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Abstract

PEGylated polylysine peptides represent a new class of scavenger receptor inhibitors that may find
utility at inhibiting DNA nanoparticle uptake by Kupffer cells in the liver. PEG-peptides inhibit
scavenger receptors in the liver by a novel mechanism involving /n situ formation of albumin
nanoparticles. The present study developed a new /in vivo assay used to explore the structure-
activity-relationships of PEG-peptides to find potent scavenger receptor inhibitors. Radio-
iodinated PEG-peptides were dosed i.v. in mice and shown to saturate liver uptake in a dose-
dependent fashion. The inhibition potency (ICgg) was dependent on both the length of a polylysine
repeat and PEG molecular weight. PEG3giga-Cys-Tyr-Lys,s was confirmed to be a high molecular
weight (33.5 kDa) scavenger receptor inhibitor with an ICg of 18 pM. Incorporation of multiple
Leu residues compensated, to allow a decrease in PEG MW and Lys repeat, resulting in PEGgyqs-
Cys-Tyr-Lys-(Leu-Lys,)3.Leu-Lys that inhibited scavenger receptors with an 1Csg = 20 uM. A
further decrease in PEG MW to 2 kDa increased potency, resulting in a low molecular weight
(4403 g/mol) PEG-peptide with an ICsq of 3 uM. Optimized low molecular weight PEG-peptides
also demonstrated potency when inhibiting the uptake of radio-iodinated DNA nanoparticles by
the liver. This study demonstrates an approach to discover low molecular weight PEG-peptides
that serve as potent scavenger receptor inhibitors to block nanoparticle uptake by the liver.
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Introduction

The reticuloendothelial system (RES) is a network of cells located in the liver, spleen and
bone marrow composed of Kupffer cells and fenestrated endothelial cells that recognizes
and removes foreign molecules and nanoparticles from the bloodstream.? The capture of
drug delivery nanoparticles by RES decreases the percent of dose reaching remote tissues
and results in activation of the innate immune system.3-7 Kupffer cells and fenestrated
endothelial cells express scavenger receptors that bind anionic plasmid DNA, liposomes,
viruses, modified albumin, oxidized low-density lipoproteins and many other drug delivery
nanoparticles.> 8-13
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DNA nanoparticles generated by combining plasmid DNA with cationic polymers such as
polylysine, polyethylene imine, dendrimers or peptides,14-18 have been optimized to
maximize in vitro transfection.1® However, when dosed i.v., they bind and aggregate serum
proteins, resulting in lung biodistribution, embolisms and death.2? Covalent attachment of
polyethylene glycol (PEG) results in DNA nanoparticles that avoid biodistribution to the
lung, but are instead taken-up by the RES of the liver,21-22

Despite possessing a stealth layer to mask the underlying positive charge, DNA
nanoparticles still bind albumin and undergo charge reversal,23 resulting in the rapid capture
of these anionic nanoparticles by scavenger receptors in the liver.24 The percent of dose
captured by liver is highly dependent on the density and length of PEG. Nanoparticles
shielded with 30 kDa PEG, possessing a zeta potential (8) of +3 mV, avoid nearly all liver
uptake.2> Conversely, nanoparticles possessing either 5 or 2 kDa PEG, and a zeta potential
+15 or +30 mV respectively, are captured with 50 and 70% of dose recovered in the liver
after a 5 min biodistribution.2® Liver uptake of PEGylated DNA nanoparticles can be
significantly inhibited by co-administering excess PEG-peptide.24 The proposed mechanism
involves the binding of PEG-peptides to serum proteins to form small albumin nanoparticles
that saturate scavenger receptors (Scheme 1).

Previously published structure-activity-relationship studies established that PEG3qkqa-Cys-
Trp-Lys,s was a potent scavenger receptor inhibitor with an /7 vivo ICgq of 2 uM when used
to inhibit 122I-DNA nanoparticles.! The inhibition potency was dependent on the length of
the polylysine repeat and PEG molecular weight with maximal potency achieved with a Lys
repeat of 25 or 30 modified with a single 30kDa PEG.! Shorter polylysine peptides of 10-20
residues were less potent and attempted reduction in molecular weight by substitution with a
5 kDa PEG resulted in an inactive analogue.

In the present study, PEG-peptides were directly radio-iodinated and dosed i.v. tail vein in
mice. Dose escalation resulted in the /n situ formation of protein nanoparticles that saturated
scavenger receptors, resulting in a decrease in the percent of dose in the liver. Scavenger
receptor inhibition potency was dependent on the size and charge of the PEG-peptide protein
nanoparticles. Based on this new approach, we report that substitution of polylysine peptides
with Leu allowed reduction in both the number of Lys and PEG molecular weight resulting
in an increase in potency and a decrease in MW of nearly 10-fold. The following study
defines structural features of PEG-peptides resulting in potent low molecular weight PEG-
peptide scavenger receptor inhibitors that function /in vivo.

In a previously published study, polylysine PEG-peptides 16-19 (Table 1) were combined
with 125]-DNA and delivered i.v. tail vein in triplicate mice. PEG-peptide dose escalation
resulted in saturation of scavenger receptors, leading to inhibition of 12°1-DNA nanoparticle
uptake in liver.l The PEG-peptide inhibition concentration to block liver uptake by 50%
(ICsg) was dependent on the number of repeating Lys residues, with maximum potency
(ICsq of 2.1 uM) achieved with 19 (PEG3gkpa-Cys-Trp-Lysys) (Fig. 1, Table 1). While these
studies demonstrated PEG-peptides could saturate scavenger receptors, the apparent I1Cs
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was also dependent on PEG-peptide binding affinity for DNA. PEG-peptides with longer
Lys repeats possess greater affinity for DNA which could contribute to the observed
inhibition potency.26

To directly evaluate the potency of PEG-peptides to saturate scavenger receptors,
independent of DNA binding affinity, Trp was replaced with Tyr resulting in PEG-peptides
20-23 (PEG30 kpa-Cys-Tyr-Lys1g, 15, 20, and 25) (Table 1). lodination of each PEG-peptide
followed by tail vein dosing established the liver was the primary organ of biodistribution at
5 min. The percent of dose captured by liver was dependent on both the length of the
polylysine repeat and dose (Fig. 2). A plot of the PEG-peptide dose versus the percent of
dose captured by the liver resulted a saturation curve used to calculate the ICgg in uM
(assuming a 2-mL blood volume in mice) (Fig. 2). Following administration of a 1 nmol
dose of 20 (PEG3gkpa-Cys-Tyr-Lys1p), only 18% of the dose was captured by the liver at 5
min. Escalating the dose to 80 nmol partially saturated scavenger receptors, resulting in 11%
of dose captured by the liver and an apparent 1Csq of 1.5 mM (Fig. 2).

