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Abstract

Here we describe the utility of peptide macrocyclization through perfluoroaryl-cysteine SyAr
chemistry to improve the ability of peptides to cross the blood-brain barrier. Multiple macrocyclic
analogues of the peptide transportan-10 were investigated that displayed increased uptake in two
different cell lines and improved proteolytic stability. One of these analogues (M13) exhibited
substantially increased delivery across a cellular spheroid model of the blood-brain barrier.
Through ex vivo imaging of mouse brains, we demonstrated that this perfluoroarene-based
macrocycle of TP10 exhibits increased penetration of the brain parenchyma following intravenous
administration in mice. Finally, we evaluated macrocyclic analogues of the BH3 domain of the
BIM protein to assess if our approach would be applicable to a peptide of therapeutic interest. We
identified a BIM BH3 analogue that showed increased penetration of the brain tissue in mice.

The blood-brain barrier (BBB) poses a significant challenge to delivering therapeutics to the
brain, which limits treatment options for central nervous system diseases including primary
tumors, brain metastases, autoimmune diseases, and infections.! The brain endothelial layer
that comprises the BBB is highly specialized, containing continuous tight junctions, a high
electrical resistance, and many efflux pumps that extrude drugs from the brain into the
blood. Previous efforts to deliver therapeutics across the BBB have focused on temporary
chemical or mechanical disruption of the barrier or inhibition of efflux pumps.2 Both of
these techniques have significant limitations. Even when successful in mediating delivery
across the BBB, these approaches are nonspecific and thus may also enhance the delivery of
unwanted substances into the brain and cause neurotoxicity.1¢
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Significant work to overcome the challenge of specificity has been devoted to molecular
delivery vectors, also called “BBB shuttles”.3 These delivery vectors have classically
targeted receptors on the surface of brain endothelial cells, such as the insulin and transferrin
receptors.? In addition to antibody-based BBB-shuttles, peptide shuttles have shown promise
for cargo delivery across the BBB.® Peptides are easier to characterize than antibodies and
can be prepared by chemical synthesis, enabling the incorporation of diverse chemical
moieties to modulate the shuttle’s properties.

Many peptides, however, do not possess an intrinsic ability to cross the BBB and are
susceptible to proteolytic degradation. Over the past 25 years, many chemical strategies have
been developed for peptide macrocyclization® which can confer favorable biological
properties to the peptide, such as increased uptake into cells or resistance to proteolysis.69.7
We recently reported methodology that allows for the macrocyclization of an unprotected
peptide between two cysteine residues with a perfluoroaryl linker through SyAr chemistry.8
We demonstrated that these perfluoroarene-based peptide macrocycles had increased cellular
uptake and increased resistance to proteolytic degradation compared with their linear
counterparts.

Here we show that our SyAr macrocyclization chemistry can be utilized to facilitate peptide
crossing of the BBB. We observed that several perfluoroarene-based, macrocyclic analogues
of transportan-10 (TP10) have enhanced uptake into two different cell types, including brain
endothelial cells. Therefore, we hypothesized that these macrocycles may serve as delivery
tools for transport across the BBB. We tested TP10 analogues in a culture-based spheroid
model of the BBB that recapitulates many of the important known barrier functions of the
BBB. We also tested the top TP10 analogue in mice to demonstrate the applicability of our
technology to /n vivo brain penetration. Finally, we examined the generalizability of this
technology to a peptide of therapeutic interest both in the BBB spheres and in mice. This
work highlights the potential of perfluoroarene-based peptide macrocycles as brain-
penetrating agents.

Our initial experiments were designed to determine the extent to which macrocyclization
through our perfluoroaryl-cysteine SyAr chemistry could modulate the biological properties
of a model peptide known for its ability to translocate across cell membranes.® Analogues of
this model peptide, TP10, were prepared containing two cysteine residues in a variety of /, /
+7 configurations (Figure 1). Cysteines were substituted rather than inserted into the
sequence in an effort to maintain the spatial relationships between the other amino acids of
the peptide. In addition to the macrocyclic aryl variants (denoted M), linear controls
(denoted Q*) were also prepared in which the cysteines were alkylated with 2-
bromoacetamide to account for changes in behavior that may arise from the cysteine
mutation. To facilitate conjugation of a fluorophore via copper-catalyzed click chemistry, 4-
pentynoic acid was coupled to the N-terminus of all peptides.

