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ABSTRACT: Intracellular delivery of protein therapeutics remains
a significant challenge limiting the majority of clinically available
protein drugs to extracellular targets. Strategies to deliver proteins
to subcellular compartments have traditionally relied on cell-
penetrating peptides, which can drive enhanced internalization but
exhibit unreliable activity and are rarely able to target specific cells,
leading to off-target effects. Moreover, few design rules exist
regarding the relative efficacy of various endosomal escape
strategies in proteins. Accordingly, we developed a simple fusion
modification approach to incorporate endosomolytic peptides onto
epidermal growth factor receptor (EGFR)-targeted protein
conjugates and performed a systematic comparison of the
endosomal escape efficacy, mechanism of action, and capacity to
maintain EGFR-targeting specificity of conjugates modified with four different endosomolytic sequences of varying modes of action
(Aurein 1.2, GALA, HA2, and L17E). Use of the recently developed Gal8-YFP assay indicated that the fusion of each endosomolytic
peptide led to enhanced endosomal disruption. Additionally, the incorporation of each endosomolytic peptide increased the half-life
of the internalized protein and lowered lysosomal colocalization, further supporting the membrane-disruptive capacity. Despite this,
only EGFR-targeted conjugates modified with Aurein 1.2 or GALA maintained EGFR specificity. These results thus demonstrated
that the choice of endosomal escape moiety can substantially affect targeting capability, cytotoxicity, and bioactivity and provided
important new insights into endosomolytic peptide selection for the design of targeted protein delivery systems.
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1. INTRODUCTION

Delivering protein therapeutics into cells remains a major
obstacle. Proteins require active strategies to cross the cell
membrane for internalization. Additionally, proteins are often
uptaken through endocytosis, and so accessing the cytosol or
other subcellular compartments requires internalized proteins
to escape the endosome to evade lysosomal degradation or
exocytosis.1 Because of these challenges, intracellular proteins
make up less than 5% of protein therapeutics entering clinical
development,2 yet they remain of immense interest due to
their therapeutic potential and capacity to treat “undruggable”
targets for a multitude of diseases.3,4 Proteins also have shown
promise as carriers for other cargoes, including small-molecule
drugs5,6 and nucleic acids (e.g., RNA7,8 and DNA9,10), which
often require cytosolic or nuclear targeting.
Past efforts to deliver proteins to intracellular targets have

commonly relied on cationic cell-penetrating peptides (CPPs),
which can enhance cellular uptake as compared with
unmodified proteins, but often exhibit inadequate cell

specificity, cytotoxicity, and poor in vivo activity.1 For example,
Tat,11 a cationic peptide derived from HIV-1, has been tested
in various preclinical analyses as a means to improve the
intracellular delivery of various biologics.12,13 However, the
mechanism of Tat internalization and its effectiveness at
transporting cargo to the cytosol remains highly disputed in
the literature, with results varying greatly between cell types
and cargoes.1,14−19 In vivo delivery poses additional challenges
regarding stability, biodistribution, and immunogenicity. Tat
fused to an antiapoptotic regulator, c-FLIP, successfully
inhibited tumor growth in vivo;20 however, a recent clinical
trial for an α-PKC inhibitor fused to Tat, known as delcasertib,
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failed to show a significant improvement in myocardial
injury.21 Together, these examples demonstrate that while
Tat works for some applications, its behavior is context-
dependent and cannot be generalized.
To combat the cytotoxicity and cell specificity issues

surrounding cationic CPPs, pH-responsive endosomolytic
peptides have been engineered to disrupt the endosome by
fusing with the membrane following a pH-triggered conforma-
tional change.22 These peptides exhibit lytic properties in the
acidic environment of the endosome but not in the pH-neutral
extracellular environment. A majority of these pH-responsive
endosomolytic peptides disrupt the endosomal membrane
through one of two mechanisms: the pore-forming mechanism,
also known as the barrel-stave mechanism, and the carpet-like
mechanism.23 It has been hypothesized that peptides that
utilize the carpet-like mechanism have greater endosomolytic
activity than pore-forming peptides, but a direct comparison of
these peptides within the same delivery system has not been
performed.24

In the pore-forming mechanism, neutral or negatively
charged amphiphilic peptides form an α-helix at low pH that
allows the monomers to bind to the membrane and insert into
the bilayer so that the hydrophobic residues align with the core
of the membrane.25 The pore size increases as more peptide
monomers are recruited, forming pores that are typically no
larger than 10 nm in diameter.26−28 One of the most
commonly used synthetic endosomolytic peptides, GALA,
uses the pore-forming mechanism.29 GALA, a 30-amino acid
synthetic peptide made up of glutamic acid-alanine-leucine-
alanine (EALA) repeats, carries a high negative charge at
neutral pH due to the carboxylic acid moieties of the Glu
residues, which destabilize its secondary structure through
electrostatic repulsion. At acidic pH, the Glu side chains
protonate, increasing their hydrophobicity, and GALA forms
an amphiphilic α-helical structure capable of interacting with
and disrupting lipid bilayers. Virus-derived peptides also
commonly utilize this mechanism, including hemagglutinin-2
(HA2) derived from the influenza virus,30 and HGP derived
from the endodomain of HIV gp41.31,32

In the carpet-like mechanism, cationic amphiphilic peptides
electrostatically bind and cover the lipid membrane, with the
hydrophobic residues facing the membrane surface.33 Above a
critical concentration, the peptides are thought to collapse the
lipid membrane, leading to micellization. Pores formed by
peptides employing the carpet-like pore-forming mechanism
are typically significantly larger than those formed by peptides
utilizing the pore-forming mechanism. For example, in the case
of the lytic peptide from the flock house virus, holes of 50−500
nm are formed in the endosomal membrane.34 Antimicrobial
peptides also frequently use the carpet-like mechanism to
access the cytosol.35 One such antimicrobial peptide, Aurein
1.2, has demonstrated pH-sensitive endosomolytic activity in
mammalian cells.36,37 The engineered antimicrobial peptide,
L17E, also utilizes the carpet-like mechanism. L17E was
engineered from M-lycotoxin by substituting a leucine with
glutamic acid to attenuate its lytic activity at neutral pH.38

