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Cationic antimicrobial peptides (AMPs) possess fast and broad-spectrum activity
against both Gram-negative and Gram-positive bacteria, as well as fungi. It has
become increasingly evident that many AMPs, including those that derive from
fragments of host proteins, are multifunctional and able to mediate various
immunomodulatory functions and angiogenesis. Among these, synthetic
apolipoprotein-derived peptides are safe and well tolerated in humans and have
emerged as promising candidates in the treatment of various inflammatory condi-
tions. Here, we report the characterization of a new AMP corresponding to resi-
dues 133-150 of human apolipoprotein E. Our results show that this peptide,
produced either by chemical synthesis or by recombinant techniques in
Escherichia coli, possesses a broad-spectrum antibacterial activity. As shown for
several other AMPs, ApoE (133-150) is structured in the presence of TFE and of
membrane-mimicking agents, like SDS, or bacterial surface lipopolysaccharide
(LPS), and an anionic polysaccharide, alginate, which mimics anionic capsular
exo-polysaccharides of several pathogenic microorganisms. Noteworthy, ApoE
(133-150) is not toxic toward several human cell lines and triggers a significant
innate immune response, assessed either as decreased expression levels of proin-
flammatory cytokines in differentiated THP-1 monocytic cells or by the induction
of chemokines released from PBMCs. This novel bioactive AMP also showed a
significant anti-inflammatory effect on human keratinocytes, suggesting its poten-
tial use as a model for designing new immunomodulatory therapeutics.
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AMP, antimicrobial peptide; CaCo-2, human epithelial colorectal adenocarcinoma cells; CD, circular dichroism; CFU, colony-forming units;
Cox-2, cyclooxygenase-2; ELISA, enzyme-linked immunosorbent assay; FBS, fetal bovine serum; Fmoc, 9- fluorenylmethoxy carbonyl;
HaCat, immortalized aneuploidy human keratinocyte cell line; HEK, human embryonic kidney 293 cell line; HelLa, human cervical carcinoma
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PMA, phorbol 12- myristate 13-acetate; TFE, 2,2,2-trifluoroethanol; THP-1, human monocytic cell line; TNF-a, tumor necrosis factor o; TSB,
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Introduction

Cationic antimicrobial peptides (AMPs) are essential
components of the innate immune response of multi-
cellular eukaryotes [1,2]. They are small cationic pep-
tides characterized by an abundance of hydrophobic
and positively charged amino acids. The net positive
charge causes their adsorption at the surface of bacte-
rial membranes that are rich in negatively charged
lipids [3], allowing their translocation across the cyto-
plasmic membrane. This may lead either to membrane
permeabilization, interfering with membrane associated
enzymes involved in essential processes such as cell
wall synthesis, or to attack intracellular targets and/ or
macromolecular synthesis, eventually leading to cell
death [2]. In contrast, AMPs are not as efficiently
adsorbed at the surface of eukaryotic membranes that
largely possess zwitterionic lipids on their surface [4]
but are often able to translocate across the cytosolic
membrane [1]. Several AMPs are already in clinical or
preclinical trials for topical treatments [1,5].

In addition to their direct antibacterial activity,
many AMPs often possess immunomodulatory activi-
ties such as chemokine induction and inhibition of
lipopolysaccharide (LPS)-induced proinflammatory
cytokine production. Additionally, some AMPs have
been shown to stimulate angiogenesis, promote differ-
entiation of immune cells, provide immune-based anti-
infective activity in animal models and possess wound
healing activity [1].

In multicellular eukaryotes, several proteins, with
functions that are not necessarily related to host
defense, have been discovered to act as sources of
‘crypticc’  AMPs, including hemoglobin, thrombin,
lactoferrin, lysozyme, histone-like proteins, ribonucle-
ases, and apolipoproteins [6-8]. These proteins, known
as AMP-releasing proteins, release biologically active
peptides only after proteolytic processing by bacterial
and/or host proteases.

Apolipoprotein E (ApoE) is a well-known glycosy-
lated protein that plays a key role in the transport of
cholesterol and other lipids in the blood and central
nervous system. ApoE is predominantly synthesized in
the liver but it is also found in the brain, spleen, lungs,
kidneys, ovaries, testes, peripheral nerves, and muscu-
lar tissues [9]. In addition to its role in lipid transport,
several studies have shown its importance in the
pathogenesis of atherosclerosis [10], neurodegenerative
disorders such as Alzheimer’s and Parkinson’s disease
[11], and autoimmune disorders such as multiple scle-
rosis [12] and psoriasis [13].

In addition to these well-established roles, ApoE also
has immunomodulatory properties. Indeed, it has been
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observed that ApoE is able to induce an anti-inflammatory
phenotype in macrophages [14], suppress proliferation
of T cells [15,16], up-regulate the production of nitric
oxide in platelets [17], and facilitate the presentation of
lipid antigen by CD1 molecules on natural killer T cells
[18]. These immunomodulatory properties appear to
be biologically relevant, as ApoE-deficient animals have
impaired immunity after exposure to Listeria monocyto-
genes and are more susceptible to endotoxemia after
inoculation with LPS or Klebsiella pneumoniae [19,20].
These observations suggest that ApoE has important
biological functions, independent from its canonical
role in hepatic and peripheral tissue binding of
cholesterol-rich lipoproteins.

A variety of enzymes, such as cathepsin D, throm-
bin, chymotrypsin-like serine protease, and aspartic
proteases, have been proposed to mediate ApoE cleav-
age [21]. Fragments of ApoE have been detected in the
brain and cerebrospinal fluid of Alzheimer’s disease
patients and have been shown to cause neurotoxicity
under a variety of experimental conditions [22]. More-
over, studies carried out on synthetic peptides derived
from the full-length protein have revealed neurotoxic
effects similar to that of the intact protein, in addition
to various other biological functions, including antimi-
crobial and immunomodulatory properties [23,24].