Increasing the lysine repeat in 21 (PEG3okpa -Cys-Tyr-Lysis), increased liver capture to
23% for a 1 nmol dose which decreased to 12% upon saturation with 80 nmol resulting an
apparent 1Csq of 390 uM (Fig. 2). A 1 nmol dose of 22 (PEG3gkpa -Cys-Tyr-Lysyg) resulted
in 40% of dose captured by the liver at 5 min, whereas a saturating dose of 80 nmol
decreased liver uptake to 20% resulting in an ICgq of 17 uM (Fig. 2). Administration of 1
nmol of 23 (PEG3gkpa-Cys-Tyr-Lysys) resulted in 42% of the dose captured by the liver.
Saturation of liver uptake with an 80 nmol dose decrease the percent of dose in liver to 35%
resulting in an ICsg of 18 uM (Fig. 2).

The results of figure 1 and 2 both establish that increasing the lysine repeat increases
scavenger receptor inhibitory potency resulting in a lower 1Cso.1 However, when monitoring
1251-DNA nanoparticle biodistribution, a 1 nmol dose results in a consistent 65% captured
by liver in 5 min regardless of which PEG-peptide was dosed (Fig. 1). In contrast, when
dosing 1251-PEG-peptides, the percent of dose captured by the liver in 5 min ranges from
18-42% and, was proportional to the polylysine repeat (Fig. 2). Although, the saturation
range (65% reduced to 10%) is greater when monitoring 1251-DNA nanoparticles (Fig. 1),
compared to a variable saturation range determined for 1251-PEG-peptides (Fig. 2), the ICsg
values determined when monitoring 1251-PEG-peptide liver uptake in the absence of DNA
are more accurate. This is evident for 20 and 21 (PEG3okpa-Cys-Tyr-Lys1g or 15) Where
binding to 1251-DNA leads to an over estimation of the ICsg (Fig. 1), relative to that
determined in the absence of DNA (Fig. 2). As the inhibitory potency increases, the 1Csq
derived from the two approaches converge. Consequently, dosing 1251-PEG-peptides
provides a more direct comparison of the relative scavenger receptor inhibitor potency of
structurally diverse PEG-peptides, independent of DNA binding affinity.

In addition to evaluating biodistribution, the pharmacokinetics of 1251-PEG-peptides 20-23
were evaluated (Fig. 3, Table 1). The results established that 22 and 23, possessing 20 or 25
Lys, exhibit a longer terminal half-life of 22-36 hrs compared to a shorter half-life of 5-6
hrs for 20 and 21, possessing a shorter polylysine repeat of 15 or 10 (Fig. 3). These results
correlate with the percent of dose captured by the liver and the scavenger receptor 1Cgg
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potency (Fig. 2). The difference in pharmacokinetic half-life for PEG-peptides most likely
reflects differences in albumin binding affinity, with longer Lys repeats binding with higher
affinity resulting in more stable and long-circulating albumin nanoparticles, and not a
difference in renal filtration since the molecular weight (31-33 kDa) of PEG-peptides 20-23
is not appreciable different (Table 1).

In addition to the length of polylysine repeat, potency is also dependent on PEG MW.1
While 19 (PEG30kpa-Cys-Trp-Lyss) was the most potent at blocking 125 I-DNA
nanoparticle uptake by the liver, an analogue substituted with a 5 kDa PEG was completely
inactive.l To examine the effect of PEG MW on saturating liver uptake and pharmacokinetic
half-life in the absence of DNA, 1251-PEG-peptides 24—26 were prepared that possess an
invariable polylysine repeat of 25 residues but varied in PEG MW from 20-5 kDa (Table 1).

Decreasing the PEG MW from 30 to 5 kDa in 23-26 (PEGypa-Cys-Tyr-Lysys) led to a
systematic decrease in liver uptake of a 1 nmol dose of PEG-peptides (Fig. 4). The percent
of dose captured by the liver in 5 min was 40% when dosing 23 (PEG3gkpa-Cys-Tyr-Lyss)
compared to 28% for 24 by substitution with PEG,qxpa and 5% for 25 and 26, when either a
PEG1g or 5 kDa Was attached to Cys-Tyr-Lys,s (Fig. 4). In contrast to the results presented in
figure 3, the long pharmacokinetic half-life of 22—-33 hours determined for 23-26 suggests
these PEG-peptides bind albumin with comparable affinity (Fig. 5). The inability of 25 and
26 (PEG1q or 5 kDa-CYs-Tyr-Lys,s) to appreciably accumulate in liver (Fig. 4) is thereby
likely due to the physical properties of the resultant albumin nanoparticles. Decreasing the
PEG MW in 25 and 26 would influence albumin nanoparticle charge, which could decrease
binding affinity to scavenger receptors. In addition, the percent of PEG-peptide 25 and 26
dose recovered in the kidney increased to 10%, suggesting increased renal filtration (Fig. 4).
These results establish that in addition to the length of the Lys repeat, PEG MW influences
scavenger receptor inhibition potency.

Development of Low Molecular Weight PEG-Peptide Scavenger Receptor Inhibitors.