Endosomolytic peptides have shown significant promise in
nanoparticle systems, enabling a variety of cargoes to be
successfully delivered to the cytosol.39−42 Recently, GALA-
functionalized mRNA polyplexes encoding for OVA enhanced
T-cell responses and stimulated dendritic cell maturation,
demonstrating potential as an mRNA-based vaccine plat-
form.43 In another example, L17E was able to facilitate the

knockdown of mRNA levels by ∼50% when conjugated to the
surface of cowpea chlorotic mottle virus nanoparticles loaded
with siRNA.44 While these endosomolytic peptides have
shown promise in nanoparticle systems, only a handful of
them have been fused to therapeutic proteins and tested for
intracellular protein delivery.36,38,45 To understand the full
potential of endosomolytic peptides for protein delivery,
further studies are necessary to generalize their use for
delivering proteins that vary in size and composition.
We previously developed an epidermal growth factor

receptor (EGFR)-targeted protein conjugate capable of
delivering a prodrug-converting enzyme for robust, cell-specific
breast cancer treatment.46 Clustering four EGFR ligands onto
the target protein through unnatural amino acid (UAA)
incorporation resulted in significantly higher cellular internal-
ization than a Tat fusion protein, and this ligand modification
approach also elevated prodrug conversion activity. However,
the intracellular half-life of the internalized protein was limited
by entrapment in the endosome, leading to protein
degradation within 16 h. While this was not detrimental for
the delivery of a prodrug-converting enzyme due to the
membrane permeability of both the substrate and product,
cargoes that function in the cytosol or other subcellular
compartments require endosomal escape.
To make our EGFR-targeted protein conjugate amenable to

a variety of intracellularly active cargoes, four endosomolytic
peptides with differing mechanisms of endosomal disruption
(e.g., peptides utilizing both the pore-forming and the carpet-
like mechanisms) were incorporated into the conjugate to
promote endosomal escape. Two peptides that disrupt the
endosome through the pore-forming mechanism, GALA25 and
HA2,32 and two peptides that use the carpet-like mechanism,
Aurein 1.236 and L17E,38 were tested for their ability to disrupt
the endosome when fused to the N-terminus of the conjugate.
Our results demonstrated that L17E was not sufficiently
amenable to genetic fusion, resulting in poor expression yields
and high cytotoxicity. Additionally, while HA2 was highly
efficient at disrupting the endosomal compartment, it acted as
a non-cell-specific CPP. Only the Aurein 1.2 and GALA
peptides were able to improve the endosomal escape of the
EGFR-targeted conjugate while also maintaining specificity
toward EGFR-overexpressing cells. Together, these results
highlight both the importance of endosomolytic peptide
selection when designing targeted protein delivery systems
and the versatility of our EGFR-targeted conjugate for
intracellular delivery.

2. MATERIALS AND METHODS
2.1. Reagents and Materials. DNA oligos were all

purchased from IDT (Coralville, IA). Restriction enzymes, T4
polynucleotide kinase (PNK), and T4 DNA ligase for DNA
cloning were purchased from NEB (Ipswich, MA). Ingredients
for bacterial culture medium were purchased from Fisher
Scientific (Pittsburgh, PA). Plasmid and gel extraction kits
were purchased from Zymo Research (Irvine, CA) for DNA
purification following digestion or gel electrophoresis.
Isopropyl-β-D-1-thiogalactopyranoside (IPTG) and antibiotics
were purchased from Sigma-Aldrich (St. Louis, MO). The
UAA, p-azido-L-phenylalanine (4-azido-l-phenylalanine, >98%
(HPLC)), was purchased from Chem-Impex International Inc.
(Wood Dale, IL). Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) reagents were purchased from
BIO-RAD (Hercules, CA). Amino acids and resin used for
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synthesizing GE11 were purchased from MilliporeSigma
(Burlington, MA) and CEM Corporation (Matthews, NC),
respectively. Solvents used for peptide synthesis were
purchased from Fisher Chemical (Fair Lawn, NJ). Dulbecco’s
phosphate-buffered saline (DPBS, 1×), Ham’s F-12, and
Dulbecco’s modification of Eagle’s medium/Ham’s F-12 50/
50 Mix and Dulbecco’s modification of Eagle’s medium
(DMEM) were purchased from Thermo Fisher Scientific
(Grand Island, NY).
2.2. Construction of Expression Plasmids. Constructs

were prepared using standard molecular cloning techniques.
Gene fragments encoding Aurein 1.2, GALA, HA2, and L17E
were annealed using their corresponding forward and reverse
primers (Section 2.1 in the Supporting Information) followed
by T4 polynucleotide kinase treatment. The DNA fragments
were inserted into pET22b-4amber-mCherry-SpyCatcher-
his646 using NdeI and NotI sites to yield the endosomolytic
peptide fusion proteins. Additionally, a KpnI cut site was
incorporated into all of the constructs for colony screening. All
plasmids were transformed into Escherichia coli NEB5α (NEB,
Ipswich, MA) [fhuA2 Δ(argF-lacZ)U169 phoA 23 glnV44 Φ80
Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17]. Bacteria
were grown on 15 g/L agar and 25 g/L Luria-Bertani broth
(LB, 10 g/L tryptone, 5 g/L yeast extract, 5 g/L sodium
chloride) plates supplemented with 100 μg/mL ampicillin.
Positive clones were confirmed by DNA sequencing, and the
positive clones were cotransformed with pULTRA-CNF (a gift
from Prof. Peter G. Schultz47) into E. coli strain BL21(DE3)
(EMD Millipore, Madison, WI) [F- ompT hsdSB(rB- mB-) gal
dcm (DE3) Δ(srlrecA)306::Tn10 (TetR)] on plates supple-
mented with 100 μg/mL ampicillin and 100 μg/mL
spectinomycin. Primers and plasmid sequences are available
in the Supporting Information (Sections 2.1 and 2.3).
2.3. Expression and Purification of Proteins. Proteins

were expressed in terrific broth (TB) media (12 g/L tryptone,
24 g/L yeast extract, 0.4% (v/v) glycerol, 9.4 g/L
monopotassium phosphate, 2.2 g/L dipotassium phosphate)
supplemented with 100 μg/mL ampicillin and 100 μg/mL
spectinomycin. Cultures were inoculated with a 3.5 mL culture
started from a single colony to an OD600 of 0.05 and allowed
to grow at 37 °C in a shake flask to an OD600 of 0.6−0.8. The
4pAzF-mCherry-SpyCatcher fusion constructs were induced
with 1 mM IPTG and supplemented with 4 mM pAzF then
grown at 37 °C for 15−18h. 0pAzF-mCherry-SpyCatcher
fusions, without pAzF, were induced with 100 μM IPTG and
grown overnight at 25 °C for 15−18 h.
Cells were pelleted with centrifugation at 4000g for 10 min

at 4 °C. Spent media was removed, and cells were resuspended
in 1× phosphate-buffered saline (PBS, pH 7.4) with 10 mM
imidazole to an OD600 of 25. Cells were lysed via sonication
and centrifuged at 10 000g for 15 min at 4 °C to collect soluble
protein. The insoluble protein pellet was saved and run on an
SDS-PAGE gel. Proteins were purified using His-Bind Ni-NTA
resin gravity column from Thermo Fisher (Pittsburgh, PA)
according to the manufacturer’s protocol. After purification,
proteins were dialyzed overnight in 1× PBS. Each protein, with
and without 4pAzF, contains a C-terminal truncation (∼28
kDa) within the mCherry sequence that could not be removed
with His-tag purification, making up approximately 20% of the
final product. The truncation does not contain the active
peptides and so should not impact the results of this study as
0GE11-mCherry-SC shows no activity in any of the studies.
Densitometry was used to determine the percent of truncation

in the sample to determine the concentration of active full-
length proteins more accurately.

