumor activity after 
oral administration, and that bile acid is an 
effective absorption enhancer for improving 
the oral bioavailability and bioactivity of the 
hybrid peptide [10]. These results prompted us 
to examine the toxicity of the EGFR2R-lytic 
hybrid peptide after oral administration to test 
its possible future use as an oral formulation. 
When the body weight of the mice was moni-
tored after a single oral administration of the 
EGFR2R-lytic hybrid peptide, a significant ch- 
ange in body weight was not observed until a 
dose of 300 mg/kg (Figure 2). In addition, the 
decrease of the normal alveolar space in the 
lung was observed for the single oral adminis-
tration of 750 mg/kg EGFR2R-lytic hybrid pep-
tide by histological observations (data not 
shown). When the EGFR2R-lytic hybrid peptide 
was repeatedly administered through the oral 
route, a decrease in body weight was observed 
at doses of 75 and 150 mg/kg during the 
administration period; however, the tendency 
toward increased body weight was similar 
between the saline and hybrid peptide groups 
after completion of the administration period 
(Figure 3). No remarkable differences were 
observed between the saline and EGFR2R-lytic 
hybrid peptide groups in these experiments  
by histopathological observations (data not 
shown). 

Discussion

In this study, toxicity testing of the EGFR2R-lytic 
hybrid peptide using mice showed no remark-
able toxicity after IV injection until a dose of 15 
mg/kg, although a decrease in the alveolar 
space of lung sections was observed in histo-
logical observations at 1, 3, and 7 days after 
administration. 

Various kinds of pulmonary injuries have been 
reported with molecular-targeted anti-cancer 
drug therapy [12]. In particular, interstitial lung 
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disease (ILD) is a severe adverse effect of gefi-
tinib, which targets EGFR similarly to our hybrid 

peptide. [13]. The incidence of ILD in gefitinib-
treated Japanese patients with non-small cell 

Figure 1. Evaluation of toxicity after IV injection of mice with the EGFR2R-lytic hybrid peptide. A. Mean body weight of 
mice during the 7-day toxicity study. B. Histological sections stained with hematoxylin-eosin of major organs (heart, 
lung, liver, and kidney) from mice at 7 days after IV injection of saline or EGFR2R-lytic hybrid peptide (at 5, 10, or 15 
mg/kg). All scale bars indicate 100 μm.
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lung cancer is approximately 3.5% [14]. Several 
studies have reported that pre-existing pulmo-
nary fibrosis is significantly associated with the 
development of ILD [15, 16]. These reports are 
directly relevant to the study by Suzuki et al. in 

that decreased EGFR phosphorylation and 
regenerative epithelial proliferation augment 
pulmonary fibrosis [17]. EGFR deficiency induc-
es the overproduction of pulmonary surfactant, 
which is a lipid-protein complex [18] that can 

Table 1. Hematology parameters following IV injection of the EGFR2R-lytic hybrid peptide for 1 day
0 mg/kg 5 mg/kg 10 mg/kg 15 mg/kg