For our initial experiments, 5-carboxytetramethylrhodamine (5-TAMRA) was conjugated to
the N-terminal alkyne of all analogues. To examine these fluorophore-labeled constructs in a
biological context, we treated HelLa cells with 2.5 ¢M of each construct for 2 h in serum-free
media. After washing with trypsin and buffer to remove any cell surface-adherent peptide,
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we observed that all macrocyclic variants of TP10 demonstrated increased mean
fluorescence intensity compared with their respective alkyl control by flow cytometry
(Figure S1). Encouraged by these results, we sought to determine if this observation was
recapitulated in hCMEC/D3 endothelial cells—an immortalized cell line that has been
extensively characterized for brain endothelial cell phenotype and is used in models of the
BBB.10 |dentical treatment conditions were used except the treatment media for the
hCMEC/D3 cells was supplemented with 2% human serum. All macrocyclic variants of
TP10 displayed an increase in mean fluorescence intensity with respect to both the native
TP10 sequence and their respective alkyl control (Figure 2), indicating increased uptake into
hCMEC/D3 cells. Given that brain endothelial cells are a key component of the BBB, we
hypothesized that perfluoroarene-based macrocycles may also have increased ability to cross
the BBB and accumulate in the brain.

The stability of the macrocyclic TP10 analogues was assayed by incubating 100 /M of each
construct with 1.75 nM Proteinase K at 37 °C. After 2 h of incubation with the protease, all
macrocyclic variants were still >90% intact, while <40% of the native TP10 remained
(Figure S3). Taken with the observation that the linear alkyl controls were no more stable
than the native TP10 (Figure S3), these data suggest that the perfluoroarene macrocycle
confers beneficial proteolytic stability. Finally, to ensure that the macrocyclic TP10
analogues did not compromise the plasma membrane, a lactate dehydrogenase (LDH) assay
was performed using HeLa cells. Neither M13 nor M14 showed appreciable LDH leakage at
concentrations of 5 ¢/M or below, indicating that at biologically relevant concentrations, the
plasma membrane of the cells was not compromised (Figure S4).

Our next set of experiments was designed to test if our macrocyclic peptides could
potentially cross the BBB using the cellular BBB spheroid model.1! The spheroid model
employed in this work consists of a 1:1:1 ratio of human brain microvascular endothelial
cells (hCMEC/D3), human brain vascular pericytes (HBVPs), and human astrocytes that
spontaneously self-organize into spheres when cocultured. In the brain, the blood vessels are
lined with endothelial cells, which associate closely with pericytes and astrocytes to form the
BBB.12 In the spheres, endothelial cells interact with pericytes to line the outermost surface
of the sphere, while astrocytes make up the spheroid core (Figure 3). The ability of a
molecule to penetrate the surface of the sphere and accumulate in the core represents
delivery into the brain. Previous work has shown that these spheres display several of the
key properties of the BBB, including high expression of tight junction proteins, upregulation
of drug efflux pumps, and receptor-mediated transport across the barrier.13

The spheres were treated with 5 M of each TP10 analogue for 3.5 h at 37 °C. After
treatment, the spheres were imaged by confocal microscopy. Quantification of spheroid
entry was performed by measuring the mean 5-TAMRA fluorescence intensity at a depth of
90 uminto the core of the spheroid (Figure 3, Figure S6). Of the three macrocyclic
analogues, both M13 and M14 displayed increased penetration of the sphere with respect to
both native TP10 and their alkyl analogues (Figure S5). M13 showed the greatest increase
with an 8-fold change over TP10. These data suggest that both M13 and M14 may have
increased ability to cross the BBB. Intriguingly, the location of the perfluoroarene within the
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sequence significantly affected the ability of a given analogue to enter the sphere, despite all
analogues having increased uptake into brain endothelial cells.