2.4. Synthesis of GE11 Peptide. The protocol for
synthesizing GE11 and performing the corresponding
MALDI-TOF mass spectrometry is detailed in our previous
work.46 Briefly, GE11 with an N-terminal linker (HAIYPR-
HYHWYGYTPQNVI) was synthesized via solid-phase peptide
synthesis. Fmoc-L-propargylglycine was added to the N-
terminus to incorporate an alkyne group into the peptide for
reaction with the pAzF-incorporated protein. The peptide was
purified via reverse-phase high-performance liquid chromatog-
raphy, and the final product was confirmed by MALDI-TOF
mass spectrometry.

2.5. Site-Specific Conjugation of GE11 Peptide to
Proteins. Copper-catalyzed alkyne−azide cycloaddition
(CuAAC) was used to conjugate GE11 to mCherry constructs.
Briefly, 60 μM alkyne-GE11 was reacted to 15 μM X-4Az-
mCherry-SC in 1× PBS (pH 7.4) with 250 μM CuSO4, 1.25
mM THPTA ligand, and 5 mM sodium ascorbate for 1 h at
room temperature. The protein-peptide conjugates were then
purified with His-Bind Ni-NTA resin to remove unreacted
GE11 and copper ions, and the proteins were dialyzed
overnight in 1× PBS. The products were analyzed with SDS-
PAGE. Samples were filtered with a 0.22 μM syringe filter prior
to use in cellular analyses.

2.6. Cell Culture. IBC SUM149 cells (a gift from Prof.
Kenneth van Golen48) were grown in Ham’s F-12 medium
supplemented with 5% FBS, 1% (v/v) mycoplasma antibiotic
supplement, 1% (v/v) penicillin/streptomycin, 1% (v/v)
glutamine, 5 μg/mL insulin, 2.5 μg/mL transferrin, 200 ng/
mL selenium, and 1 μg/mL hydrocortisone according to
previously established methods. MCF10A cells were grown in
50/50 DMEM/Ham’s F-12 medium supplemented with 5%
FBS, 1% (v/v) penicillin/streptomycin, 50 μg/mL bovine
pituitary extract, 10 μg/mL insulin, 0.5 μg/mL hydrocortisone,
100 ng/mL cholera toxin, and 20 ng/mL epidermal growth
factor. MDA-MB-231 cells stably expressing Galectin8-YFP (a
gift from Prof. Craig L. Duvall49) were grown in DMEM
medium supplemented with 10% FBS and 0.1% (v/v)
gentamicin.

2.7. Cellular Internalization of Proteins. IBC SUM149
cells, MCF10A cells, or MDA-MB-231 cells were seeded (6 ×
104 cells/well) in 8-well Lab-Tek Chambered Cover Glass
plates with a collagen film (1.5 mg/mL Collagen I Bovine
Protein in 0.02 M acetic acid in deionized water) and
incubated overnight at 37 °C. Cells were then incubated with 1
μM of protein for 3 h. The media were removed, and cells were
washed three times in 1× DPBS to remove the unbound
protein. Cells were then fixed with 10% formalin for 15 min,
treated with DAPI (300 nM) for 10 min, and rinsed twice with
1× DPBS. Internalization was observed on a Leica DM6000
fluorescence microscope (Wetzlar, Germany) with a 40×
objective. Images were taken using 350/50 nm excitation and
460/50 nm emission for DAPI and 545/25 nm excitation and
605/70 nm emission for mCherry.
Flow cytometry was used as a quantitative analysis of

mCherry association in IBC SUM149 and MCF10A cells. Cells
were seeded in 12-well cell culture-treated plates at a density of
1.5 × 105 cells/well and incubated overnight at 37 °C. The
medium was replaced, and cells were incubated with 1 μM of
protein for 3 h. Cells were washed three times in 1× DPBS
before being treated with trypsin. Cells were subsequently
neutralized with the appropriate cell media and centrifuged at
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123g for 4 min. Cells were resuspended in cold 1× DPBS, put
through a cell strainer, and analyzed with flow cytometry
(NovoCyte, ACEA Biosciences, Inc., San Diego, CA). The
mCherry fluorescence intensity of 1.5 × 104 cells was measured
with a 488 nm excitation laser at an emission wavelength of
660 nm.
2.8. Lysosomal Degradation. The 0 h samples were

prepared as described in Section 2.7. For the 16 h samples, 6 ×
104 IBC SUM149 cells were seeded in 8-well plates coated
with a collagen film and incubated overnight at 37 °C. Cells
were then incubated with 1 μM of protein for 3 h, washed 3×
with DPBS to remove extracellular protein, and incubated at
37 °C for an additional 16 h. After 16 h, cells were fixed,
stained with DAPI, and imaged as described.
For flow cytometry experiments, cells were seeded in 12-well

cell-treated plates at a density of 1.5 × 105 cells/well and
incubated overnight at 37 °C. The next day, cells were
incubated with protein for 3 h, washed 3× with DPBS, and
incubated at 37 °C for 16 h. After 16 h, the cells were prepped
for flow cytometry as described above and the mCherry
fluorescence intensity of 1.5 × 104 cells was measured with the
NovoCyte flow cytometer. For chloroquine (CQ)-containing
samples, cells were treated with 100 μM of chloroquine for 4 h
before being treated with 1 μM of 4GE11-mCherry-SC and
processed for analysis, as described.
2.9. Lysosomal Colocalization. IBC SUM149 cells were

seeded on a collagen-coated 8-well glass plate as described
above before being incubated at 37 °C overnight. Cells were
subsequently incubated with 1 μM of protein for 3 h, washed 3
times with 1× DPBS, and covered in media before being
returned to the incubator for 10 h. Next, cells were stained
with 150 nM LysoView (Biotium, Fremont, CA) in cell
medium and NucBlue LiveReadyProbes Reagent (Hoechst
33342) (Thermo Fisher Scientific, Grand Island, NY) for 30
min. The medium was removed, and cells were resuspended in
Live Cell Imaging Solution before being imaged with a Zeiss
LSM 880 confocal microscope (Thornwood, NY). Zeiss
colocalization software was used to measure Mander’s
correlation coefficient (Mr).
2.10. Galectin8-YFP (Gal8-YFP) Endosomal Disrup-

tion Assay. MDA-MB-231 cells expressing Gal8-YFP were
seeded in an 8-well Lab-Tek Chambered Cover Glass plate
coated with a collagen film at a density of 5 × 104 cells/well
and incubated overnight at 37 °C. Cells were incubated with 1
μM of protein for 3 h. The medium was removed, and cells
were washed three times in 1× DPBS. Next, fresh medium was
added to the cells and the cells were incubated for 16
additional h. After incubating, the medium was removed, and
cells were fixed as described above. The cells were visualized
with a 40× objective on a Leica DM6000 fluorescence
microscope (Wetzlar, Germany) with 350/50 nm excitation
and 460/50 nm emission for DAPI and 488/40 nm excitation
and 525/50 nm emission for YFP.