Leucocytes 1000/μl 3.5 ± 1.6 3.5 ± 2.8 2.2 ± 1.3 1.6 ± 1.0
Erythrocytes 10000/μl 886.0 ± 42.2 833.0 ± 144.8 850.0 ± 69.2 837.5 ± 45.2
Hemoglobin g/dl 14.1 ± 0.9 13.8 ± 1.2 13.9 ± 0.5 13.4 ± 0.7
Hematocrit % 46.8 ± 2.8 44.0 ± 7.8 45.4 ± 3.9 43.9 ± 2.2
MCVa fl 52.3 ± 0.5 52.2 ± 0.8 52.8 ± 0.8 52.0 ± 0.0
MCHb pg 15.8 ± 0.3 16.7 ± 1.8 16.3 ± 1.3 16.0 ± 0.1
MCHCc % 30.0 ± 0.3 31.7 ± 3.1 30.6 ± 2.5 30.5 ± 0.2
Platelets 10000/μl 57.7 ± 29.8 64.3 ± 23.7 66.5 ± 18.0 82.3 ± 4.9
Reticulocytes % 44.3 ± 6.0 45.5 ± 7.1 42.6 ± 1.7 38.0 ± 2.6
Neutrophils % 14.8 ± 3.5 15.6 ± 7.7 15.8 ± 4.7 29.3** ± 7.3
Eosinophils % 0.0 ± 0.0 0.2 ± 0.5 0.0 ± 0.0 0.0 ± 0.0
Basophils % 0.0 ± 0.0 0.2 ± 0.5 0.0 ± 0.0 0.0 ± 0.0
Lymphocytes % 83.8 ± 3.8 82.2 ± 7.6 83.0 ± 4.7 68.8** ± 7.2
Monocytes % 1.5 ± 0.6 1.8 ± 0.5 1.2 ± 0.5 2.0 ± 0.8
aMean corpuscular volume, bmean corpuscular hemoglobin, cmean corpuscular hemoglobin concentration. Data are expressed 
as the mean ± SD; n = 4-5 mice/group. **p < 0.01 compared with the control group (0 mg/kg).

Table 2. Clinical biochemistry parameters following IV injection of the EGFR2R-lytic hybrid peptide for 
1 day

0 mg/kg 5 mg/kg 10 mg/kg 15 mg/kg
ASTa U/L 81.7 ± 5.8 82.4 ± 9.9 86.0 ± 11.5 113.0** ± 10.8
ALTb U/L 56.7 ± 12.6 55.4 ± 30.7 37.0 ± 6.9 75.0 ± 21.5
ALPc U/L 355.0 ± 39.1 333.6 ± 23.7 334.0 ± 35.6 310.3 ± 30.1
γ-GTd U/L 3.0 ± 0.0 3.0 ± 0.0 3.0 ± 0.0 3.0 ± 0.0
LAPe U/L 46.7 ± 5.8 47.6 ± 10.3 48.7 ± 1.5 49.0 ± 3.6
LDHf U/L 2201.7 ± 672.0 2497.0 ± 445.6 2848.3 ± 743.4 2206.7 ± 407.0
CPKg U/L 601.7 ± 172.8 919.0 ± 294.9 846.7 ± 287.2 594.3 ± 112.5
Total bilirubin mg/dL 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
Total protein g/dL 4.5 ± 0.0 4.5 ± 0.5 4.9 ± 0.2 4.6 ± 0.3
Triglyceride mg/dL 168.3 ± 32.2 165.0 ± 46.9 103.3 ± 41.0 91.3 ± 30.8
Total cholesterol mg/dL 120.0 ± 10.0 126.0 ± 16.7 130.3 ± 16.2 126.3 ± 9.5
BUNh mg/dL 23.3 ± 2.9 23.8 ± 2.5 25.3 ± 4.2 28.3 ± 2.5
CREi mg/dL 0.1 ± 0.0 0.1 ± 0.1 0.2 ± 0.1 0.1 ± 0.0
Naj mEq/L 157.5 ± 3.5 159.0 ± 5.5 160.0 ± 13.1 155.3 ± 0.6
Clk mEq/L 95.0 ± 0.0 96.8 ± 5.4 102.3 ± 3.2 106.7* ± 1.5
Kl mEq/L 6.2 ± 1.0 7.1 ± 1.7 5.9 ± 0.7 5.8 ± 0.6
Cam mEq/L 6.7 ± 0.3 6.6 ± 1.1 7.7 ± 0.6 7.7 ± 0.3
Inorganic P mg/dl 16.8 ± 2.5 17.4 ± 2.7 13.0 ± 3.5 14.5 ± 1.7
aAspartate aminotransferase, balanine aminotransferase, calkaline phosphate, dγ-glutamyltranspeptidase, eleucine aminopep-
tidase, flactate dehydrogenase, gcreatinine phosphokinase, hblood urine nitrogen, icreatinine, jsodium, kchloride, lpotassium, 
mcalcium. The peptide was bolus injected via the tail vein of BALB/c mice. Data are expressed as the mean ± SD; n = 2-5 
mice/group. **P < 0.01, *P < 0.05, compared with the control group (0 mg/kg).