We have previously reported the development of a novel DNA binding PEG-peptide 27
((Acr-Lysg)sAcr-Lys-Cys-PEGskp,), Where Acr represents acridine attached to the e-amine
of Lys.27-28 Four optimally spaced Acr residues dramatically increased DNA binding
affinity due to poly-intercalation resulting in stabilized DNA nanoparticles possessing a long
circulatory half-life following i.v. dosing?®. Dose escalation of 27 with 1251-DNA
nanoparticle results in the formation of albumin nanoparticles that inhibit scavenger
receptors and delayed DNA nanoparticle metabolism in the liver.28 Since 27 possesses a 5
kDa PEG, we hypothesized that other peptide analogues containing hydrophobic residues
may also form albumin nanoparticles and demonstrate scavenger receptor inhibitory
potency. Consequently, PEG-peptides 29-40 (Table 1) were prepared and used to evaluate
the influence of amino acid substitution on scavenger receptor inhibitor potency. PEG-
peptides are proposed to bind serum proteins in the blood.! Since albumin is the major
serum protein with a concentration of 50 mg/ml, we hypothesize that it is primarily albumin
nanoparticles that are responsible for saturating liver scavenger receptors.2? The particle
sizes of PEG-peptide albumin nanoparticles was investigated using dynamic light scattering
(Fig. 6A). Compared to albumin, which possesses a diameter of 5 nm, PEG-peptides 29-40

Mol Pharm. Author manuscript; available in PMC 2019 September 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allen et al.

Page 5

formed albumin nanoparticles that ranged from 10-30 nm, with the exception of 35
(PEGskpa-Cys-Tyr-(Leu-Lys)g) and 38 (PEGsypa-Cys-Tyr-(Leu-Arg)g) that produced
significantly larger particles of 60 and 120 nm (Fig. 6A). Likewise, alkylated peptide 34
formed albumin nanoparticles that were 514 nm, establishing that PEG is necessary to form
small albumin nanoparticles.

To study the influence of scavenger receptor inhibitory potency, a Tyr was incorporated as
the N-terminal residue in 28 (Tyr-(Acr-Lysg)3Acr-Lys-Cys-PEGsypa) to allow direct radio
iodination and biodistribution analysis, independent of DNA dosing. At a low dose of 1
nmol of PEG-peptide, 25% was captured by the liver in 5 min. Increasing the dose to 80
nmol, decreased liver uptake to 15%, resulting in an 1C5q of 5 M, in close agreement with
the previously reported ICgq of 8 mM for 27 ((Acr-Lyss)sAcr-Lys-Cys-PEGsypg) inhibition
of 125|-DNA nanoparticle uptake by the liver?>(Fig 7A). Substitution of Acr with Tyr
resulted in 29 (Lys-(Tyr-Lys4)3Tyr-Lys-Cys-PEGgypa). Biodistribution analysis of a 1 nmol
dose of 29 established 30% was captured by the liver in 5 min, which decreased to 20%
when escalating the dosing to 80 nmols, resulting in loss of activity with an 1Csq of 40 pM
(Fig. 7B). Substitution of Acr with Leu and reversal of the PEG from the C-terminus to the
N-terminus resulted in 32 (PEGsypa-Cys-Tyr-Lys-(Leu-Lyss)3-Leu-Lys). Biodistribution
analysis of a 1 nmol dose established that 20% was captured by the liver at 5 min. Increasing
the dose to 80 nmol decreased liver uptake to 15% resulting in an 1Cgq of 20 pM (Fig. 7C).
Further decreasing the PEG-length from 5 to 2 kDa in 33 (PEGykpa-Cys-Tyr-Lys-(Leu-
Lysy)3-Leu-Lys) resulted in a 6-fold increase in the potency with an ICg of 3 uM (Fig. 7D).
This increase in potency directly correlated with an increase in the zeta potential from -7
mV to —13 mV when comparing 32 and 33 in which the PEG MW decreased to 2kDa (Fig.
6A inset). However, complete removal of PEG not only resulted in very large particles. In
addition, biodistribution analysis of alkylated peptide 34 resulted in only 4% of the dose
recovered from the liver, which was unchanged by dose escalation.

PEG-peptide analogues 30, 31, 39 and 40 possessing substitutions with Phe or Trp, and C or
N-terminal Leu clusters not only failed to saturate the liver upon dose escalation, but instead,
resulted in an increase in the percent of dose captured by the liver (Fig. 8). Substitution with
Phe resulted in 30 (Tyr-(Phe-Lys,)3Phe-Lys-Cys-PEGsypa), demonstrating increased liver
uptake at higher doses (Fig. 8A). Likewise, substitution with Trp resulted in 31 (PEG5yp,-
Cys-Tyr-(Trp-Lys3)4) which increased from 12% to 20% in liver when dose escalated (Fig.
8B). Attempts to cluster Leu residues on either the N or C-terminus resulted in 39
(PEGskpa-Cys-Tyr-(Lys)4-Leu-Lys,-Leuy) and 40 (PEGskp,.Cys-Tyr-Leug-(Leu-Lys),-
Lys,) both demonstrated increased liver biodistribution on dose escalation (Fig. 8C and D).
Based on their hydrophobicity and surface-active properties, we hypothesized that certain
PEG-peptides formed micelles at higher concentrations that accounted for the increase in
liver uptake. In support of this hypothesis, the particle size was determined as a function of
concentration (Fig. 6B). At concentrations above the critical-micelle-concentration of
approximately 2-5 uM, 35, 36, 38 and 39 formed micelles with an average size of
approximately 100 nm (Fig. 6B), whereas 37 and 40 formed even larger 300-400 nm
micelles (Fig. 6C).
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Since the Leu substituted peptide 32 (PEGskpa-Cys-Tyr-Lys-(Leu-Lys,)3-Leu-Lys) was a
potent scavenger receptor inhibitor that avoided micelle formation, the number of Leu
residues was increased in analogue 35 (PEGsypa-Cys-Tyr-(Lys-Leu)g) in an attempt to
increase potency. Biodistribution analysis established 38% of a 1 nmol dose accumulated in
the liver at 5 min whereas saturation resulted in 16% of the dose recovered in liver, with a
loss in potency and a ICsg of 39 UM (Fig. 9A). Attempts to decrease the number of Leu-Lys
repeats resulted in 36 (PEGskpa-Cys-Tyr-(Lys-Leu)g) and 37 (PEGsgkpa-Cys-Tyr-(Lys-Leu),)
that formed micelles (Fig. 6C) and proved to be inactive as scavenger receptor inhibitors
(Fig. 9B and C). The scavenger receptor inhibition potency was recovered by substituting
Arg for Lys, resulting in 38 (PEGskpa-Cys-Tyr-(Leu-Arg)g) of which 45% of a 1 nmol dose
was captured by the liver at 5 min (Fig. 9D). Even though 38 formed large 120 nm albumin
nanoparticles (Fig. 6A), dose escalation led to liver saturation with an 1Cgy of 20 uM (Fig.
9D). However, this was also accompanied by an increase in lung accumulation, exposing a
potentially toxicity for larger albumin nanoparticles.