Several studies on ApoE have focused on the recep-
tor-binding region [25-27], which is located between
residues 130-162 (Fig. 1A) and is critical for its bio-
logical activities. The crystal structure of ApoE shows
that this region folds into a long and amphipatic o-
helix (Fig. 1B) that is part of a four-helix bundle
(residues 24-167) that characterizes the fold of the N-
terminal domain [28-30]. Interestingly, some studies
have demonstrated that synthetic peptides covering the
ApoE receptor-binding region retain the biological
activities of the intact protein. For example, synthetic
peptide Ac-ApoE (133-149)-NH,, also known as
‘COG-133" (see Fig. 1C), shows several interesting
pharmacological characteristics such as anti-inflamma-
tory and neuroprotective activity [31,32]. The cyto-
static and cytotoxic effects of a panel of monomeric
and dimeric synthetic peptides encompassing amino
acids 130-169 of ApoE on IL2-dependent T lympho-
cytes have also been studied [25] revealing the impor-
tance of a high a-helical content in the ApoE-derived
peptides and the key contribution of positively charged
amino acids in the region 141-149.

A number of studies have focused on antimicrobial
peptides derived from fragments of ApoE. Azuma and
coworkers demonstrated that a peptide corresponding
to residues 133-162 had a broad-spectrum antimicro-
bial activity [33]. In the same region, Forbes and
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Fig. 1. Analysis of the apolipoprotein E region 130-162. Panel A
shows the sequence of apolipoprotein E region 130-162 colored
according to the properties of amino acids. Residues 133-150 are
underlined. Panel B shows the structure of the region 130-162
(PDB code: 1B68). Panel C compares the sequences of the
apolipoprotein E-derived peptides and the sequence of GKY20; the
peptide identified in the C-terminal region of human thrombin
heavy chain and used as control in the present work. Duplicated
regions in ApoEdp and ApoE23 are shown in red. For each peptide,
the calculated antimicrobial score (AS) is shown on the right
(details on the meaning of AS can be found in the Introduction). In
all the panels, the same color code was used: red, acidic residues
(D, E); green, hydrophobic residues (L,I,V,A,M,W,F,Y,C); blue basic
residues (R,K,H); vyellow hydrophilic residues (Q,N,S); gray,
borderline residues (G,T,P).

coworkers utilized an in silico approach to identify a
cluster of nine residues, from Leu-141 to Leu-149 that,
when chemically synthesized in the form of a tandem
repeat peptide called ApoEdp (Fig. 1C), showed signif-
icant antimicrobial activity that was absent in the
nine-residue peptide alone [26].

More recently, a new ApoE peptide (named
ApoE23) was designed, by combining synthetic frag-
ments 141-148 and 135-149 (Fig. 1C). Like ApoEdp,
ApoE23 contains a repeated module but in this case, a
five-residue RLASH sequence was inserted between
the two repeats. ApoE23 elicited a slightly stronger
antimicrobial activity than ApoEdp and showed
immunomodulatory effects on THP-1 cells [27].

Recently, our group has developed a bioinformatic
method (K. Pane , L. Durante, O. Crescenzi, V. Cafaro,
E. Pizzo, M. Varcamonti, A. Zanfardino, V. 1zzo, A. Di
Donato & E. Notomista, unpublished data) that identi-
fies AMPs within the sequences of larger protein precur-
sors and quantitatively predicts their antibacterial
activity. The method assigns an antimicrobial score to
peptides based on their net charge, hydrophobicity, and
length, and two bacterial strain-dependent weight fac-
tors. We have demonstrated that the antimicrobial score
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is proportional to the antimicrobial activity of AMPs, at
least for score values in the range of 6.5-9.5. Scores
lower than 6.5 can be considered not significant as they
correspond to predicted MIC values higher than
200 um. However, for score values higher than 10, the
linear relationship is no longer valid (i.e. for score values
higher than 10, an increase in the score does not neces-
sarily correspond to an increase in the antimicrobial
activity). The score values of all the peptides of the
desired lengths inside a protein can be plotted as a
function of their length and position, thus creating an
accurate map of the antimicrobial activity determi-
nants. Figure 2 shows the isometric plot for the region
123-168 of ApoE. The known antimicrobial peptide
133-162 corresponds exactly to a relative maximum
(score = 11.8) in the isometric plot. The absolute maxi-
mum, corresponding to region 133-167, is only slightly
higher (score = 12.3). Very interestingly, the plot shows
a relative maximum corresponding to residues 133-150
with score (score = 11.8) similar to that of peptide 133—
162. Peptide ApoE (133-150) is only one residue longer
than the synthetic peptide COG-133 (residues 133-149).
It is worth noting that while COG-133 has been
thoroughly studied for its anti-inflammatory and neuro-
protective activities, to the best of our knowledge, its
antimicrobial properties have never been investigated.
However, peptides ApoEdp and ApoE23 possess
high antimicrobial activity but they are artificial pep-
tides including two copies of receptor-binding region
(residues 141-149). Figure 1C compares sequences,
chain termini groups, and calculated antimicrobial
scores of peptides ApoEdp, ApoE23, COG-133, and
ApoE (133-150).