Toxicity testing of hybrid peptide

11534 Int J Clin Exp Med 2019;12(9):11529-11537

lead to lung collapse, respiratory distress syn-
drome [19], and fatal apnea. Previous studies 
have reported that EGF signaling regulates sur-
factant expression in alveolar type II cells, and 
ILD treated with an EGFR-tyrosine kinase inhibi-
tor might reduce the expression of surfactant 
protein [20, 21]. It should be pointed that serum 
surfactant protein A and D may predict overall 
pulmonary function [22]. Although these stud-
ies could not confirm the parameters neces-
sary to evaluate ILD, high-dose IV administra-
tion of the EGFR2R-lytic hybrid peptide might 
cause damage to mouse lung cells and lead to 
the observed decrease in alveolar space, with a 
similar mechanism similar to that of ILD. Further 
investigation is required to elucidate this issue. 

A significant increase in aspartate aminotrans-
ferase was observed at 1 day after the adminis-
tration of 15 mg/kg EGFR2R-lytic hybrid pep-
tide. This increase was not observed at 3 and  
7 days after administration, suggesting that 
hepatic damage was resolved during this peri-
od. This might be associated with rapid clear-
ance of the peptide from the body. 

When the toxicity of the EGFR2R-lytic hybrid 
peptide was tested using rats after IV adminis-
tration, several rats died, even at a dose of 10 
mg/kg (data not shown); however, remarkable 
toxicity was not observed in mice until a dose of 
15 mg/kg. A similar response has also been 

observed for several compounds, the lethal 
doses of which were different among different 
animals [23, 24]. A detailed configuration of the 
maximum tolerated dose for the IV injection of 
the EGFR2R-lytic hybrid peptide, together with 
the route and frequency of administration, will 
be necessary. 

In this study, the solvent effect of the EGFR2R-
lytic hybrid peptide in saline or 5% glucose solu-
tion was also tested, and no dramatic changes 
were observed except for a faint increase of 
hemolytic activity in 5% glucose solution. This 
suggests that the vehicle solvent might be 
another factor to consider in further develop-
ment of this hybrid peptide as an anti-cancer 
drug.

The toxicity of the EGFR2R-lytic hybrid peptide 
was also tested after oral administration to 
consider the possibility of using it as an oral for-
mulation in the future. A significant change in 
body weight was not observed until a single 
dose of 300 mg/kg, but a decrease in body 
weight was observed at repeated doses of 75 
and 150 mg/kg. However, the trend of body 
weight increase was similar between the saline 
and hybrid peptide groups after the completion 
of the administration period. This suggested 
that the decrease in body weight was transient 
during the period of oral administration. Thus, 
oral administration of the EGFR2R-lytic hybrid 

Figure 2. Change in body weight after single oral ad-
ministration of the EGFR2R-lytic hybrid peptide. High 
doses (up to a maximum of 300 mg/kg) of the EG-
FR2R-lytic hybrid peptide were administrated orally 
to 7-week-old female ICR mice, and body weight was 
monitored as shown in the graph. The saline admin-
istered group was used as a negative control. Data 
are expressed as the mean ± SD, and each group 
included 4-5 mice.