In summary, PEG-peptides 32 and 33 avoided micelle formation, successfully formed 13-16
nm albumin nanoparticles, and were able to saturate liver uptake (Fig. 7C, D). Conversely,
PEG-peptides 36, 37, 39 and 40 formed micelles and failed to saturate liver uptake. Only 35
(PEGskpa-Cys-Tyr-(Leu-Lys)g) and 38 (PEGsypa-Cys-Tyr-(Leu-Arg)g) formed micelles and
saturated liver uptake (Fig 9A, D). PEG-peptides 30 and 31 avoided the formation of
detectable micelles, but were unable to affect liver saturation upon dose escalation (Fig. 8A,
B).

Inhibition of PEG-peptide DNA Nanoparticle Uptake in Liver.

Experiments were conducted to validate that scavenger receptor inhibitor PEG-peptides
could also inhibit DNA nanoparticle uptake. PEGylated polyacridine peptide 27 ((Acr-
Lysa)sAcr-Lys-Cys-PEGsyp,) was combined with 125]-DNA to form stable nanoparticles?S.
125|DNA nanoparticles were co-administered with an escalating dose of 1-80 nmols of 32
(PEGskda-Cys-Tyr-Lys-(Leu-Lysa)3-Leu-Lys), 33 (PEGykqa-Cys-Tyr-Lys-(Leu-Lyss)3-Leu-
Lys), and 38 (PEGskpa-Cys-Tyr-(Leu-Arg)g), (Fig 10). Approximately 55% of the dose was
recovered in liver at a biodistribution time of 5 min which decreased as a function of
increasing PEG-peptide dose (Fig. 10). Nanoparticles co-administered with 32 (PEGsygq-
Cys-Tyr-Lys-(Leu-Lysy)3-Leu-Lys) or 33 (PEGoyda-Cys-Tyr-Lys-(Leu-Lys,)3-Leu-Lys)
resulted in an 1Cgq of 11 or 3 uM respectively (Fig. 10A, B), whereas co-administration with
38 (PEGsKp,-Cys-Tyr-(Leu-Arg)g) resulted in an 1Cgq of 15 uM (Fig. 10C).

Discussion

Following i.v. dosing, many nanoparticles biodistribute to the liver.>: 7: 25 30-34 A Jarge
percent of a DNA nanoparticle dose (60-80%) is immediately captured by SR-A1 on liver
non-parenchymal cells.5-8: 9. 35-3738 SR_A1 s found on both Kupffer cells and fenestrated
endothelial cells and is the most abundant member of a large family of scavenger receptors
that bind diverse anionic ligands such as oxidized LDL and HDL, acetylated LDL,
maleylated and malondialdehyde BSA, fucoidan, dextran sulfate, polyinosinic acid (Poly-I),
polyguanylic acid (Poly-G) and gram-positive and negative bacteria.3?
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Phagocytosis of foreign polymers and particles by SR-AL results in activation of the innate
immune response with release of TNF-a into the blood.4? The i.v. administration of plasmid
DNA and lipoplexes*! also activates the innate immune response, as does intrabiliary
administration of plasmid DNA, chitosan-DNA and PEI-DNA which significantly increase
the serum concentration of TNF-a 10—fold.42 The realization that adenovirus is primarily
taken up by Kupffer cells via scavenger receptors, and that higher doses of adenovirus (1012)
leads to Kupffer cell death and the release of serum lactate dehydrogenase,® prompted the
use of pre-administered Poly-I to inhibit adenovirus accumulation in Kupffer cells and to
improve hepatocyte transfection.> While Poly-1 is reportedly not toxic to mice, co-
administration of Poly-I with adenovirus decreases the lethal threshold for adenovirus in
mice,® making Poly-1 inhibition of scavenger receptors a clinically unacceptable approach to
improve viral mediated gene delivery.® The high molecular weight and polydispersity of
Poly-I makes it too complex to optimize chemically to remove its toxicity. There is a need
for new low molecular weight, potent and safe scavenger receptor inhibitors that are fully
compatible with i.v. dosed gene delivery vectors and nanoparticles to increase their potential
for clinical translation.

There are relatively few reports of polypeptides used as scavenger receptor inhibitors.