2.11. Gal8-YFP Quantification. To quantify the Gal8-
positive puncta normalized to cell number, the MATLAB code
generated by Kilchrist et al.50 was adapted for images taken on
a Leica microscope with a 40× objective. Briefly, thresholding
was used to identify Gal8-positive puncta, and a visual check
was outputted in which Gal8-positive puncta were identified
with red circles. The program also counted the number of
DAPI-stained nuclei in each image and outputted a visual
check to ensure each nucleus in the image was counted. The
program then calculated the sum of Gal8-positive puncta
intensity normalized to the number of cells in each image. This
calculation was done for at least 15 images from three
independent experiments for each sample. An example of the
Gal8-YFP quantification visualization checks is provided in the
Supplemental Information (Figure S10). The derivative code
used here is available on the Figshare platform at https://doi.
org/10.6084/m9.figshare.16803625.v1.51

2.12. Cell Viability Analysis. IBC SUM149 cells were
seeded in a tissue culture-treated 96-well plate (Corning Inc.,
Corning, NY) at a density of 2 × 104 cells/well and incubated
overnight. Ham’s F-12 media with 2 μM of protein was added
to the cells and incubated for 3 h. Following incubation, cells
were washed 2× with DPBS to remove extracellular protein
and resuspended in fresh media. After 72 h of incubation at 37
°C, cells were incubated with a second dose of 2 μM of protein
for 3 h and washed before replacing the media. Cells were then
allowed to incubate for another 72 h. After 72 h, an MTT cell
proliferation assay (Thermo Fisher Scientific, Grand Island,
NY) was performed according to the manufacturer’s protocol.

2.13. Statistical Analyses. Results were reported as mean
± standard deviation except where noted. All experiments were
replicated at least three times with at least three unique protein
batches. Statistical significance was determined with an
unequal variance T-test. Significance was accepted at p < 0.05.

3. RESULTS

3.1. Synthesis and Characterization of Endosomolytic
Peptide Fusions. In our previous work, we clustered four
EGFR-binding GE11 peptides52 onto mCherry protein that
was fused to SpyCatcher (SC) to create an EGFR-targeted
fluorescent transporter construct capable of cargo attachment
through SpyCatcher/SpyTag chemistry53 (4GE11-mCherry-
SC).46 Briefly, 4GE11-Cherry-SC was generated by a three-
step process: (1) four p-azido-L-phenylalanine (pAzF)
unnatural amino acids (UAAs) were incorporated through
amber suppression47 onto the N-terminus of mCherry-SC in E.
coli; (2) an alkyne-GE11 peptide was synthesized with an N-
terminal propargylglycine via solid-phase peptide synthesis;
and (3) the alkyne-GE11 was reacted to 4pAzF-mCherry-SC
through CuAAC (Figure S3A). 4GE11-mCherry-SC demon-
strated robust internalization in inflammatory breast cancer
(IBC) SUM149 cells compared to that in healthy breast
epithelial MCF10A cells, as the MCF10A cells exhibited 5-fold
less membrane-associated EGFR as determined by immunos-

Table 1. List of the Endosomolytic Peptides Used in This Study with Their Amino Acid Sequence, Net Charge at pH 7, and
Mechanism of Action

peptide sequence net charge (pH 7) mode of action

Aurein 1.2 GLFDIIKKIAESF 0 carpet-like
GALA WEAALAEALAEALAEHLAEALAEALEALAA −6.9 pore-forming
HA2 GDIMGEWGNEIFGAIAGFLGC −3.1 pore-forming
L17E IWLTALKFLGKHAAKHEAKQQLSKL 4.2 carpet-like
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taining. Additionally, competitive inhibition with EGF in IBC
SUM149 cells drastically lowered uptake, demonstrating that
the observed internalization was EGFR-mediated. This
phenomenon resulted in IBC-specific cell death when a
SpyTag (ST)-fused prodrug-converting enzyme was attached
to 4GE11-mCherry-SC via SpyCatcher/SpyTag bioconjuga-
tion.
Despite successful targeted internalization, 4GE11-mCherry-

SC remained entrapped in the endolysosomal pathway leading
to lysosomal colocalization (Figure S1A) and rapid lysosomal
degradation within 16 h (Figure S1B). To increase the range of
cargo that can be delivered with 4GE11-mCherry-SC, an
approach to improve the endosomal escape of 4GE11-
mCherry-SC was needed. Accordingly, four endosomal escape
peptides (Table 1) were genetically fused to the N-terminus of
4pAzF-mCherry-SC and expressed in E. coli through amber
suppression (Figure 1A). The N-terminus was chosen as the
site of modification to ensure the removal of N-terminally
truncated proteins containing the active peptides without the
fluorescent tag, which could act as competitive inhibitors.

Expression was monitored by measuring the mCherry
fluorescence intensity of the clarified protein lysate and
normalizing to the fluorescence intensity of 4pAzF-mCherry-
SC alone (Figure 1B). The fusions were purified with His-tag
Ni-NTA affinity chromatography, and the purified samples
were analyzed via SDS-PAGE (Figure 1C). Fusion with Aurein
1.2 resulted in expression levels similar to that of 4pAzF-
mCherry-SC alone; however, a moderate decrease in
expression was observed when GALA and HA2 were fused
to the mCherry construct, with the GALA- and HA2-4pAzF-
mCherry-SC expression levels reaching only ∼50 and 65% of
the original 4pAzF-mCherry-SC construct, respectively. Fusion
with GALA and HA2 also resulted in a higher level of insoluble
protein, which may contribute to the decrease in soluble
protein observed (Figure S2). For the L17E fusion, the
expression decreased drastically to approximately 15% of the
expression level of the original 4pAzF-mCherry-SC, and larger
culture volumes were necessary to yield functional quantities.
The four GE11 peptides were conjugated to the pAzF-

containing fusions with CuAAC as described in our previous

Figure 1. Expression of endosomal peptide fusion proteins. (A) Schematic of endosomolytic peptide fusions with 4pAzF-mCherry-SC. (B) Soluble
lysate mCherry fluorescence normalized to concentration determined by Bradford protein assays. Results were then normalized to expression levels
of the original 4pAzF-mCherry-SC protein. Results are shown as mean ± standard deviation of three independent experiments. (C) SDS-PAGE
analysis of His-tag purified constructs. NP (no peptide) denotes the absence of an endosomal escape peptide in the 4pAzF-mCherry-SC protein
construct.