Figure 3. Changes in body weight after repeated oral 
administration of the EGFR2R-lytic hybrid peptide. 
The EGFR2R-lytic hybrid peptide (75 or 150 mg/kg) 
was administrated orally 5 days a week for 2 weeks 
(a total of 10 times) to 7-week-old female ICR mice, 
and body weight was monitored as shown in the 
graph. The saline administered group was used as a 
negative control. Arrows indicate the day of adminis-
tration. Data are expressed as mean ± SD, and each 
group included 4-6 mice. **P < 0.01 compared with 
the saline-treated group.
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peptide might be able to reduce the toxicity 
observed following IV administration, and that 
it would be possible to increase the dose. In 
this study, ICR mice were used for toxicity tests 
after oral administration of the EGFR2R-lytic 
hybrid peptide because these mice are a gener-
al-purpose model used to test the safety of 
peptide drugs and anti-cancer drugs [25, 26]. 
Thus, general toxicity can be observed by 
administering the hybrid peptide as an oral for-
mulation and must be taken into consideration. 
Toxicity tests using BALB/c mice with oral 
administration of the hybrid peptide were also 
performed, and similar results were observed 
as with the ICR mice without remarkable toxici-
ty (data not shown). 

The therapeutic effect of orally administered 
EGFR2R-lytic hybrid peptide at a higher dosage 
was examined using a human gastric carcino-
ma xenograft model (Supplemental materials 
and methods). The EGFR2R-lytic hybrid peptide 
exerted a therapeutic anti-tumor effect in this 
model, in which treatment was started at an 
average tumor size of 150 mm3 and dosage 
was increased up to 15 mg/kg (Figure S4). 
Thus, taken together with our previous reports 
[10], the present study suggests that the 
EGFR2R-lytic hybrid peptide could be devel-
oped as an oral formulation of a novel type of 
peptide-based anti-cancer drug, although fur-
ther examinations are necessary to confirm this 
hypothesis.

An analytical method for the EGFR2R-lytic hy- 
brid peptide in rat blood after IV administration 
was attempted, and pharmacokinetics of the 
peptide were determined by liquid chromatog-
raphy-tandem mass spectrometry as a pilot 
study. The highest plasma concentration of  
the EGFR2R-lytic hybrid peptide was observed 
within 5 min, and it declined quickly within 30 
min after IV injection in rats at 1 mg/kg (data 
not shown). Although further studies are neces-
sary to confirm the results of this pilot study, its 
findings are consistent with our previous study 
in which the hybrid peptide was labelled with a 
fluorescent dye and injected into mice [8]. In 
that system, the concentration of the fluores-
cence-labeled hybrid peptide decreased rapid-
ly in blood, and a high fluorescence intensity 
was observed in the liver and kidney at 48 
hours after IV administration of the peptide, as 
confirmed by ex vivo imaging [8]. This suggests 

the rapid transport of the EGFR2R-lytic hybrid 
peptide, which has high water solubility, to the 
liver and kidney after IV administration. It is 
also suggested that the stability of the hybrid 
peptide in blood is relatively high and is thus 
metabolized in the liver and kidney. The trans-
portation and circulation of the hybrid peptide 
will be the target of future studies. 

Combined with our previous analyses describ-
ing the efficacy of the EGFR2R-lytic hybrid pep-
tide as a drug delivery system [8, 9], the results 
from the present study suggest that the route 
and frequency of administration for the hybrid 
peptide are significant and indispensable fac-
tors to perform further preclinical studies and 
to develop this peptide as an anti-cancer drug.

In summary, the toxicity testing of the EGFR2R-
lytic hybrid peptide after IV and oral administra-
tion was reported here. The feasibility of admin-
istering this hybrid peptide as an oral for- 
mulation was also discussed. Taken together 
with our previous studies, the observations 
reported here are useful for the design of fur-
ther preclinical studies and for the develop-
ment of novel types of peptide-based anti-can-
cer drugs from this peptide.
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Supplemental materials and methods

Materials 

Triton-X 100 was purchased from Nacalai Tesque (Kyoto, Japan).

Zeta potential

Zeta potential values of the EGFR2R-lytic hybrid peptide in solution (saline or 5% glucose) were obtained 
with a Malvern Zetasizer Nano ZS (Westborough, MA) as described previously [1].

Hemolytic activity

The hemolytic activity of the EGFR2R-lytic hybrid peptide was assessed using murine erythrocytes as 
described previously [2].