40, 43-44 One study found that pre-administration of 150 ug of high molecular weight
polylysine increased the expression of adeno-associated virus (AAV2) in liver of mice 12-
fold.*3 The increased expression was dependent on using high MW polylysine, which was
also lethal in 20% of the mice. A second set of studies dosed Fabs directed against SRA1
and SREC-I and demonstrated increased expression of helper-dependent adenovirus.*0
Using phage display, this group also developed peptides that inhibit SRA1 and SREC-1.44
Pre-administration of 1-10 nmols of inhibitory peptide resulted in a significant 3—4 fold
increase in gene expression from advenovirus.** A report from our group established that
co-administration of excess PEG-peptide, extends the circulatory stability and transfection
competency of a DNA nanoparticle from 4 to 12 hours.24

In an effort to better understand how PEG-peptides function as scavenger receptor inhibitors
to improve potency, we have previously reported that an escalating dose of 16-19 (Table 1)
with a constant dose of 1251-DNA provided a saturation curve for nanoparticle uptake by the
liver(Fig. 1).1: 24 However, PEG-peptides bind both DNA and albumin with different
affinities to form both DNA and albumin nanoparticles of different sizes. A major
advancement reported in the present study is the use of radiolabeled PEG-peptides to
directly measure the scavenger receptor inhibition potency /7 vivo in the absence of a DNA
nanoparticle. Removal of the requirement of DNA binding allowed direct evaluation of
PEG-peptides for their ability to aggregate albumin and undergo capture by the liver. This
approach is validated by comparing the magnitude of the ICgy determined when saturating
liver uptake using 28 (1251-Tyr-(Acr-Lysa)3-Acr-Lys-Cys-PEGsyp,) producing an 1Csq of 5
UM approximating the 1Cgq of 8 UM determined for 27 ((Acr-Lyss)3-Acr-Lys-Cys-PEGsypa)
to inhibit 122I-DNA nanoparticle uptake.

Using this approach, radiolabeled PEG-peptides of varying polylysine and PEG MW were
compared for scavenger receptor inhibitory potency. As predicted by previously published
results, PEG-peptide 23 had appreciable scavenger receptor inhibition potency resulting in
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an 1Cxq of 18 pM.1 However, compared to 28, its molecular weight was four times greater.
Thereby, an equivalent dose based on mols of PEG-peptide results in four time’s greater
dose in mg/kg. Attempts to decrease the molecular weight of 28 by decreasing the PEG MW
resulted in partial or complete loss of activity.

The mechanism by which PEG-peptides inhibit scavenger receptors involves the /in situ
formation of albumin nanoparticles, and thereby PEG-peptide binding affinity for albumin
plays a key role. While it is likely that other serum proteins are also incorporated into PEG-
peptide nanoparticles, given its concentration in blood (50 mg/ml), albumin is undoubtedly
the primary component of PEG-peptide nanoparticles. Albumin binds and transports many
hydrophobic drugs in the circulation.*® In doing so, it influences the biodistribution, rate of
clearance, volume of distribution and half-life of iv dosed nanoparticles and drugs.46
Consequently, the potency of 28 (Tyr-(Acr-Lyss)3-Acr-Lys-Cys-PEGsypa), Which possesses
only 13 Lys residues and a short 5 kDa PEG, is dependent on four hydrophobic acridine-
lysine (Acr) residues contributing to its albumin binding. However, the Lys-acridine (Acr)
residues in 28 also substantially increase the binding affinity for DNA.27-28 We thereby
attempted to substitute Acr residues with natural hydrophobic amino acid residues to
maintain albumin binding and scavenger receptor inhibition potency while decreasing DNA
binding.

Substitution of Acr with either Phe or Trp resulted in amphiphilic PEG-peptides 30 and 31
that failed to saturate liver uptake, and instead, exhibited an increase in liver uptake on dose
escalation, which is indicative of micelle formation (Fig. 8). Alternatively, substitution of
Acr with either Tyr or Leu resulted in PEG-peptides 29 or 32 that saturated liver uptake with
an apparent ICsq of 40 or 20 uM, respectively (Fig. 7B, C). A further decrease in the PEG
MW to 2 kDa resulted in 33, which possessed an ICsq of 3 uM (Fig. 7D). Thereby,
decreasing the PEG length, increased the negative charge on albumin nanoparticles, which
increased the /n vivo potency 6-fold. Substitution with Leu also afforded a PEG-peptide with
much lower binding affinity for DNA due to removal of polyintercalating Acr residues. The
spacing of Leu is important since clustering Leu toward the C or N terminus resulted in
PEG-peptides 39 and 40 exhibiting increased accumulation in liver on dose escalation,
consistent with micelle formation (Fig. 6 and 8). An attempt to increase the hydrophobicity
by increasing the number Leu and decrease the number of Lys while avoiding micelle
formation resulted in 35 (PEGsypa-Cys-Tyr-(Leu-Lys)g) that possessed decreased potency
with an 1Cgq of 38 pM. Substitution of Lys with Arg to generate 38 (PEGsypa-Cys-Tyr-(Leu-
Arg)g), resulted in a more potent scavenger receptor inhibitor possessing an 1Csq of 20 uM
(Fig. 8D).

Scavenger receptor PEG-peptides derived from this optimization were able to inhibit DNA
nanoparticle uptake with good potency (Fig. 10). This result validates the approach of direct
radiolabeling of PEG-peptides followed by dose escalation /7 vivo. It suggests that PEG-
peptides of widely varying sequences of cationic and hydrophobic residues can be tailored to
inhibit the liver uptake of diverse nanoparticles.
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Materials and Methods.

Unsubstituted Wang, Fmoc-protected amino acids, N-hydroxybenzotriazole (HOBt), O-
(benzotr1-yl)-N,N,N’,N’-tetramethyluronium hexa-fluorophosphate (HBTU), and N,N
dimethylformamide (DMF) were from AAPPTec (Louisville, KY, U.S.A.). Trifluoroacetic
acid (TFA) and acetonitrile were obtained from Fisher Scientific (Pittsburgh, PA, U.S.A.).
Diisoproplyethylamine (DIPEA), piperidine, acetic anhydride, Sephadex G-25 and G-10
were purchased from Sigma Chemical Co. (St Louis, MO, U.S.A.). Maleimide- mPEG 2, 5,
10, 20 and 30 kDa were obtained from Laysan Bio (Arab, AL, U.S.A.). Sodium 125]odine
was obtained from Perkin Elmer (Waltham, MA, U.S.A.). Pierce iodogen tubes were
obtained from ThermoFisher (Waltham, MA, U.S.A.). pGL3 control vector, a 5.3-kbp
luciferase plasmid containing a SV40 promoter and enhancer, was obtained from Promega
(Madison, WI, U.S.A.). pGL3 was amplified in a DH5a strain of Escherichia coli and
purified using a Qiagen giga prep (Germantown, MD) according to the manufacturer’s
instructions.