Based on these considerations, we hypothesized that
ApoE (133-150) could possess antimicrobial activity
comparable to that observed for ApoEdp and ApoE23
while retaining the pharmacological properties of COG-
133. Accordingly, the aim of this study was to analyze
the structure, antimicrobial activity, cytotoxic effects on
eukaryotic cells, and anti-inflammatory properties of
peptide ApoE (133-150). Using a recently developed
method for high-yield production of antimicrobial pep-
tides in E. coli [34], we produced recombinant peptide
ApoE (133-150), herein named rApoEpy (133-150), as
it contains two additional residues (PM) at the N termi-
nus, and compared its biological activities to those of
three peptides obtained by chemical synthesis: sApoE
(133-150), Ac-ApoE (133-150)-NH,, and COG-133
[Ac-ApoE (133-149)-NH,]. The biological activities of
ApoE-derived peptides were also compared to those of
peptide GKY20, a previously studied 20-residue ‘cryp-
tic’ antimicrobial peptide, from the C-terminal region of
human thrombin heavy chain [6] (Fig. 1C).
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Fig. 2. Isometric plot showing the antimicrobial score (AS) values of peptides from 12 to 40 residues in the region 123-168 of ApoE
obtained using parameters optimized for strain S. aureus C623. Colors were used to highlight antimicrobial score values higher than 6.5
corresponding to theoretical MIC values lower than 200 pm.
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Results

Recombinant production of ApoE (133-150) and
of control peptide GKY20

Expression of AMPs in bacterial cells can be deleteri-
ous to the host due to their toxicity. For this reason,
we have developed a procedure to produce AMPs as
fusion proteins with onconase (ONC), a frog ribonu-
clease that very efficiently mediates delivery to inclu-
sion bodies, thus avoiding toxicity problems. The
optimization procedure and the features of the final
optimized carrier, named ONC-DCless-H6, have been
described in detail elsewhere [34]. Here, we will
describe the preparation of the construct used for the
preparation of the recombinant ApoE peptide. Briefly,
coding sequence for ApoE (133-150) was synthesized
(MWG Biotech) using the E. coli codon usage and
cloned into the expression vector pET22b'"), fused
downstream to ONC-DCless-H6. The resulting fusion
protein, ONC-DCless-H6-(PM)ApoE, contains a His
tag sequence between the ONC moiety and the ApoE
moiety suitable for an easy purification of the fusion
protein, a flexible linker (Gly-Thr-Gly), and a tripep-
tide (Asp-Pro-Met) allowing to separate the carrier
from the peptide either by mild acidic cleavage (that
cleaves the Asp-Pro bond) or by cyanide bromide
cleavage (that cleaves the bond following the Met resi-
dues).

After expression of pET22b{™ construct in E. coli
cells, strain BL21(DE3), inclusion bodies were col-
lected and purified by affinity chromatography on Ni
Sepharose™ 6 Fast Flow (GE Healthcare). Chromato-
graphic fractions were pooled after 15% SDS/PAGE
analysis, and extensively dialyzed against 0.1 M acetic
acid pH 3 at 4°C. Any insoluble material was
removed by centrifugation and filtration. The solution
containing the fusion construct was then acidified to
pH 2 using 0.5M HCI to cleave the Asp-Pro-Met

Table 1. Antibacterial activity of Apo E-derived peptides.
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linker peptide, purged with N,, and incubated at
60 °C for 24 h in a water bath. Following cleavage,
the pH was increased to 7-7.2 with the addition of
1 M NH;, and incubated overnight at 28 °C to selec-
tively precipitate the carrier ONC-DCless-H6 that is
insoluble at neutral or alkaline pH. The released pep-
tide was isolated from the insoluble components
through repeated cycles of centrifugation and finally
lyophilized. The purity of the peptide was checked by
SDS/PAGE and by mass spectrometry (performed by
Dr. Antimo Di Maro, Second University of Naples).
The peptide derived from the expression of Apo E
(133-150) coding sequence yielded a molecular weight
of 2513.46 Da, which was the expected molecular
weight of peptide ApoE (133-150) with the addition of
the dipeptide Pro-Met released by the acidic cleavage
of the linker peptide Asp-Pro-Met. This peptide was
named rApoE pp (133-150).

The peptide GKY20, used as positive control in this
study, corresponds to residues 231-250 of human
thrombin heavy chain. Recombinant GKY20 was pre-
pared as described for Apo E-derived peptide with the
exception that in the fusion protein, the sequence of the
peptide is preceded by the sequence Asp-Pro. Therefore,
this peptide can be released only by acidic cleavage and
contains an additional proline residue at the N terminus.
Mass analysis of the recombinant peptide, herein named
r(P)GKY20, yielded the expected molecular weight of
2609 Da. The full description of the preparation of r(P)
GKY?20 is reported elsewhere [34].

Antimicrobial activity of ApoE (133-150)

The antibacterial activity of synthetic and recombinant
peptides was determined by measuring their MIC val-
ues on a panel of Gram-negative and Gram-positive
strains (Table 1). In the case of Gram-negative strains,
all the ApoE-derived peptides showed identical MIC
values. Surprisingly, in the case of the two Gram-

MIC (um)?
Bacterial strain rApoE pp (133-150) sApoE (133-150) Ac-ApoE (133-150)-NH, Cog-133 r(P)GKY20
Escherichia coli DH50. 12.5 12.5 125 12.5 12,5
E. coli ATCC 25922 6.25 6.25 6.25 6.25 25
P. aeruginosa PAO1 25 25 25 25 25
P. aeruginosa PA14 50 50 50 50 50
K. pneumoniae ATCC 700603 6.25 6.25 3.12 3.12 12.5
S. aureus ATCC 6538P 3.12 3.12 100 100 6.25
B. subtilis PY79 25 25 > 100 > 100 12.5

®MIC values shown in the table are the highest concentrations obtained after three independent experiments.
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positive strains, the synthetic peptides with modified
chain termini, COG-133 and Ac-ApoE (133-150)-
NH,, showed very high MIC values. However, MIC
values of unmodified rApoE py (133-150) and sApoE
(133-150) were identical and similar to those measured
in the case of Gram-negative strains. Peptide GKY20
showed MIC values similar or slightly higher than
those of rApoE py (133-150) and sApoE (133-150) on
all the strains with the exception of strain B. subtilis
PY79. Therefore, it can be concluded that peptide
ApoE (133-150) has antimicrobial activity similar to
that of the thrombin-derived antimicrobial peptide and
that this activity is strongly affected by modification of
the chain termini.