In vivo tumor growth assay

Female 7-week-old BALB/c nu/nu mice (body weight, 17-20 g) were purchased from SLC Japan (Shizuoka, 
Japan) and maintained under specific pathogen-free conditions. Antitumor activity was evaluated with a 
mouse xenograft model as described previously [3]. Briefly, 5.0 × 106 MKN45 cells were suspended in 
150 μL phosphate-buffered saline and transplanted subcutaneously into the right flank region of nude 
mice (day 0). The mice were randomized into 3 groups: saline (negative control), S-1 (positive control as 
an oral formulation), and EGFR2R-lytic hybrid peptide (15 mg/kg daily) on day 7, in which average tumor 
size was 150 mm3. All agents were administered orally once daily for 5 days a week (Monday through 
Friday) for 4 weeks. Tumors were measured with a caliper, and tumor volume was calculated as follows: 
width2 × length × 0.5. At the end of the observation period, the mice were killed and main tissues were 
removed. Histological examinations were performed by light microscopy after hematoxylin and eosin 
staining.
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[3] Gaowa A, Horibe T, Kohno M and Kawakami K. Bile acid as an effective absorption enhancer for oral delivery 
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Figure S1. Zeta potential of the EGFR2R-lytic hybrid peptide in solution. The EGFR2R-lytic hybrid peptide was dis-
solved in saline (A) or 5% glucose solution (B), and the zeta potential values were obtained as described in the 
Supplemental Materials and Methods section. 

Figure S2. Hemolytic activity of isolated erythrocytes after incubation with the EGFR2R-lytic hybrid peptide in dif-
ferent solvents. Erythrocytes were incubated with different concentrations of the EGFR2R-lytic hybrid peptide (10-
1000 μg/mL) for different periods of time (15, 30, and 60 min and 24 h). Hemolytic activity was measured as 
described in the Supplemental Materials and Methods section. Erythrocytes were treated with 0.1% Triton-X 100 as 
a positive control, and activity was set to 100% hemolytic activity. The values are mean ± S.D.

Table S1. Hematology parameters following i.v. injection of the EGFR2R-lytic hybrid peptide for 3 days
0 mg/kg 5 mg/kg 10 mg/kg 15 mg/kg

Leucocytes 1000/μl 2.1 ± 0.8 3.0 ± 1.7 2.6 ± 1.4 3.4 ± 0.7
Erythrocytes 10000/μl 792.0 ± 70.7 888.0* ± 30.8 812.0 ± 43.1 840.6 ± 49.2
Hemoglibun g/dl 12.8 ± 1.3 13.9 ± 0.4 12.8 ± 0.8 13.1 ± 0.5
Hematocrit % 42.3 ± 4.3 47.3* ± 1.3 43.0 ± 2.3 45.1 ± 2.9
MCV fl 53.3 ± 1.7 52.6 ± 0.9 52.2 ± 0.5 53.2 ± 0.5
MCH pg 16.1 ± 0.4 15.7 ± 0.3 15.7 ± 0.3 15.5 ± 0.5
MCHC % 30.2 ± 1.6 29.5 ± 0.9 29.6 ± 0.6 21.0 ± 10.9
Platelets 10000/μl 83.5 ± 15.1 75.0 ± 10.0 77.4 ± 4.0 85.3 ± 11.1
Reticulocytes % 50.0 ± 7.7 48.4 ± 2.7 50.4 ± 4.7 42.2 ± 9.9
Neutrophils % 14.3 ± 4.0 21.8 ± 9.7 16.2 ± 6.8 11.8 ± 3.8
Eosinophils % 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Basophils % 0.3 ± 0.5 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Lymphocytes % 83.5 ± 3.9 75.8 ± 9.7 81.6 ± 7.8 85.8 ± 4.0
Monocytes % 2.0 ± 0.8 2.4 ± 1.7 2.2 ± 1.3 2.4 ± 0.6
*p < 0.05 compared with the control group (0 mg/kg).
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Table S2. Clinical biochemistry parameters following i.v. injection of the EGFR2R-lytic hybrid peptide 
for 3 days