Synthesis and Characterization of PEGylated Peptides.

Peptides 1-15 illustrated in Table 1 were prepared by solid-phase peptide synthesis on a 30
pumol scale using an APEX 396 synthesizer (AAPPTec, Louisville, KY, U.S.A.) with
standard Fmoc procedures as described previously.! Peptides were purified by injecting 2
umols onto a XB-C18 semi-preparative RP-HPLC column (2.5 x 2.1 cm) (Phenomenex,
Torrance, CA) eluted at 10 ml per min with 0.1% TFA and a 10-30% acetonitrile gradient
over 30 min while monitoring Abs 280 nm for Tyr or Trp or acridine (Acr) at 409 nm.
Fractions from multiple runs were pooled, concentrated by rotary evaporation and freeze
dried. The mass of peptides was determined on an Agilent 1100 LC-MS. Peptides were
resolved on an analytical (0.47 x 25 cm) XB-C18 analytical RP-HPLC column eluted at 0.7
ml/min with 0.1% TFA and a 30 min 10-30% acetonitrile gradient and detected by positive
mode ESI-MS ion trap.

Purified and characterized peptides 1-15 were covalently modified by attaching a single
maleimide polyethylene glycol (PEG) to Cys, resulting in PEG-peptides 16-33 and 35-40,
and alkylated peptide 34 (Table 1). The Cys residue was PEGylated by reacting 1 umol of
peptide with 1.1 pmol of maleimide mPEG (2, 5, 10, 20 or 30 kDa) in 1 ml of 100 mM
ammonium acetate buffer pH 7 for 2 hrs at RT. PEGylation resulted in a greater retention
time on RP-HPLC. Alkylated peptide 34 was prepared by reaction of 9 with 50 mol-
equivalents of iodo-acetamide. PEGylated peptides, and alkylated peptide 34, were purified
by semi-preparative RP-HPLC eluted at 10 ml/min with 0.1% TFA with a 10-65%
acetonitrile gradient over 30 min. The major peak was collected and pooled from multiple
runs and concentrated by rotary evaporation, lyophilized and stored frozen. The TFA counter
ion was exchanged by two freeze-drying cycles with 0.1 (v/v) % acetic acid. PEG-peptides
and alkylated peptide 34 were reconstituted in water and quantified by absorbance, Tyr
eogonm = 1350 M~1ecm™1, Acr (acridine) e409nm = 9266 M~lcm™1 and Trp e2g0nm = 5600 M
“Iem1,

Mol Pharm. Author manuscript; available in PMC 2019 September 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allen et al.

Page 10

Particle size and Zeta Potential Analysis.

The size and charge of PEG-peptide albumin nanoparticles were determined on a
Brookhaven ZetaPlus (Holtsville, NY) by combining 80 nmols of peptide with 1 ml of 5
mg/ml BSA in 5 mM Hepes pH 7.4. Zeta potential measurements of albumin nanoparticles
are reported as the mean and standard error following ten measurements. The critical micelle
concentration (CMC) for PEG-peptides in the absence of albumin was determined by
measuring the particle size of 1-40 nmols of PEG-peptide in 1 ml of 150 mM sodium
chloride, 50 mM sodium phosphate pH 7.4. The reported sizes are the means and standard
error of ten measurement following deconvolution by intensity averaged multimodal
distribution.

PEG-Peptide lodination and Purification.

PEG-peptides were iodinated using Pierce iodogen tubes. A PEG-peptide (5 nmol) prepared
in 100 pl of 0.5 M sodium phosphate pH 7 was added to the iodogen tube followed by 100
HCi (10 pl) of Nal251. The reaction proceeded at RT for 15 min followed by purification by
gel filtration on Sephadex G10 (0.25 x 10 cm) eluted with 0.15 M sodium chloride. 125]-
PEG-peptides eluting as a peak at 5-6 ml were collected and gamma (y) counted resulting
in the recovery of 20 pCi with a specific activity of 4 uCi/nmol of PEG-peptide, assuming
quantitative recovery. 1251-PEG-peptides were stored at 4°C in 0.15 M sodium chloride.

PEG-Peptide Biodistribution.

PEG-peptide doses were prepared by combining a tracer dose of 0.6 uCi 1251-PEG-peptide
with 1, 10, 40, 80 nmols of unlabeled PEG-peptide in a total volume of 100 pl of 0.15 M
sodium chloride. PEG-peptide doses were gamma counted prior to tail vein dosing in
triplicate 30 g ICR male mice. At 5 min post-administration, mice were anesthetized by
intraperitoneal injection of 100 pl of ketamine (100 mg/kg) and xylazine (10 mg/kg), then
euthanized by cervical dislocation. The major organs (liver, lung, spleen, stomach, kidney;,
heart, small intestine, thyroid and large intestine) were harvested, rinsed with saline, and
gamma counted to determine the percentage of dose in the organ.

PEG-Peptide Pharmacokinetics.

1251_PEG-peptide doses of 1 nmol (0.6 uCi in 100 pl of 0.15 M sodium chloride) were dosed
tail vein in triplicate 30 g ICR male mice. Blood (10 ul) time points were serially sampled at
1-8 hrs from the tail vein and gamma counted to determine the blood concentration
(nmol/ml) of PEG-peptide based on the specific activity. The mean concentration values
from triplicate time points were fit to determine the half-life using Phoenix WinNonlin
(\Version 7.0, Certara USA, Inc. Princeton, NJ).