When the killing rate of rApoE py (133-150) and of
r(P)GKY20 was assessed in buffer (Fig. 3A,B), rApoE
pm (133-150) displayed antibacterial killing activity
against S. aureus ATCC 6538P and a clinical isolate of
P. aeruginosa strain KK27, substantially higher than
that measured for r(P)GKY20. The antibacterial killing
activity of rApoE py (133-150) was also demonstrated
for other bacterial strains showing in all cases a dose—
response antibacterial activity (data not shown).

Recombinant rApoE py (133-150) contains two
additional amino acids, a Pro and a Met residue at the
N terminus, compared to ApoE (133-150). To verify
that the bactericidal action of rApoE py (133-150)
was not influenced by the presence of these additional
residues, we compared the antibacterial activity of
chemically synthesized ApoE (133-150) [sApo E (133—
150)] with that of rApoE pyv (133-150) on E. coli
DH5a cells (Fig. 3C). We found that the bactericidal
activity of both peptides was dose-dependent and quite
similar (Fig. 3C). This indicated that the presence of
the additional residues in rApoEpy; (133-150) did not
influence the antimicrobial activity of this peptide.

Conformational studies of rApoE py (133-150) by
circular dichroism

Far-UV CD spectra indicated that rApoE py (133—
150) was largely unstructured in PBS but became
increasingly structured in the presence of TFE and
SDS micelles (Fig. 4A-B) thus suggesting that rApoE
pm (133-150), like other AMPs [35,36], is prone to
assume a specific conformation when interacting with
membrane-mimicking agents. At high concentrations
of TFE and SDS, the CD spectra showed two broad
minima, at 208 and 222 nm respectively, and one
maximum at < 200 nm, indicative of the presence of
a-helical conformation. A similar behavior could be
observed also for control peptide r(P)GKY20
(Fig. 4C-D). It is worth noting that maximal
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Fig. 3. Antibacterial activity of recombinant ApoE ppm(133-150)
(white circles) compared to that of r(P)GKY20 (black circles). (A)
Staphylococcus aureus ATCC 6538P. (B) Pseudomonas aeruginosa
KK27. (C) Antibacterial activity of recombinant ApoE pn(133-150)
(white circles) compared to that of synthetic ApoE (133-150) (black
circles). The mean values + SD from three independent
experiments run in triplicate are shown.

structured conformation was observed at a TFE con-
centration of about 40%, (Fig. 5), thus indicating a
high propensity for rApoE py (133-150) to acquire an
ordered structure.
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or SDS (D). Panels (A) and (C): peptide in PBS (continuous line) or 10% TFE (——); 20% (es*¢); 40% (-*+-); 50% (-s-=-). Panels (B) and (D):
peptide in PBS (continuous line) or 10 mm SDS (——); 20 mm SDS (esee).

To further characterize the structural properties of
rApoE py (133-150), we analyzed by CD spectroscopy
its binding to LPS (Fig. 6A), the main constituent of
the outer membrane of Gram-negative bacteria. When
rApoE py (133-150) was analyzed in the presence of
increasing concentrations (0.2 to 1.6 mg-mL~") of LPS
purified from P. aeruginosa (Fig. 6A) or LPS purified
from E. coli strain 0111:B4 (data not shown), two min-
ima around 208 and 222 nm appeared, suggesting that
the peptide adopts a helical conformation also upon
interaction with LPS. Similar results were obtained
also for r(P)GKY-20 in the presence of LPS as showed
in Fig. 6B.

It is well known that alginate, an exopolysaccharide
abundant in the biofilm of several bacterial strains,
interacts with some AMPs and induces o-helical struc-
ture [37]. Therefore, we titrated our peptides with
increasing concentrations of alginate (from 0.2 to
1.6 mg-mL~"). The spectra recorded in the presence of

The FEBS Journal 283 (2016) 2115-2131 © 2016 Federation of European Biochemical Societies

alginate for both peptides (Fig. 6C,D) displayed
shapes very different from those observed in TFE,
SDS, and LPS. The saturation curves in Fig. 5D
clearly show the interaction of r(P)GKY-20 with algi-
nate. The spectra at the highest alginate concentrations
are characterized by a single minimum between 215
and 220 nm, thus suggesting an extended conforma-
tion. However, spectra obtained in the case of rApoE
pum (133-150) are rather complex and difficult to inter-
pret; therefore, at the moment it is not clear if rApoE
pm (133-150) does interact with alginate or what type
of structure it adopts.

Cytotoxicity assays of rApoE py (133-150) on
human cells

As already mentioned, the promising interest in the
use of AMPs as alternative antibiotics stems from
their selective action on bacterial cells compared to
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Fig. 5. A0 at different wavelength of the recombinant peptides in the presence of different additive. A® were obtained by subtracting 6 of
peptides in the presence of different concentrations of additive at 6 of peptides in PBS, pH 7.4. A8 of rApoEpy (133-150) in the presence
of different concentrations of LPS from P. aeruginosa (A), alginate (C), or TFE (E). A8 of r(P)GKY20 in the presence of different
concentrations of LPS from P. aeruginosa (B), alginate (D), or TFE (F).

eukaryotic cells. We thus studied the cytotoxic effect addition of increasing concentrations (1, 5, and
of tApoE py (133-150) and of its synthetic form on 10 um) of rApoE pyp (133-150) or sApoE (133-150)
either suspension or adherent human cell lines. The to THP-1 cells, at three different incubation times,
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Fig. 6. CD spectra of the recombinant peptides in the presence of different concentrations of LPS. rApoEpp(133-150) in the presence of
different concentrations of LPS from P. aeruginosa (A) or alginate (C). r(P)GKY20 in the presence of different concentrations of LPS from
P. aeruginosa (B) or alginate (D). Peptide alone (continuous line); 0.2 mg-mL~™" LPS (--); 0.4 mg-mL™" LPS (--); 0.8 mg-mL~' LPS (---);