Figure 2. Uptake of protein constructs in IBC SUM149 cells following 3 h incubation. (A) Fluorescence microscopy following treatment with
endosomal fusions without GE11 (0GE11). (B) Fluorescence microscopy following treatment with endosomal fusions with four GE11 peptides
(4GE11). Cells were stained with DAPI nuclear stain (blue). The scale bar represents 40 μm. (C) Mean fluorescent intensity of cells treated with
endosomolytic fusions containing 0GE11 (gray) or 4GE11 (red) from flow cytometry analysis. Results are shown as the mean fluorescence
intensity ± standard deviation of data obtained from three independent experiments. *Indicates a statistically significant difference between 0GE11
and 4GE11 conjugates with the same endosomolytic peptide in IBC SUM149 cells (p < 0.05).
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work.46 The reaction yield was confirmed by SDS-PAGE
analysis (Figure S3). The product band shift following reaction
was similar for all constructs, suggesting that pAzF reactivity
was not significantly hindered by the presence of the
endosomolytic peptides. Protein fusions without the pAzF
residues were also generated to act as 0GE11 controls, and
His-tag-purified protein was confirmed by SDS-PAGE (Figure
S4).
3.2. Uptake of Endosomolytic Peptide Fusions in IBC

SUM149 Cells. Internalization was initially measured in IBC
SUM149 cells expressing high levels of EGFR. Cells were
treated with endosomolytic peptide fusions, and uptake was
visualized with fluorescence microscopy for fusions without
GE11 peptides (0GE11; Figure 2A) or fusions with four GE11
peptides (4GE11; Figure 2B). Corresponding phase images are
provided in the Supplemental Information (Figure S5). Uptake
was quantified with flow cytometry (Figure 2C). The mean
fluorescence intensity (MFI) of all samples was normalized to
the uptake of the original 4GE11-mCherry-SC construct in
IBC SUM149 cells without an endosomolytic peptide.
Consistent with our prior studies, EGFR-mediated protein
internalization in the absence of endosomolytic peptides was
only observed when 4GE11 peptides were present. The Aurein
1.2 and GALA fusion proteins maintained EGFR specificity, as
demonstrated by their significantly higher uptake levels with
4GE11 compared to the same proteins without GE11 peptides
(0GE11). The Aurein 1.2 fusions demonstrated the highest
fold difference (4.9-fold) between 0GE11- and 4GE11-
containing constructs. The fold change was reduced in the
GALA-containing constructs to 2.2-fold, but the difference
between 0GE11 and 4GE11 remained significant. For fusions
with HA2 and L17E, the difference in uptake between the
0GE11 and 4GE11 constructs was not significant, suggesting
that an alternative mechanism of internalization was occurring
that was not EGFR-specific. It is also worth noting that the
cellular localization of 4GE11 fusions appears more punctate
inside the cell compared to that of the 0GE11 constructs when
internalization is visible. This difference in cellular trafficking
could also indicate an alternative uptake mechanism.
3.3. Uptake of Endosomolytic Peptide Fusions in

MCF10A Cells. To further assess the EGFR cell specificity of

the endosomolytic peptide fusions, mCherry internalization
was also assessed in MCF10A breast epithelial cells, which
express basal levels of EGFR that are approximately 5 times
lower than the EGFR expression levels in IBC SUM149 cells.46

MCF10A cells were treated with protein, and uptake was
measured. Fluorescence microscopy was used to visualize the
internalization of 0GE11 (Figure 3A) and 4GE11 constructs
(Figure 3B); corresponding phase images are provided in the
Supplemental Information (Figure S6). Flow cytometry was
again used to quantify uptake (Figure 3C), and the MFI of all
samples was normalized to uptake of the original 4GE11-
mCherry-SC construct in IBC SUM149 cells. Low levels of
internalization were observed for 0GE11- and 4GE11-
mCherry-SC constructs without an endosomolytic peptide,
corroborating our previous work.46 The modest increase in
uptake with 4GE11 peptides was expected since MCF10A cells
express low levels of EGFR. Nonetheless, there was 3-fold
higher internalization of 4GE11-mCherry-SC in IBC SUM149
cells as compared to MCF10A cells. Aurein 1.2 and GALA
fusions containing 0GE11 demonstrated higher levels of
internalization compared to 0GE11 alone, suggesting a minor
increase in nonspecific uptake; however, the uptake levels in
MCF10A cells were still significantly lower for the 4GE11
fusions compared to targeted uptake levels in IBC SUM149.
Specifically, the fold differences between IBC SUM149 cells
and MCF10A cells for Aurein 1.2- and GALA-4GE11-
mCherry-SC constructs were 2.9-fold and 2.3-fold, respec-
tively, which are comparable to the 3-fold difference observed
when no endosomolytic peptide was fused. Constructs fused
with HA2 or L17E demonstrated high levels of internalization
in MCF10A whether GE11 peptides were present or not. This
once again suggests that the fusion of HA2 or L17E to 4GE11-
mCherry-SC promotes internalization through a mechanism
other than EGFR-mediated endocytosis, thereby negating cell
specificity.