Inhibition of PEG-Peptide DNA Nanoparticle Uptake by the Liver.

125|_.DNA was prepared as previously reported4’. PEGylated DNA nanoparticles were
prepared by combining 0.8 nmol of polyacridine PEG-peptide 27 ((Acr-Lyss)sAcr-Lys-Cys-
PEGskpa) With 1 ug (0.6 uCi) of 1251-DNA to form DNA nanoparticles. 12°1-DNA
nanoparticles were co-administered via the tail vein with 1, 10, 40, 80 nmol of scavenger
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receptor inhibitor PEG-peptide. At a biodistribution time of 5 min, mice were euthanized
and the major tissues were harvested and gamma counted as described above.

Statistical Analysis

Inhibition curves were plotted and analyzed using Graphpad Prism 7.03 (San Diego, CA).
The quality of the I1C5q was judged by the goodness of fit (R2). A two-tailed unpaired T-test
was used to determine statistical significance between the percent of dose in liver at the
lowest and highest dose.
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Figure 1. Inhibition of DNA Nanoparticle Uptake by the Liver.
The percent of a 1 pug (0.6 uCi) 1251-DNA nanoparticle dose recovered from the liver at a

biodistribution time of 5 min following co-administration of 1-80 nmols of PEG-peptide to
triplicate mice is illustrated. The ICxgq is determined from the PEG-peptide concentration
resulting in 50% inhibition, assuming a 2 ml blood volume. This data is reproduced with
permission from Baumhover et.al. 2015.1
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Figure 2. Saturation of Liver Uptake by PEG-Peptides as a Function of Lys Repeat.
The percent of 125]-PEG-peptide recovered from the liver at a biodistribution time of 5 min

following i.v. administration of triplicate mice under dose escalation of 1-80 nmol is
illustrated. The 1Csgq is determined from the PEG-peptide concentration resulting in 50%
saturation of liver uptake, assuming a 2 ml blood volume. The ICsq values ranging from 18—
1521 uM were derived from fitting the results with R2 =0.63, 0.63, 0.39 and 0.93 for 20-23.
A value of p < 0.05 was determined for each PEG-peptides 20, 21 and 23 when comparing 1
and 80 nmol dose.
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Figure 3. Pharmacokinetic Analysis of PEG-Peptides as a Function of Lys Repeat.

A 1 nmol (0.6 UCi) dose of 1251-PEG-peptide was administered via the tail vein of triplicate
mice. At time points of 1-8 hrs, 10 ul of blood was serially sampled from the tail vein and
directly gamma counted to determine the concentration 1251-PEG-peptide in blood. The data

were fit via Phoenix WinNonlin to determine the p-half-life.
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Figure 4. Saturation of Liver Uptake by PEG-Peptides as a Function of PEG MW.
The percent of 125]-PEG-peptide recovered from the liver at a biodistribution time of 5

minutes following i.v. administration of triplicate mice under dose escalation of 1-80 nmol
is illustrated. The ICs is determined from the PEG-peptide concentration resulting in 50%
saturation of liver uptake, assuming a 2 ml blood volume.
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Figure 5. Pharmacokinetic Analysis of PEG-Peptides as a Function of PEG MW.
A 1 nmol (0.6 UCi) dose of 1251-PEG-peptide was administered via the tail vein of triplicate

mice. At time points of 1-8 hours, 10 ul of blood was serially sampled from the tail vein and
directly gamma counted to determine the concentration PEG-peptide in blood. The data
were fit via Phoenix WinNonlin to determine the p-half-life.
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Figure 6. Particle Size Analysis of PEG-Peptide Albumin Nanoparticles and Micelles.
The particles size of albumin nanoparticles was determined by dynamic light scattering

following the addition of 40 nmols of PEG-peptide with 5 mg of BSA in a total volume of 1
ml of 5 mM Hepes pH 7.4 (Panel A). The mean and standard error was determined from ten
analysis. The albumin nanoparticle size ranged from 10-120 nm in diameter depending of
PEG-peptide structure. Zeta potential of albumin nanoparticles prepared with 32 (PEGsyp,-
Cys-Tyr-(Leu-Lysys)3-Leu-Lys) and 33 (PEGokpa-Cys-Tyr-(Leu-Lyss)3-Leu-Lys) are
compared to albumin (Panel A inset). PEG-peptides were independently analyzed for
micelle formation by dynamic light scattering at increasing concentrations of 1-40 nmol in 1
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ml of 150 mM sodium chloride, 50 mM sodium phosphate pH 7.4 (Panel B and C). PEG-
peptide with a closed bar in panel A failed to form micelles whereas PEG-peptides with
open bar are represented in panel B and C.
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Figure 7. Optimized Low Molecular Weight Scavenger Receptor Inhibitor PEG-Peptides.
The percent of 125]-PEG-peptide recovered from the liver at a biodistribution time of 5 min

following i.v. administration of triplicate mice under dose escalation of 1-80 nmol is
illustrated. The ICsg is determined from the PEG-peptide concentration resulting in 50%
saturation of liver uptake, assuming a 2 ml blood volume. The ICsq values of 3-40 pM were
derived from fitting the results with R2 =0.93, 0.7, 0.82 and 0.82 for panels A-D. A value of
p < 0.05 was determined for each PEG-peptides 28, 29, 32, and 33 when comparing 1 and
80 nmol dose.
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Figure 8. Biodistribution of Micelle Forming Low Molecular Weight PEG-Peptides.
The percent of 125]-PEG-peptide recovered from the liver at a biodistribution time of 5 min