1.6 mg-mL~" LPS (----).

did not result in any significant reduction in cell via-
bility (Fig. 7). Both peptides exhibited the same
behavior, further supporting the conclusion that the
two additional residues in the recombinant peptide
(Pro-Met) do not influence its biological activity. The
cytotoxicity of rApoE py (133-150) was also mea-
sured against PMA-differentiated THP-1 cells, human
keratinocytes (HaCat cells), and on three human
tumor cells line (HeLa, HEK, and CaCo-2 cells). In
all cases, no significant cytotoxicity was observed
(data not shown), demonstrating that residues 133—
150 ApoE do not exert any toxic effect on cultured
human cells. Moreover, it should be mentioned that
rApoE py (133-150) and synthetic ApoE (133-150)
are toxic to bacterial cells (Table 1) at concentrations
similar to that used in the cytotoxicity assays
described above.

The FEBS Journal 283 (2016) 2115-2131 © 2016 Federation of European Biochemical Societies

Quantification of cytokine expression induced by
rApoE py; (133-150)

It is known that several AMPs have the ability to block
the production of cytokines produced in response to
LPS by either directly up-regulating inhibitory pathways
in cells [38], or interfering with the ability of LPS to bind
LPS-binding proteins [39]. In order to investigate the
hypothesis that rApoE pp (133-150) might elicit anti-
inflammatory effects, and thus immunomodulatory
activities on human cells, we analyzed the effects of
rApoE pp (133-150), compared to sApoE (133-150),
Ac-ApoE (133-150)-NH,, and COG-133 on the LPS-
induced I1-8 and Cox2 expression by qRT-PCR, in
PMA-differentiated THP-1 cells. As shown in Fig. 4, in
macrophages stimulated with LPS (THP-1D) in the
presence of rApoE py (133-150), we observed a
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decrease in mRNA expression of IL-8 and Cox-2
(slightly more accentuated for IL-8), in comparison with
macrophages treated with LPS alone (Fig. 4A). A simi-
lar effect, slightly less accentuated, was observed when
differentiated THP-1 cells were treated with LPS in the
presence of sApoE (133-150), COG-133, and Ac-ApoE
(133-150)-NH,. Interestingly, when undifferentiated
THP-1 cells (THP-1U) were treated with LPS in the
presence of rApoE py (133-150), as well as for the other
peptides, no relevant effects were observed on cytokines
expression (Fig. 8A-B).

Although rApoE pp (133-150) does not seem to have
a large effect on Cox-2 and IL-8 expression in undiffer-
entiated THP-1 cells, we found that it was able to induce
an immune response. Literature data demonstrated that
LPS stimulation of THP-1 cells, normally nonadherent
in culture, increases cell adhesion in a dose-dependent
manner inducing cytoskeletal reorganization and
increasing spreading in adherent THP-1 cells [40]. On
this basis, we investigated the peptide effect on LPS
action on cell adhesion in THP-1 cells.

In particular, the effects of rApoE py (133-150) on
LPS-induced adhesion of THP-1 cells were determined
after 3 h of treatment by RTCA. Results indicated
that the addition of 3 um rApoE PM (133-150)
induces an alteration in the adhesion curve relative to
LPS-stimulated THP-1 in the absence of peptide (con-
trol), thus indicating a reduction of the capability of
LPS-treated THP-1 to adhere to the plate surface
(Fig. 8C).

The same effect of adhesion capabilities for THP-1
was observed on plates coated with fibronectin after
7 h (data not shown).

W Ctrl
30 sApo Ejs33-150)
3 rApo Epmpaz-1s0)

48 h 72h

Fig. 7. Effect of synthetic ApoE (133-150)
or rApoE p\(133-150) on the viability of
THP-1 cells. The mean values + SD from
three independent experiments run in
triplicate are shown.

To further investigate the immunomodulatory prop-
erties of ApoE (133-150), peripheral blood mononu-
clear cells (PBMCs) isolated from donors were
stimulated with LPS in the presence of increasing
doses of sApoE (133-150), and the amount of TNF-a
released was measured by ELISA. A synthetic innate
defense regulator peptide, IDR-1018, which has previ-
ously been shown to possess immunomodulatory prop-
erties [41], was included as a positive control. As
shown in Fig. 9A, LPS-stimulated PBMCs treated
with sApoE (133-150) caused a significant reduction in
the amount of TNF-a released, similar to the suppres-
sion observed in IDR-1018-treated cells. In terms of
concentration, TNF-o released from PBMCs stimu-
lated with LPS alone was of 1478.38 pg-mL ™",
whereas TNF-a released from PBMCs stimulated with
LPS and treated with sApoE (133-150) or IDR-1018
were of 683.63 and 479.17 pg-mL~", respectively.

We further investigated the ability of sApoE (133-
150) to act on the host immune response by measuring
its ability to induce the release of MCP-1 (monocyte
chemotactic protein-1), a member of chemotactic
cytokines mainly involved in leukocyte migration [42] to
the site of infection. As shown in Fig. 9B, the addition
of increasing amounts of sApoE (133-150) to PBMCs
caused a dose-dependent release of MCP-1, comparable
to that obtained using similar amounts of IDR-1018.
On the basis of this result, it is intriguing to hypothesize
that ApoE (133-150) could play a role in promoting
migration and recruitment of monocytes/macrophages
in response to inflammation and tissue injury.