3.4. Endosomal Disruption with Gal8-YFP Assay. We
next assessed the bioactivity of each endosomolytic peptide.
Galectin8 (Gal8) visualization was used to measure endosomal
disruption in MDA-MB-231 cells stably expressing Gal8-
YFP.49 Gal8 binds to glycans unique to the inner face of
endosomal membranes.54 In the event of endosomal

Figure 3. Uptake of protein constructs in MCF10A cells following 3 h incubation. (A) Fluorescence microscopy following treatment with
endosomal fusions with 0GE11. (B) Fluorescence microscopy following treatment with endosomal fusions with 4GE11 peptides. Cells were stained
with DAPI nuclear stain (blue). Scale bar represents 40 μm. (C) Mean fluorescent intensity of cells treated with endosomolytic fusions containing
0GE11 (gray) or 4GE11 (red) from flow cytometry analysis. Results are shown as the mean fluorescence intensity ± standard deviation of data
obtained from three independent experiments. *Indicates a statistically significant difference between 0GE11 and 4GE11 conjugates with the same
endosomolytic peptide in MCF10A cells (p < 0.05).
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disruption, Gal8-YFP redistributes from the cytosol into the
endosomes, which can be visualized by the appearance of Gal8-
positive puncta. MDA-MB-231 cells are triple-negative human
epithelial breast cancer cells that overexpress EGFR at levels
similar to IBC SUM149 cells.55 Previous work has demon-
strated the ability of the GE11 peptide to target EGFR
overexpression in MDA-MB-231 cells.56−59 To confirm
internalization, MDA-MB-231 Gal8-YFP cells were treated
with 1 μM of the endosomolytic fusion proteins with 0GE11
or 4GE11 peptides for 3 h and uptake was confirmed by
fluorescence microscopy (Figure S7). Uptake levels were
similar to those observed in IBC SUM149 cells. Once again,
uptake appeared to be EGFR-specific for the Aurein 1.2 and
GALA fusions, but the HA2 and L17E fusions were
internalized whether 4GE11 was present or not.
Once uptake was confirmed, endosomal disruption was

measured in MDA-MB-231 Gal8-YFP cells. Cells were treated
with 1 μM of protein for 3 h to allow internalization, and then,
the cells were washed and incubated for an additional 16 h to
allow time for endosomal escape. Fluorescence microscopy was
used to visualize Gal8-YFP recruitment following treatment

with 0GE11 proteins (Figure 4A) or 4GE11-containing
proteins (Figure 4B). Corresponding phase images are
provided in the Supplemental Information (Figure S8). For
0GE11 proteins, only HA2 and L17E fusions demonstrated
Gal8-YFP recruitment to the endosomes, as demonstrated by
the appearance of Gal8-YFP-positive puncta. This result agrees
with previous findings, as only the HA2 and L17E fusions were
uptaken at high levels without GE11. When cells were treated
with 4GE11-containing proteins, Gal8-YFP-positive puncta
were visible for all constructs containing endosomolytic
peptides, while 4GE11-mCherry-SC alone did not elicit
Gal8-YFP redistribution.
To quantify Gal8 recruitment, a MATLAB program, derived

from Kilchrist, et al.,50 was used to measure the fluorescence
intensity of Gal8-YFP-positive puncta normalized to the total
number of cells in an image frame (Figures 4C and S9).
Minimal endosomal disruption was observed for 0GE11- and
4GE11-mCherry-SC without an endosomolytic peptide fusion
partner. Robust endosomal disruption was demonstrated by
HA2 and L17E fusions with or without 4GE11, while Aurein
1.2 and GALA fusions demonstrated significantly higher Gal8

Figure 4. Gal8-YFP endosomal disruption assay. (A) Fluorescence microscopy of Gal8-YFP-expressing MDA-MB-231 cells 16 h following
treatment with endosomal fusions without GE11 and (B) endosomal fusions with 4GE11 peptides. Scale bar represents 100 μm. (C) Gal8-positive
puncta intensity normalized to cell count, as determined by MATLAB quantification. Results are shown as the mean ± standard deviation of data
obtained from three independent experiments. * indicates a statistically significant difference in Gal8 puncta intensity compared to that in MDA-
MB-231 cells treated with 4GE11-mCherry-SC (p < 0.05). ** indicates a statistically significant difference in Gal8 puncta intensity between the
same construct with 4GE11 versus 0GE11.

Figure 5. Lysosomal degradation of mCherry in IBC SUM149 cells. Fluorescence microscopy following treatment with endosomal fusions
containing 4GE11 at (A) 0 h following protein incubation or (B) 16 h following protein incubation (B). Cells were stained with DAPI nuclear stain
(blue). The scale bar represents 40 μm. (C) The percent of remaining protein 16 h post incubation compared to 0 h post incubation as determined
by flow cytometry. Results are shown as the mean ± standard deviation of data obtained from three independent experiments. *Indicates a
statistically significant difference in protein remaining in IBC SUM149 cells after 16 h compared to cells treated with 4GE11-mCherry-SC (p <
0.05).
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recruitment when 4GE11 was present compared to 0GE11
constructs. HA2-4GE11-mCherry-SC demonstrated the high-
est level of endosomal disruption, suggesting superior endo-
somolytic properties.
3.5. Lysosomal Degradation in IBC SUM149 Cells.

Most proteins trapped within endosomes undergo exocytosis
or lysosomal degradation, preventing delivery to the cytosol.60

Because of this, only a small amount of 4GE11-mCherry-SC
protein was visible inside IBC SUM149 cells at 16 h post
internalization (Figure S1A), despite high levels of initial
uptake and an intracellular mCherry half-life of 20−30 h.61 To
measure the amount of protein remaining inside IBC SUM149
cells, cells were treated with protein for 3 h before extracellular
protein was removed. Immediately after protein treatment (0
h), mCherry internalization was imaged with fluorescence
microscopy (Figure 5A). Cells were then incubated for 16 h
before fluorescence microscopy was again used to visualize
mCherry trafficking (Figure 5B). Corresponding phase images
are provided in the Supplemental Information (Figure S10).
Sixteen hours was chosen to allow enough time for lysosomal
degradation while minimizing dilution from cell proliferation
(the doubling time of IBC SUM149 cells is approximately 26
h62). From microscopy, cells treated with endosomolytic
peptide fusions contained more mCherry protein at 16 h post
internalization as compared to cells treated with 4GE11-
mCherry-SC alone. We expected the protein to be diffused
throughout the cytosol; however, most of the protein still
appeared in bright punctate spots, suggesting endomembrane
localization or protein aggregation within the cytosol.
The MFI of cells at 0 and 16 h post internalization was

measured with flow cytometry. The percent of protein
remaining in the cells after 16 h was quantified by dividing
the MFI of cells incubated for 16 h after treatment by the MFI
of cells 0 h after treatment (Figures 5C and S12). Less than
20% of protein remained after 16 h in cells treated with
4GE11-mCherry-SC. To demonstrate that this rapid degrada-
tion was occurring in the lysosome, cells were treated with

chloroquine (CQ), a weak base that prevents lysosomal
acidification and, in turn, inhibits protein degradation by pH-
specific enzymes.63 Following CQ treatment, cells were
incubated with 4GE11-mCherry-SC and internalized protein
was measured at 0 and 16 h post incubation. From
fluorescence microscopy, high levels of 4GE11-mCherry-SC
remained in cells pretreated with CQ after 16 h (Figure S11).
The protein appeared to remain in the endosomal membranes,
which agrees with the previous literature showing that higher
concentrations or longer treatments of CQ are necessary to
rupture the endosomal membrane and promote escape.64,65

Here, higher concentrations of CQ led to significant cell
toxicity. When cells were pretreated with CQ, nearly 85% of
the protein that was internalized remained in the cells after 16
h. This suggests that the rapid disappearance of the 4GE11-
mCherry-SC signal is primarily the result of lysosomal
degradation. The remaining 15% of protein was likely lost
through dilution from cell division or exocytosis. More protein
remained after 16 h in cells treated with the endosomolytic
peptide fusions compared to cells treated with 4GE11-
mCherry-SC alone. Specifically, Aurein 1.2 and HA2 enabled
significantly less lysosomal degradation after 16 h, with 82 and
73% of protein remaining, respectively, compared to cells
treated with 4GE11 where less than 20% of the originally
internalized protein remained. These levels were similar to the
outcome after treatment with CQ.