Next, we assessed whether or not the enhanced spheroid penetration we observed could be
translated to /n vivo BBB penetration in a living system. Given the superior influx of M13
into the spheres, M13 was chosen for further evaluation in mice. Cy5.5 was attached to the
N-terminal alkyne of M13 and Q*13. First, 100 zL of a 100 xM solution of each peptide was
injected into the tail vein (corresponding to ~1.5 mg/kg). After 4 h, the mice were infused
intravenously with 50 gL of 50 mg/mL TRITC-dextran, which allows visualization of highly
perfused blood vessels. At 4.5 h, the mice were sacrificed. The brain, spleen, kidneys, lungs,
heart, and liver were excised, flash frozen, and imaged on an /n vivo imaging system (I1VIS)
(Figure 4A, Figures S13 and S14). The total radiant efficiency from Cy5.5 in each organ was
quantified (Figure S12). The liver and kidneys were brightest for both M13 and Q*13,
although the amount of signal was similar between the macrocycle and control. However, in
the brains of mice treated with the macrocycle, the total radiant efficiency was over double
that of the linear control, suggesting increased uptake of the macrocycle into the brain.

Given the resolution of the IVIS instrument, distinguishing fluorescence in the actual brain
tissue from fluorescence in the blood vessels of the brain can be challenging. Therefore, we
performed a more detailed analysis by ex vivo brain imaging using high-resolution confocal
microscopy to confirm the peptide was actually entering the brain parenchyma. The frozen
brains were cryosectioned into 30 um slices after VIS imaging, and the slices were imaged
by confocal microscopy. M13 can be observed outside of the vessel and in the brain
parenchyma, providing evidence that the macrocyclic peptide is crossing the BBB and
entering the brain tissue (Figure 4B,C). Additionally, a serum stability assay was performed
by incubating each peptide in 5% mouse serum and measuring degradation over 24 h (Figure
S9). M13 displayed greater serum stability, suggesting that the increase in brain penetration
is likely due to both increased stability in serum and increased ability to cross the BBB.

Finally, we wanted to see if our findings could be generalized to a peptide of therapeutic
interest. We chose the BH3 domain of the pro-apoptotic BIM protein, as Bird et a/. have
conducted an exhaustive staple scan of the peptide and demonstrated which positions are
amenable to mutation.14 We synthesized two BIM BH3 peptide sequences but substituted
cysteine residues for the a,a-disubstituted olefin-bearing amino acids previously employed
(Figure 5A). To evaluate the ability of our perfluoroarene- based macrocyclic BIM BH3
variants to cross the BBB, we performed the same sequence of experiments under the same
conditions as we did with TP10. First, TAMRA-labeled BIM BH3 analogues were tested in
BBB spheres. BIM M4 had significantly increased fluorescence in the core of the sphere,
compared to both its linear alkyl control and to a hydrocarboncyclized control (Figure 5B,
Figures S7 and S8). Conversely, although bright on the sphere surface, M9 had little
fluorescence in the sphere core. As a result, we carried Cy5.5-BIM M4 and its alkyl control
Cy5.5-BIM Q*4 forward for /n vivo evaluation. The perfluoroarene macrocycle had a
modest increase in total radiant efficiency in the brain by IVIS relative to the alkyl control
(Figure 5C, Figures S12 and S14). When the brain was sectioned and imaged by confocal
microscopy, significantly more Cy5.5 fluorescence was observed in the brain parenchyma
for BIM M4 than BIM Q*4 (Figure 5D,E, Figure S17). Altogether, these data suggest that
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the perfluoroarene macrocycle improves the ability of the BIM BH3 peptide to cross the
BBB.