Finally, as ApoE is known to be produced by skin
cells [43], and as the pathogenesis of many
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Fig. 8. Influence of ApoE-derived peptides in THP-1 cells treated with LPS, on gene expression of COX-2 (Panel A) and IL-8 (Panel B), and
effect of rApoE ppm(133-150) on cellular adhesion (Panel C). Panels A and B: total RNA was isolated by two different cell lines THP-1D
(Differentiated) and THP-1U (Undifferentiated): untreated (white bars), LPS-treated only (black bars), after exposition to LPS and ApoE-derived
peptides (colored bars), and after exposition to peptides alone (diagonally colored bars). The results were expressed as relative fold induction
respect to actin gene expression for A) COX-2 and B) IL-8. Data points represent the average of three independent experiments + SE. Panel C:
Slope of curve adhesion. LPS-treated THP-1 cells were incubated with 3 pum rApoE pp(133-150) in a range of 0-3 h. Results are presented as
the percentage of slope of adherent cells versus control (LPS-stimulated THP-1 in the absence of peptide) and are expressed as mean + SE
from three independent experiments performed in duplicate. Statistical significance based on Student's ttest (*P < 0.05). In Panel D,
representative adhesion curves are reported: LPS-stimulated THP-1 in the absence (red) or presence (green line) of peptide.
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Fig. 9. Immunological response of human peripheral blood mononuclear cells (PBMCs) mediated by rApoE py(133-150). Panel A. Reduction
of LPS-induced TNF-a cytokine. PBMCs stimulated with 10 ng-mL™" of P. aeruginosa LPS were treated with rApo E pv(133-150) or with
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measured by ELISA after 24 h of incubation. Peptides activities are reported as amount of MCP-1 released compared with untreated cells
(control). The results represent mean + SEM of two replicates of five independent donors. The results represent mean + SEM of two
replicates of three independent donors. Statistical significance based on Student's ttest (*P < 0.05 compared with LPS).

HaCaT . .

B s shown in Fig. 10 clearly demonstrate that rApoEpy
§ Bl Cox2 (133-150) was able to dramatically down-regulate the
2 08+ 3 IL-8 expression of both COX-2- and IL-8-encoding genes.
3 064 * Similar results have been obtained also for sApoE
f : . (133-150) (data not shown).
g 04
£ -
g 02- Discussion
ﬁ 0.0 Cationic antimicrobial peptides (AMPs) are ancestral

Control +1hLPS +3hLPS elements of the innate immune system and are virtu-

rApo Epm133-150) ally present in all multicellular organisms. The major-

ity of AMPs share common biochemical features,
including relatively small size, cationicity, and amphi-
pathicity. These features are believed to be essential
for the antimicrobial activity of AMPs, allowing them
to selectively interact with and damage bacterial mem-

Fig. 10. Influence of rApoE pp(133-150) on COX-2 and IL-8 gene
expressions, in HaCaT cell lines, pretreated with LPS. Total RNA
was isolated by human keratinocytes, HaCaT cell lines, pretreated
with LPS, and exposed to ApoE for 1 h or 3 h. The results were
expressed as relative fold induction respect to 18S. Data points

represent the average of three independent experiments + SE. branes. Interestingly, a wide variety of human proteins
Statistical significance based on Student's ttest (*P < 0.05; whose primary functions are not necessarily related to
**P < 0.01 compared to respective untreated control cells). host defense, contain AMPs hidden inside their

sequence [45-47]. These ‘cryptic’ AMPs have attracted
inflammatory skin diseases is due to an immune the interest of researchers for many different reasons.
response involving keratinocytes, immune cells, and The existence of cryptic AMPs would suggest that
soluble mediators [44], we investigated the possibility innate immunity is more complex and includes more
that rApoE py (133-150) could have immunomodula- components than usually believed. The immunomodu-
tory properties on keratinocytes. The anti-inflamma- latory effects of these AMPs further support the idea

tory effect of rApoE py (133-150) on the expression that adaptive and innate immunity are tightly coregu-
of proinflammatory cytokines COX-2 and IL-8 was lated. Finally, it is tempting to speculate that human
measured in LPS pretreated HaCaT cells. The results proteome is a yet unexplored source of bioactive
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peptides with many potential pharmacological applica-
tions.

Apolipoprotein E (ApoE) is a good example of pro-
tein that carries a cryptic AMP sequence. For a long
time, ApoE was considered to simply be an important
carrier of lipids in general and of cholesterol in partic-
ular. However, several recent studies have highlighted
that it is endowed with anti-inflammatory, antiviral,
and antimicrobial activities [48—50]. Even more intrigu-
ing is that peptides derived from the receptor-binding
region of ApoE retain some of the most interesting
pharmacological activities of the intact protein. For
example, Ac-ApoE (133-149)-NH,, the so-called
COG-133 peptide, and ApoE (133-162) show anti-
inflammatory/neuroprotective activity and antimicro-
bial activity, respectively [51,52]. Other groups have
also designed artificial peptides with duplicated regions
derived from ApoE fragments that show both antimi-
crobial and anti-inflammatory activity (e.g. peptides
ApoEdp and ApoE23 described in the introduction).
Recent reports [27-31] have shown that artificial pep-
tides derived from ApoE receptor-binding region share
a broad anti-infective activity along with the presence
of the positively charged leucine-rich sequence
-RKLRKRLL- from residue 141 to 149.

This work demonstrates for the first time that an
unmodified fragment derived from ApoE receptor-
binding region (from residue 133 to residue 150),
possesses both antimicrobial and anti-inflammatory/
immunomodulatory  activities. The  experiments
described in this paper show that synthetic ApoE
(133-150) and its recombinant counterpart rApoEpy
(133-150), both with unmodified chain termini, exhib-
ited antibacterial activities against both Gram-positive
and negative strains, including a pathogenic strains of
P. aeruginosa, while having negligible cytotoxic effects
on an assortment of human cell lines. From a struc-
tural point of view, in agreement with the canonical
properties of most AMPs, we verified by CD that
ApoE (133-150) tends to assume a conformation in
the presence of mimic membrane agents, whereas it is
unstructured in aqueous buffer. It should also be
noted that ApoE (133-150) becomes structured in the
presence of LPS, in a dose-dependent manner, thus
suggesting direct binding to LPS.