3.6. Lysosomal Colocalization in IBC SUM149 Cells.
The endosomolytic peptide 4GE11-mCherry-SC fusions
maintained a punctate distribution characteristic of endomem-
brane localization 16 h after internalization, despite evidence of
endosomal disruption from the Gal8 assay. To assess lysosomal
colocalization, IBC SUM149 cells were stained with LysoView,
a pH-sensitive dye that localizes in acidic compartments, to
visual lysosomal membranes. Cells were treated with protein
and incubated for 10 h to allow time for endosomal escape
before lysosomes were stained and cells were imaged with
confocal microscopy (Figure 6A). To quantify the mCherry

Figure 6. Lysosomal colocalization of protein constructs in IBC SUM149 cells. (A) Fluorescence microscopy following treatment with GE11
endosomal fusions (red) and lysosomal staining (green) with LysoView. The nuclei are stained with DAPI in blue, and colocalization between
mCherry and LysoView is represented in yellow. The scale bar represents 10 μm. (B) Quantification of colocalization between lysosomes and
4GE11-targeted endosomal fusion proteins in IBC SUM149 cells based on the calculation of Mander’s coefficients (Mr). A range of 8−12 images
were analyzed, approximately 50 cells, per sample, and the Mr was reported as the mean ± standard deviation. *Indicates a statistically significant
difference in lysosomal colocalization compared to 4GE11-mCherry-SC in IBC SUM149 cells (p < 0.05).
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protein (red pixels) colocalized in the lysosomes (green
pixels), the Mander’s correlation coefficient (Mr) was
calculated with Zeiss colocalization software (Figure 6B).66

Cells treated with 4GE11-mCherry-SC had the largestMr value
of 0.75, suggesting that 75% of the protein remained entrapped
in the lysosome. Endosomolytic peptide fusions all demon-
strated significantly lower levels of lysosomal colocalization,
with Aurein 1.2, GALA, HA2, and L17E showing 54, 52, 42,
and 46% of the internalized protein entrapped in the
lysosomes, respectively. HA2 demonstrated the lowest
apparent lysosomal colocalization; however, the difference
between the four constructs was not significant.
3.7. Cell Viability in IBC SUM149 Cells. Although the

lytic properties of endosomolytic peptides are pH-dependent,
there is still the potential for reconfiguration and activation at
more neutral pH leading to cell membrane lysis. This effect has
been documented in the literature for a number of endo-
somolytic peptides and is believed to be a result of variations in
charge distribution and the isoelectric point of the protein
fusion.67,68 Therefore, we studied the cytotoxicity of each
endosomolytic peptide fusion. MTT assays were used to
determine the effect of each endosomolytic peptide 4GE11-
mCherry-SC fusion on IBC SUM149 cell viability. Cells were
treated with 2 μM of protein twice over 6 days, and the cell
viability was measured (Figure 7A). Cell viability of each
sample was normalized to the viability of untreated cells
(Figure 7B). Aurein 1.2-, GALA-, and HA2-4GE11-mCherry-
SC fusions did not exhibit high levels of cytotoxicity (>85%
viability) following two treatments; however, cells treated with
L17E-4GE11-mCherry-SC were only 25% viable after two
treatments, demonstrating that the addition of the L17E
peptide significantly hindered IBC SUM149 cell viability.

4. DISCUSSION

Herein, we assessed the bioactivity of four endosomolytic
peptides that were genetically fused to an EGFR-targeting
fluorescent “transporter” conjugate. We first evaluated
recombinant expression yields in E. coli when each endo-
somolytic peptide was fused to the N-terminus of 4pAzF-
mCherry-SC. Our results with Aurein 1.2, GALA, and HA2
fusion expression were largely aligned with results from the
previous literature,36,69−71 with the expression of the Aurein
1.2 fusion partner occurring at similar levels as the base protein
constructs. Fusion with GALA and HA2 decreased the
expression of the soluble product marginally; however, the
yield of soluble protein was still sufficient. To the best of our
knowledge, this is the first attempt to genetically fuse L17E
directly to a target protein and express the peptide
recombinantly, as previous work with L17E peptide has
employed solid-phase peptide synthesis.38 The peptide is
derived from the antimicrobial peptide m-lycotoxin,73 and
while it has been engineered to attenuate lytic activity at
neutral pH, recent results have demonstrated that the peptide
preferentially perturbs negatively charged membranes, such as
the endosomal membrane, without demonstrating pH
selectivity.38 Because of this, L17E likely retains its lytic
activity toward Gram-negative E. coli cells, making recombi-
nant expression an inappropriate method of production.
Endosomolytic peptides have shown some ability to trigger

cell internalization, which can hinder targeting specificity. For
instance, Aurein 1.2 enhanced the uptake of fused protein
nanocarriers in prior work.74 Here, fusing a single Aurein 1.2
peptide to 4GE11-mCherry-SC did not significantly increase
uptake, indicating that protein internalization remained
primarily EGFR-mediated. Despite maintaining some EGFR
specificity, GALA decreased the internalization of 4GE11-