In conclusion, we have demonstrated with our proof-of-concept experiments that abiotic
peptide macrocycles can exhibit significantly enhanced penetration of the brain. While
synthetic peptide macrocycles have been engineered as successful inhibitors of protein—
protein interactions, especially for cancer therapeutics, they are just starting to be explored
for crossing the BBB.14 Here we show the first example of improving brain penetration
solely through the introduction of an abiotic macrocycle. The mechanism of transport across
the BBB and the role of linker placement remain to be elucidated. However, given the
widespread interest in peptide macrocyclization, we expect this finding may be of immediate
use to the scientific community in designing therapeutics and imaging agents for central
nervous system diseases.
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ACYLL GKICL!® KALAA LAKKI?°
AGYLL GKINL!® KACAA LAKKC?2°
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AGYLL GKINL!° KALAA LAKKI?°

Macrocyclic TP10 Analogues prepared via SyAr. (A) Workflow for generating fluorophore-
containing perfluoroarene-based macrocyclic TP10 analogues. (B) Peptide sequences for the
TP10 macrocycles. The N-terminus is capped with 4-pentynoic acid to provide a click

handle for labeling.
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Figure 2.
Perfluoroarene-based macrocyclic TP10 analogues have increased uptake in endothelial

cells. Flow cytometry analysis of hCMEC/D3 cells treated with 2.5 M of each peptide for 2
h at 37 °C. The macrocyclic variants display up to a 12-fold increase in mean fluorescence
intensity relative to native TP10 (7= 3).
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Figure 3.
Perfluoroarene-based macrocyclic TP10 analogues display increased entry into BBB

spheroids compared to their linear counterparts. Schematic illustrating the cellular
composition of the spheres (not to scale). The confocal microscopy images display a
representative spheroid after incubation with 5 £M of each construct showing an overlay of
both fluorescence (5-TAMRA) and brightfield (scale bar = 100 gm). The images are at a
depth of 90 zm into the core of the sphere. The plot shows the mean fluorescence intensity
of a 100 gm diameter circular region that excludes fluorescence on the spheroid exterior (7=
3-5). For images of the spheres treated with the alkyl controls, see Figure S5.
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Enhanced /n vivo brain penetration of a perfluoroarene-based TP10 macrocycle. (A) IVIS
imaging of mouse brains treated with Cy5.5-labeled TP10 analogues. One representative
brain in each group after excitation at 640 nm (n7= 2). (B) Confocal microscopy images of
brain cryosections showing a square area surrounding a capillary. For full confocal images,
see Figure S16 (nuclei-Hoechst, blue; dextran—-TRITC, red; peptide—Cy5.5, white). (C)
Quantification of the diffuse Cy5.5 signal in the brain parenchyma from the confocal
images, suggesting accumulation of the TP10 analogues in the brain. The quantification was
performed by selecting regions (such as the cyan circles) outside the vessels that did not
contain bright puncta and averaging the mean fluorescence intensities from each region (7=
10). M13 had a statistically significant increase in mean fluorescence intensity compared
with Q*13 by a Student’s #test (P< 0.001).
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Figure5.
Enhanced /n vivo brain penetration of a perfluoroarene-based BIM BH3 macrocycle. (A)

Sequences of the BIM BH3 analogues. (B) Plot of the mean fluorescence intensity in the
core of the sphere for TAMRA-labeled BIM BH3 analogues (7= 6). (C) IVIS imaging of
mouse brains treated with Cy5.5-labeled analogues. One representative brain in each group
after excitation at 640 nm (n7= 2). (D) Confocal microscopy images of brain cryosections
showing a square area around a capillary. For full confocal images, see Figure S17 (nuclei—
Hoechst, blue, dextran-TRITC, red, peptide-Cy5.5, white). (E) Quantification of the diffuse
Cy5.5 signal in the brain parenchyma from the confocal images, suggesting accumulation of

JAm Chem Soc. Author manuscript; available in PMC 2018 February 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Fadzen et al.

Page 12

the BIM BH3 analogues in the brain. The quantification was performed by selecting regions
(such as the cyan circles) outside the vessels that did not contain bright puncta and averaging
the mean fluorescence intensities from each region (s7=10). BIM M4 had a statistically
significant increase in mean fluorescence intensity compared with BIM Q*4 by a Student’s ¢
test (P< 0.0001).
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