0 mg/kg 5 mg/kg 10 mg/kg 15 mg/kg
AST U/L 559.0 ± 841.1 79.6 ± 15.3 124.8 ± 59.6 85.0 ± 25.0
ALT U/L 56.0 ± 46.9 33.2 ± 6.4 140.0 ± 196.0 35.0 ± 9.1
ALP U/L 312.7 ± 55.2 343.2 ± 16.2 288.2 ± 26.0 258.0* ± 15.3
γ-GT U/L 3.0 ± 0.0 3.0 ± 0.0 3.0 ± 0.0 3.0 ± 0.0
LAP U/L 47.7 ± 10.7 44.0 ± 2.7 39.4 ± 4.3 36.2* ± 5.1
LDH U/L 3035.7 ± 2764.2 1464.6 ± 326.4 2024.2 ± 826.3 1461.8 ± 301.9
CPK U/L 3885.7 ± 6335.3 329.4 ± 60.3 423.6 ± 221.1 309.0 ± 285.5
Total bilirubin mg/dL 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
Total protein g/dL 5.0 ± 0.8 4.6 ± 0.4 4.1* ± 0.4 4.3 ± 0.4
Triglyceride mg/dL 118.3 ± 88.2 65.2 ± 49.6 67.2 ± 29.4 61.8 ± 23.1
Total cholesterol mg/dL 125.7 ± 38.7 110.0 ± 15.6 103.6 ± 14.5 104.0 ± 12.1
BUN mg/dL 33.7 ± 7.1 26.8 ± 3.8 26.2 ± 4.4 31.2 ± 6.0
CRE mg/dL 0.3 ± 0.3 0.1 ± 0.0 0.1 ± 0.1 0.1 ± 0.0
Na mEq/L 176.7 ± 28.9 164.4 ± 7.1 163.0 ± 7.2 159.6 ± 3.4
Cl mEq/L 108.3 ± 2.9 96.8 ± 9.7 97.6 ± 8.8 106.2 ± 5.5
K mEq/L 6.6 ± 3.0 5.3 ± 0.7 5.2 ± 0.6 5.4 ± 0.4
Ca mEq/L 10.6 ± 2.8 6.9* ± 0.8 7.1 ± 0.8 7.0* ± 1.4
Inorganic P mg/dl 21.7 ± 4.7 19.6 ± 4.2 17.0 ± 4.4 19.0 ± 3.7
*p < 0.05 compared with the control group (0 mg/kg).

Table S3. Hematology parameters following i.v. injection of the EGFR2R-lytic hybrid peptide for 7 days
0 mg/kg 5 mg/kg 10 mg/kg 15 mg/kg

Leucocytes 1000/μl 2.4 ± 1.7 2.1 ± 0.9 3.1 ± 2.2 3.0 ± 0.6
Erythrocytes 10000/μl 815.8 ± 50.2 855.4 ± 29.9 853.6 ± 48.9 840.6 ± 26.2
Hemoglibun g/dl 13.3 ± 0.9 13.9 ± 0.5 14.1 ± 0.8 13.8 ± 0.7
Hematocrit % 43.9 ± 2.6 45.5 ± 1.5 45.6 ± 2.6 45.6 ± 1.8
MCV fl 53.0 ± 0.0 52.6 ± 0.6 53.0 ± 1.2 53.8 ± 0.8
MCH pg 16.2 ± 0.2 16.2 ± 0.2 16.4 ± 0.4 16.4 ± 0.4
MCHC % 30.1 ± 0.4 30.6 ± 0.4 30.8 ± 1.2 30.3 ± 0.6
Platelets 10000/μl 98.8 ± 6.6 97.3 ± 5.3 91.7 ± 12.0 97.6 ± 7.2
Reticulocytes % 56.0 ± 5.4 43.2* ± 1.3 44.8 ± 2.6 48.8 ± 13.1
Neutrophils % 12.8 ± 5.7 17.6 ± 14.3 18.6 ± 8.7 17.0 ± 2.2
Eosinophils % 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Basophils % 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Lymphocytes % 85.8 ± 6.1 79.4 ± 15.4 80.4 ± 8.7 81.0 ± 2.9
Monocytes % 1.5 ± 0.6 3.0 ± 1.9 1.0 ± 0.0 2.0 ± 0.7
*p < 0.05 compared with the control group (0 mg/kg).