Figure 7. Cell viability assays in IBC SUM149 cells. (A) Cells were treated twice with 2 μM of endosomolytic 4GE11 proteins. (B) MTT assays
were used to assess the viability of IBC SUM149 cells following treatment with endosomolytic peptide fusions. Results are shown as the mean ±
standard deviation of data obtained from three independent experiments. * indicates a statistically significant difference in cell viability compared to
IBC SUM149 cells treated with 4GE11-mCherry-SC (p < 0.05).
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mCherry-SC in IBC SUM149 cells. Interestingly, this
phenomenon has been observed in the literature before with
other GALA fusion proteins; GALA’s hydrophobicity has been
hypothesized to trigger peptide aggregation on the cell
membrane, blocking further cytoplasmic transport.68,75 This
effect may be a driver of the behavior we observed, particularly
considering the increase in insoluble protein expression that
was evident for GALA-4pAzF-mCherry-SC. Alternatively, the
high net negative charge of the peptide at neutral pH could be
hindering interaction with the negatively charged cell
membrane lipid bilayer.76 Here, HA2 and L17E did not
maintain EGFR specificity of 4GE11-mCherry-SC, suggesting
an alternative mechanism of internalization. Recent literature
demonstrated that the HA2 fusion to the N-terminus of ligand-
targeted protein nanoparticles drastically reduced cell receptor
specificity, in agreement with our findings.67 Likewise, previous
work demonstrated that the L17E peptide was rapidly
internalized through micropinocytosis and membrane ruffling
due to its positive net charge.38,77 These phenomena likely
explain the alternative uptake mechanism observed here. These
behaviors highlight the limitations of HA2 and L17E
modifications when receptor targeting is desired. We expected
higher internalization with the endosomolytic fusions contain-
ing 4GE11, especially with L17E and HA2, which showed high
internalization with GE11 peptides. The results appear to
suggest that the mechanisms of internalization are not additive.
The GE11 peptides are buried further into the protein
sequence than the endosomolytic peptides, which are directly
on the N-terminus. One possibility is that the cell preferentially
binds HA2 or L17E before the GE11 peptides can engage the
receptor. Further studies varying the location of the GE11
peptides could test this hypothesis.
The bioactivity of each endosomolytic peptide was assessed

by evaluating endosomal disruption, lysosomal degradation,
and lysosomal colocalization. The Gal8 assay demonstrated
increased levels of endosomal disruption when endosomolytic
peptides were fused to 4GE11-mCherry-SC, with HA2
showing the highest levels of disruption. We had expected
the carpet-like peptides to show the highest levels of
endosomal disruption because they are believed to form larger
pores in the membrane; however, it is possible that fusing these
peptides to proteins hinders their membrane-disruption
activity more than pore-forming peptides. This possibility is
further supported by the higher levels of endosomal disruption
caused by GALA as compared to Aurein 1.2, despite lower
levels of internalization. L17E also showed lower levels of
endosomal disruption compared to HA2 despite similar levels
of internalization. This could possibly be explained by recent
results, which suggest that the major mechanism of L17E
internalization is a membrane ruffling effect, leading to direct
cytosolic uptake rather than cytosolic delivery through
endosomal escape.77 Directly fusing L17E to the cargo protein
may, however, affect the internalization mechanism since
roughly half of the internalized protein was in the lysosomes
from our lysosomal colocalization study. Additionally, we
delivered significantly less L17E peptides than the original
study, and the delivery concentration of cationic peptides has
been shown to affect the mechanism of internalization. Direct
cell membrane penetration is more likely at higher
concentrations.78

For all endosomolytic peptide fusions, roughly half of the
protein remained trapped in the lysosomes, likely explaining
the mCherry puncta observed after 16 h. Higher peptide

concentrations would likely enhance the endosomal escape,
but depending on the cargo potency, the level of escape we
obtained may be sufficient to elicit a therapeutic response. For
example, similar Mr values from lysosomal colocalization
studies have resulted in the efficient cytosolic delivery of
siRNA for gene knockdown.49 The visible puncta after 16 h
could also be an effect of protein entrapped in the lysosome
despite endosomal lysis. In previous studies, endosomolytic
peptides have successfully induced endosomal lysis while
remaining trapped inside endosomes.72,79 Employing a
mechanism for releasing the cargo, such as a cleavable linker
or disulfide bonds, may be necessary to improve cytosolic
delivery. Likewise, taking advantage of a protein that naturally
binds cargo at neutral pH but releases it at acidic pH could be
advantageous. For example, the p19 protein, derived from
tombusviruses, has been shown to bind siRNA at neutral pH
and release siRNA in acidic environments, e.g., within the
endosome.80,81

Our results demonstrate that Aurein 1.2-, GALA-, and HA2-
fused 4GE11-mCherry-SC were not cytotoxic at high
concentrations. This agrees with previous work wherein cells
treated with Aurein 1.2, GALA, and HA2 fusion proteins did
not show high levels of toxicity.69,82,83 L17E fused to 4GE11-
mCherry-SC, on the other hand, demonstrated significant
toxicity toward IBC SUM149 cells, which has not been
previously reported. The original work codelivered the L17E
peptide with therapeutic protein cargos rather than fusing the
peptide directly to the cargo, as done here.38

The results found here do not indicate that one mechanism
of endosomal disruption outcompetes another, but further
studies are necessary with a larger library of peptides to
confirm this result. The endosomolytic peptides appeared to
elicit high levels of endosomal disruption regardless of the
mechanism. This resulted in decreased lysosomal degradation,
likely by preventing endolysosomal acidification needed for
hydrolytic enzyme activity. Despite this, a large portion of the
protein remained in the lysosome, suggesting that lysis is not
enough to elicit high levels of endosomal escape, possibly due
to the protein remaining fused to the endosomal membrane.
Future studies comparing cytosolic delivery of an active cargo
that can be released from the delivery vehicle may highlight
larger activity differences between each peptide.

5. CONCLUSIONS
Herein, we assessed the bioactivity of four endosomolytic
peptides fused to an EGFR-targeting protein conjugate capable
of serving as a transporter for therapeutic proteins. All
endosomolytic peptides provided substantial endosomal
disruption and lower levels of lysosomal degradation, with
HA2 exhibiting the most potent membrane activity. Lysosomal
colocalization studies also demonstrated significantly lower
levels of lysosomal colocalization in constructs fused to
endosomolytic peptides; however, even with the peptide
fusions, approximately half of the protein remained entrapped
in endosomes, highlighting the potential importance of
employing a cargo release mechanism to separate the active
drug from a delivery module fused to the endosomal
membrane. Aurein 1.2 and GALA retained EGFR specificity,
while HA2 and L17E enhanced cell penetration independent
of EGFR expression, limiting their use when cell specificity is
desired. Finally, L17E expressed poorly as a fusion partner and
led to high levels of cytotoxicity, demonstrating that direct
fusion is an inappropriate strategy for its use. Overall, Aurein
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1.2 fused to our EGFR-targeting conjugate exhibited the best
balance of endosomolytic capacity and high EGFR specificity.
These results lay the groundwork for delivering a variety of
therapeutic cargos to intracellular compartments using our
EGFR-targeted conjugate. Moreover, the results reported here
demonstrate the ability of a single genetically fused endo-
somolytic peptide to drastically change the bioactivity,
cytotoxicity, and targeting specificity of a protein delivery
system. This highlights the importance of holistic evaluations
of endosomolytic activity and cell uptake when designing
protein delivery systems and reveals the need for further
studies assessing the effect these peptides have on the delivery
of proteins that vary in size and composition.
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