Furthermore, our results showed that ApoE (133-
150), significantly down-regulated the expression of IL-
8, TNF-a, and Cox-2 in LPS-induced THP-1 and
PBMC:s cells, and induced a dose-dependent release of a
chemotactic cytokine, MCP-1 from PBMCs. Addition-
ally, ApoE (133-150) induced immunomodulatory
activity in human keratinocyte cell lines, opening a new
scenario on future topical application of human AMPs.

Cryptic human anti-microbial peptides

In conclusion, our data on ApoE (133-150) add new
details for the development of novel antibacterial
drugs that target MDR strains among others. Com-
pared to other antimicrobial agents, ApoE (133-150)
may offer several advantages, as it specifically targets
bacterial strains, reduces the likelihood of developing
resistance and at the same time contributes to enhance
anti-inflammatory response without altering cell viabil-
ity. Thus, by virtue of its different mechanism of
action, ApoE (133-150) could be used in combination
with other antibiotic drugs to obtain potential syner-
gistic effects in treating bacterial infections. Finally, we
have shown that peptide ApoE (133-150) can be pro-
duced in a fully active recombinant form in high yields
using the fusion system recently developed by our
group. This will further promote the development of
its potential applications.

Materials and methods

Peptide synthesis

ApoE (133-150) peptides were synthesized by Thermo
Fisher Scientific GmbH (Ulm, Germany) or PEPTIDE 2.0
(Chantilly, VA, USA) using solid-phase 9-fluorenylmethoxy
carbonyl (Fmoc) chemistry with a free C terminus and
purified to a purity > 95% using reverse-phase high-perfor-
mance liquid chromatography (HPLC). COG-133 and Ac-
ApoE (133-150)-NH, were synthesized and purified to
95% homogeneity by Inbios (Naples, Italy). Peptide masses
were confirmed by mass spectrometry.

Antimicrobial assays

The antimicrobial activity of peptides was measured against
Escherichia coli DHSa, Escherichia coli ATCC 25922 pro-
vided by Dr. Eliana De Gregorio (University of Naples Fed-
erico II, Italy); Staphylococcus aureus ATCC 6538P; and
Pseudomonas aeruginosa KK27, a clinical isolated strain
obtained from cystic fibrosis patients and provided by Dr.
Alessandra Bragonzi (San Raffaele Hospital, Milan, Italy).

MIC values were determined on strains Escherichia coli
ATCC 25922 (provided by Dr. Eliana De Gregorio,
University of Naples Federico 1I, Italy),
domonas aeruginosa PAOI and PA14, Klebsiella pneumoniae
ATCC 700603, and Bacillus subtilis PY79 using the broth
microdilution method for cationic peptides [53] with minor
modifications. The assay was performed in Difco Nutrient
Broth (Becton-Dickenson, Franklin Lakes, NJ, USA) using
a bacterial inoculum of ~ 5 x 10> CFU-mL™" per well.

Rate of killing was measured according to Pizzo et al.
[54]. All compounds were tested in triplicate experiments.
Standard deviations were always < 5% for each experi-
ment.

Pseu-
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MTT assays

Cytotoxicity on normal or tumoral cells (HaCat, undifferen-
tiated THP-1, PMA-differentiated THP-1, HeLa, CaCo-2,
and HEK) was assessed by performing the 3-(4,5-
dimethylthiazol-2-yl)-2,5  diphenyltetrazolium  bromide
(MTT) reduction inhibition assay [55]. Cytotoxicity experi-
ments were performed at least three times independently.
Standard deviations were always < 5% for each experiment.

Circular dichroism spectroscopy

Circular dichroism (CD) spectra of rApoEpy (133-150) or
r(P)GKY-20 (recombinant versions of peptides showed in
Fig. 1C) were recorded with a J-810 spectropolarimeter
equipped with a Peltier temperature control system (Model
PTC- 423-S; Jasco Europe, Cremella, LC, Italy). Far-ultra-
violet (far-UV) measurements (197-260 nm) were carried out
at 20 °Cusing a 0.1 cm optical path length cell and a peptide
concentration of 50 um. CD spectra, recorded with a time
constant of 4 s, a 2 nm bandwidth, and a scan rate of
10 nm-min~" were signal-averaged over at least three scans.
The baseline was corrected by subtracting the complete
buffer spectrum. CD spectra in the presence of LPS from
Pseudomonas aeruginosa strain 10 [(Sigma Aldrich, Milan,
Italy) purified by phenol extraction] or alginate (Sigma
Aldrich) were recorded using different concentrations of each
compound (ranging from 0.2 to 1.6 mg-mL ") and the base-
line was corrected by subtracting the spectrum of LPS and
alginate alone at the same concentration. Additional CD
spectra were acquired in the presence of different concentra-
tions of SDS or trifluoroethanol (TFE). Prediction analysis
of secondary structure content was performed with CDPro.