Table S4. Clinical biochemistry parameters following i.v. injection of the EGFR2R-lytic hybrid peptide 
for 7 days

0 mg/kg 5 mg/kg 10 mg/kg 15 mg/kg
AST U/L 77.3 ± 19.1 96.4 ± 24.2 78.8 ± 22.8 96.0 ± 29.9
ALT U/L 40.8 ± 16.3 29.4 ± 4.4 28.4 ± 5.9 34.8 ± 12.9
ALP U/L 359.3 ± 61.0 337.2 ± 44.2 357.6 ± 25.4 322.0 ± 48.6
γ-GT U/L 3.0 ± 0.0 3.0 ± 0.0 3.0 ± 0.0 3.0 ± 0.0
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LAP U/L 42.5 ± 5.0 47.0 ± 5.7 43.4 ± 2.7 43.0 ± 5.7
LDH U/L 1291.3 ± 253.8 1617.4 ± 521.8 1204.4 ± 287.5 1716.0 ± 670.4
CPK U/L 260.3 ± 153.6 387.4 ± 149.6 471.2 ± 323.6 398.8 ± 215.8
Total bilirubin mg/dL 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
Total protein g/dL 4.3 ± 0.7 4.7 ± 0.7 4.7 ± 0.4 4.2 ± 0.3
Triglyceride mg/dL 78.5 ± 30.9 124.0 ± 44.6 62.3 ± 22.7 71.2 ± 24.4
Total cholesterol mg/dL 105.8 ± 18.6 113.4 ± 19.9 99.8 ± 12.7 109.2 ± 4.6
BUN mg/dL 28.8 ± 4.1 28.8 ± 4.2 31.4 ± 5.5 30.8 ± 5.1
CRE mg/dL 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1
Na mEq/L 165.0 ± 5.8 176.2 ± 14.5 168.4 ± 7.9 173.8 ± 14.9
Cl mEq/L 93.8 ± 10.1 97.6 ± 9.4 94.8 ± 9.0 94.4 ± 8.2
K mEq/L 5.6 ± 0.3 6.7 ± 0.8 5.7 ± 1.2 5.9 ± 0.9
Ca mEq/L 7.9 ± 0.7 7.0 ± 0.9 7.5 ± 0.5 7.7 ± 0.8
Inorganic P mg/dl 19.4 ± 4.8 21.8 ± 3.2 17.6 ± 2.7 21.1 ± 4.0
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Figure S3. Hematoxylin-eosin-stained histological sections of major organs (heart, lung, liver, and kidney) prepared 
from the mice at 1 day (A) or 3 days (B) after i.v. injection of saline or EGFR2R-lytic hybrid peptide (5, 10, or 15 mg/
kg). All scale bars are 100 μm.

Figure S4. In vivo antitumor activity of the EGFR2R-lytic hybrid peptide against human gastric carcinoma xeno-
grafts. Therapeutic antitumor effect after oral administration of the EGFR2R-lytic hybrid peptide was evaluated by 
monitoring tumor growth as relative tumor volume, in which the volume of each tumor on day 1 was set to 1.0, as 
shown in the graph. Arrows in the graph indicate the days of oral administration. Values are expressed as the mean 
± standard error of the mean. Saline and S-1 treatments were used as negative and positive control, respectively 
(**P < 0.01).