following i.v. administration of triplicate mice under dose escalation of 1-80 nmol is
illustrated. Each PEG-peptide showed an increase in the percent of dose in liver upon dose
escalation suggesting the formation of PEG-peptide micelles that failed to saturate liver
uptake. However, only 39 and 40 produced measurable micelles (Fig. 6B,C). The curve
fitting resulted in an R2 =0.5, 0.74, 0.76 and 0.78 for panels A-D. A value of p < 0.05 was
determined for PEG-peptides 30, 31, 39, and 40 when comparing 1 and 80 nmol dose.
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Figure 9. Influence of PEG-Peptide Size on Scavenger Receptor Inhibition.
The percent of 125]-PEG-peptide recovered from the liver at a biodistribution time of 5 min

following i.v. administration of triplicate mice under dose escalation of 1-80 nmol is
illustrated. The 1Csq values of 2030 uM were derived from fitting the results with R2 =0.58
and 0.6 for panels A and D. A value of p < 0.05 was determined for PEG-peptides 35 and 38
when comparing 1 and 80 nmol dose.
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Figure 10. Inhibition of DNA Nanoparticle Uptake by the Liver with Optimized PEG-Peptide
Scavenger Receptor Inhibitors.

Stable nanoparticles were prepared with 0.8 nmol of (Acr-Lys,)3-Acr-Lys-Cys-PEGskpa
added to 1 pg (0.6 UCi) of 125]-DNA followed by co-administration with a escalating (1-80
nmol) dose of scavenger receptor inhibiting PEG-peptides. The percent of 1251-DNA
nanoparticle recovered from the liver at a biodistribution time of 5 min following i.v.
administration of triplicate mice is illustrated. The 1Csq values of 5-15 pM were derived
from fitting the results with R2 =0.90, 0.79 and 0.89 for panels A-C. A value of p < 0.05 was
determined for PEG-peptides 32, 33 and 38 when comparing 1 and 80 nmol dose.
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Scheme 1. Mechanism of Scavenger Receptor Inhibition.
The i.v. administration of a PEG-peptide leads to /n situ formation of albumin nanoparticles

that saturate scavenger receptors. The peptide sequence and PEG length influence the
potency of albumin nanoparticles at inhibiting scavenger receptors.
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Structure and Characterization of Peptides and PEG-Peptides

Table 1.

Peptide and PEG-Peptides vield® | Mass (calc/obs)b
1. Cys-Tyr-Lysyo 51 1566.1/1565.9
2. Cys-Tyr-Lys;s 44 2206.9/2206.8
3. Cys-Tyr-Lysyg 40 2847.8/2847.2
4. Cys-Tyr-Lyszs 68 3488.6/3488.7
5. Tyr-(Acr-Lys,)s-Acr-Lys-Cys 77 3172.1/3172.0
6. Lys-(Tyr-Lys,)s-Tyr-Lys-Cys 73 2568.6/2568.0
7. Tyr-(Phe-Lys4)3-Phe-Lys-Cys 16 2539.3/2540.1
8. Cys-Tyr-(Trp-Lys3)s 28 2567.3/2567.4
9. Cys-Tyr-(Leu-Lys,)s-Leu-Lys 43 2403.2/2403.0
10. Cys-Tyr-(Leu-Lys)g 12 2343.1/2343.8
11. Cys-Tyr-(Leu-Lys)g 20 1732.3/1731.6
12. Cys-Tyr-(Leu-Lys), 36 1249.7/1249.0
13. Cys-Tyr-(Leu-Arg)g 10 2437.6/2437
14. Cys-Tyr-Lyss-(Leu-Lys)s-Leuy 11 2215.0/2212.6
15. Cys-Tyr-Leuy-(Leu-Lys)s-Lys, 17 2215.0/2215.0
16. PEG3gkpa-Cys-Trp-Lysig 80 31589

17. PEG3qgpa-Cys-Trp-Lys s 89 32230

18. PEG3gkpa-Cys-Trp-Lysy 80 32871

19. PEG3gkpa-Cys-Trp-Lysys 75 33512

20. PEG30kpa-Cys-Tyr-Lys1g 36 31566

21. PEG3gkpa-Cys-Tyr-Lys;s 34 32206

22. PEG3gkpa-Cys-Tyr-Lys,g 57 32847

23. PEG3pkDa-Cys-Tyr-Lysos 50 33488

24. PEGqipa-Cys-Tyr-Lys,s 50 23488

25. PEG0kpa-Cys-Tyr-Lysys 97 13488

26. PEGsgyp,a-Cys-Tyr-Lysys 14 8488

27. (Acr-Lys,)s-Acr-Lys-Cys- 33 8009
28.Tyr-(Acr-Lys,)s-Acr-Lys-Cys- 44 8172
29.Lys-(Tyr-Lyss)s-Tyr-Lys-Cys- 55 7568
30.Tyr-(Phe-Lys4)s-Phe-Lys-Cys- 72 7539

31. PEGsypa-Cys-Tyr-(Trp-Lyss)s 60 7567

32. PEGgypa-Cys-Tyr-(Leu-Lys,)3™ 25 7403

33. PEGyypa-Cys-Tyr-(Leu-Lys,)s™ 75 4403
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Peptide and PEG-Peptides vield® | Mass (calc/obs)b
34. Alk-Cys-Tyr-(Leu-Lys,)s-Leu- 25 2459
35. PEGgpa-Cys-Tyr-(Leu-Lys)g 45 7343
36. PEGgypa-Cys-Tyr-(Leu-Lys)g 50 6732
37. PEGgypa-Cys-Tyr-(Leu-Lys), 66 6249
38. PEGgypa-Cys-Tyr-(Leu-Arg)g 38 7437
39. PEGgpa-Cys-Tyr-(Lys),-Leu- 65 7215
40. PEGsyp,-Cys-Tyr-Leug-(Leu- 75 7215

Page 27

a’The isolated yield of purified peptides was determined by absorbance. The reported isolated yield for PEG-peptides is for conversion from the

peptide.

b'The calculated mass closely matches the observed mass determined by ESI-MS for peptides. The calcualted mass for PEG-peptides was obtained

by addition of the average mass for PEG reported by the vendor with the observed mass determined for peptides.
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