Real-time quantitative PCR (qRT-PCR)

Either human immortalized keratinocytes (HaCaT) or
undifferentiated monocyte/macrophage (THP-1) cells or
PMA (2 nm)-differentiated THP-1 cells were cultured in
six-well tissue culture plates (8 x 10° cells-well™"); cell cul-
ture dish with 2 mm grid pretreated for 3 h at 37 °C with
50 ng-mL~! LPS from P. aeruginosa P10 strain. Cells were
then treated with 3 pm rApoE py (133-150), sApoE (133—
150), COG-133, Ac-ApoE (133-150)-NH,, or buffer, and
incubated at 37 °C for 1 h or 3 h. Alternatively, a coincu-
bation with 1 pg-mL ™' LPS and 3 pM rApoE py (133-150)
was performed for 6 h. Following incubation, cells were
washed twice using ice-cold PBS pH 7.4. Total cellular
RNA was isolated using TRI Reagent (Sigma Aldrich). Of
total RNA, 1 mg was reverse transcribed using the Quanti-
Tect RT-PCR Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions.

Real-time quantitative PCR (qRT-PCR) amplifications
were performed using the Power SYBR® Green PCR Master
Mix (Applied Biosystems, Foster City, CA, USA) in Applied

K. Pane et al.

Biosystems® 7500 Real-Time PCR Systems. The qRT-PCR
conditions were: 95 °C for 15 min followed by 40 cycles of
95 °C for 155, 59 °C for 30 s, and 72 °C for 30 s. The
following primers were used for cDNA amplification: COX-
2 5-TCACGCATCAGTTTTTCAAGA-3 (forward) and
5-TCACCGTAAATATGATTTAAGTCCAC-3 (reverse); IL-
8 5-GGCACAAACTTTCAGAGACAG-3' (forward) and
5-ACACAGAGCTGCAGAAATCAGG-3' (reverse); and
as the housekeeping genes for the qRT -PCR reaction 18S
rRNA  (forward) 5-TCGAGGCCCTGTAATTGGAA-3'
(forward) and 5'-CTTTAATATACGCTATTGGAGCTGG
AA-3(reverse); and actin: 5-ATTGCCGACAGGATGCA-
GAA-3' (forward) and 5-GCTGATCCACATCTGCTGG
AA-3" (reverse)). Results were expressed as relative fold
induction of the target genes relative to the reference gene.
Calculations of relative expression levels were performed
using the 2724¢7 method [56] and averaging the values of at
least three independent experiments.

Cell isolation and peptide stimulation

Venous blood from healthy volunteers was collected in
vacutainer collection tubes containing sodium heparin as
anticoagulant (BD Biosciences, Franklin Lakes, NJ, USA),
in accordance with University of British Columbia ethics
approval and guidelines. All volunteers were informed of
the experiments to be undertaken and written consent was
obtained from each donor. Additionally, the methodologies
used in these experiments conformed to the standards for
nonclinical biomedical research set by the Declaration of
Helsinki [57]. Blood was diluted with an equal volume of
PBS (Invitrogen Life Technologies, Monza, Italy) and cells
were separated by centrifugation using Lymphoprep (Stem-
cell Technologies, Vancouver, BC, Canada) as a density
gradient medium. The buffy coat was collected and washed
twice in PBS, and the number of PBMCs was determined
by trypan blue exclusion. PBMCs were resuspended in
RPMI 1640 medium, supplemented with 10% (v/v) heat-
inactivated FBS, 2 mm L-glutamine, and 1 mm sodium
pyruvate (all from Invitrogen Life Technologies). Cells were
seeded into 96-well tissue culture plates at 1 x 10°
cellsmL~! at 37 °C in 5% CO», and rested for 1 h. Cells
were then exposed to peptide at concentrations of 5, 25,
and 50 pg-mL~! for 24 h with or without 10 ngmL~" of
LPS from P. aeruginosa. All experiments involved at least
three biological replicates starting from three blood donors.

Detection of chemokines and cytokines

Following a 24-h exposure to the peptide, tissue culture
supernatants were centrifuged at 145.8 g at 4 °C for 5 min
in an IEC Micro-Max centrifuge to obtain cell-free sam-
ples. Supernatants were aliquoted and then stored at
—20 °C before assaying for MCP-1 and TNF-a by sand-
wich ELISA (eBiosciences, Hatfield, UK). All assays were

2128 The FEBS Journal 283 (2016) 2115-2131 © 2016 Federation of European Biochemical Societies



K. Pane et al.

performed in three separate experiments (from at least
three blood donors). The concentration of chemokine/cy-
tokine in culture medium was determined by establishing a
standard curve with serial dilutions of recombinant human
MCP-1 and TNF- a, respectively.

Adhesion analyses

The real-time cell analyzer (RTCA) and E-plate 16 system
(xCELLigence; Roche, San Diego, CA, USA) allows moni-
toring of the viability of cultured cells using impedance by
a label-free, real-time, noninvasive method [58]. This plat-
form uses gold electrodes at the bottom of microplate wells
as sensors to which an alternating current is applied. Cells
are adherently grown in monolayers on top of the elec-
trodes, affecting the alternating current at the electrodes by
changing the electrical impedance, denoted as cell index
(CI). Cell index values are proportional to the area of cells
attached and to the total number of cells [59-61].

THP-1 adhesion induced by 1 pg-mL~" LPS in the pres-
ence of rApoE pyy (133-150) was monitored using the RTCA
methodology. A total of 200 pL of cell culture media was
added to E-plates (with or without fibronectin coating). After
incubation at 23 °C for 15 min, the background intensity
was measured. The adhesion capacity of THP-1 cells, which
was visualized in increments of the CI, was determined
according to the manufacturer’s instructions. Briefly, 80 000
cells were suspended in 100 pL of serum-free medium and
seeded into each well. Immediately, an E-plate was installed
into the RTCA system, and the CI was measured every min-
ute. The rate of cell adherence was determined by calculating
the slope of the line between two given time points. The end-
point of the experiment corresponded to the maximum CI
values observed for each adhesion curves.

Statistical analysis

Statistical significance between groups was assessed by Stu-
dent’s t-test. Data are expressed as means + standard error
(SE). All experiments were repeated at least three times.
P values < 0.05 were considered to be statistically significant.
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