Heoo®06

Signature Effects of Vector-Guided Systemic
Nano Bioconjugate Delivery Across Blood-
Brain Barrier of Normal, Alzheimer’s, and
Tumor Mouse Models

Liron L. Israel,” Anna Galstyan, Alysia Cox, Ekaterina S. Shatalova, Tao Sun, Mohammad-Harun Rashid,
Zachary Grodzinski, Antonella Chiechi, Dieu-Trang Fuchs, Rameshwar Patil, Maya Koronyo-Hamaoui,
Keith L. Black, Julia Y. Ljubimova,* and Eggehard Holler*

Cite This: ACS Nano 2022, 16, 11815-11832 I: I Read Online

ACCESS | [l Metrics & More ‘ Article Recommendations | @ Supporting Information

The ability to cross the blood-brain barrier
(BBB) is critical for targeted therapy of the central nerve
system (CNS). Six peptide vectors were covalently attached to a
50 kDa poly(f-L-malic acid)-trileucine polymer forming P/
LLL(40%)/vector conjugates. The vectors were Angiopep-2
(AP2), B6, Miniap-4 (M4), and p-configurated peptides D1, D3,

l \\\ ///
and ACI-89, with specificity for transcytosis receptors low- | Single IV injection
density lipoprotein receptor-related protein-1 (LRP-1), trans-

ferrin receptor (TfR), bee venom-derived ion channel, and Aff/  Peptide-NC Normal mice Alzheimer's-like  Tumor bearing
q . (P/LLL/peptide/rhodamine) (ADtg) mice mice

LRP-1 related transcytosis complex, respectively. The BBB- 1. BXFAD

permeation efficacies were substantially increased (“boosted”) 2.2XTg-AD

in vector conjugates of P/LLL(40%). We have found that the

copolymer group binds at the endothelial membrane and, by an allosterically membrane rearrangement, exposes the sites for
vector—receptor complex formation. The specificity of vectors is indicated by competition experiments with nonconjugated
vectors. P/LLL(40%) does not function as an inhibitor, suggesting that the copolymer binding site is eliminated after binding
of the vector-nanoconjugate. The two-step mechanism, binding to endothelial membrane and allosteric exposure of
transcytosis receptors, is supposed to be an integral feature of nanoconjugate-transcytosis pathways. In vivo brain delivery
signatures of the nanoconjugates were recapitulated in mouse brains of normal, tumor (glioblastoma), and Alzheimer’s disease
(AD) models. BBB permeation of the tumor was most efficient, followed by normal and then AD-like brain. In tumor-bearing
and normal brains, AP2 was the top performing vector; however, in AD models, D3 and D1 peptides were superior ones. The
TfR vector B6 was equally efficient in normal and AD-model brains. Cross-permeation efficacies are manifested through
modulated vector coligation and dosage escalation such as supra-linear dose dependence and crossover transcytosis activities.
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Ithough essential for treatment of central nervous disengaged by neuroinflammation and vascular amyloido-
system (CNS) diseases, drug delivery through brain sis."”"? In brain tumors, the extent of the enhanced
vascular endothelial layers is still underdeveloped due
to the restriction by the BBB. Most pharmaceuticals and
imaging agents require high doses to enter the brain that can
result in off-target effects and systemic toxicity.' ® Among the

permeability and retention (EPR) effect is marginal and not

reproducible.”'> Failure of drug delivery could be fatal for

reasons for insufficient BBB permeation are unfavorable large November 11, 2021 Lo o
particle size, lack of targeting, and inappropriately high drug- May 26, 2022 =
receptor blocking binding affinities.” Moreover, previously August 12, 2022 //S,/
achieved deliveries become ineffective due to disease-specific ",,E/
barrier tightening. For instance, in developing drugs for -

Alzheimer’s disease (AD), transport across the BBB is
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A) Cortex - Optical imaging in normal brain
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B) P/LLL/AP2 vs. P/LLL/d-pep fluorescence in brain parenchyma at a dose of
(1X) in normal brain
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C) Competition assay of P/LLL/D1 with label-free AP2 peptide in normal mice.
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Figure 1. BBB-permeation in normal mice: the extent of BBB-penetration of nanoconjugates containing vectors AP2 or p-peptides
functioning in the LRP1 pathway. All nanoconjugates are rhodamine labeled at the polymeric platform. (A) Optical imaging data showing
fluorescence intensity as the indicator for the nanoconjugate permeation efficacy in the cerebral cortex of normal (healthy) brains.
Nanoconjugate fluorescence is shown in red, the vasculature in green, and the cell nuclei in blue. (B) Average nanoconjugate fluorescence in
layers II/III of the somatosensory cortex, the hippocampal CA1-3 cell layers, and the midbrain colliculi of normal mice. PBS background is
shown in black, P/LLL/AP2 and P/LLL/AP2/D1 in blue, P/LLL/D1 in red, P/LLL/ACI89 in green, and P/LLL/D3 in cyan. (©)
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Figure 1. continued

Competition with pristine (label-free) AP2. Average nanoconjugate fluorescence in layers II/III of the somatosensory cortex, the midbrain
colliculi, and the hippocampal CA1-3 cell layers when coinjected with competitor AP2 (dark green), P/LLL/D1 injected alone (green), and
compared to PBS (black). Average nanoconjugate fluorescence measurements were obtained from 20 randomly sampled regions of interest
chosen outside of the cerebral vasculature (n = 3—4 with 3—4 images acquired from each mouse brain region). All statistical tests were
conducted by one-way ANOVA with Tukey ¢ tests using Prism. Statistical significance is indicated as follows: * = p < 0.01, ** = p < 0.001,

and **% = p < 0.0001. Error bars represent SEM.

effective intervention.”'®™'® Therefore, a knowledge of
“personalized” delivery modalities is urgently needed.

The BBB is to a great extent managed by the endothelial cell
layer of blood capillaries. Permeability is controlled by distinct
pathways of endo- and exo-cytosis and of receptor-gated
transcytosis. Examples for disease-modified transcytosis are
specific receptors such as LRP-1 and TfR that mediate the
transfer through the BBB. In some AD model mice, the LRP-1
receptor is downregulated in comparison to the healthy brain,
while TfR levels remain unchanged."”™ In glioblastoma
multiforme, a fast-growing brain tumor, both LRP-1 and TfR
are upregulated. In AD, upregulated receptor for advanced
glycation end products (RAGE) mediates an increased level of
amyloid-f (Af) peptides in the brain. This upregulation, along
with pericyte loss and/or the age-dependent decline of
microvascular LRP-1, contributes to AD progression in
mice.”*"% Furthermore, the over-reaching effect of enhanced
levels of Aff in AD may affect the transcytosis activity of LRP-1
for vector-dependent drug delivery to the brain. Another
potentially interconnecting system involving the transport of
amino acid or analogues across the brain vasculature
endothelia is the highly expressed large neutral amino acid
transporter (LAT-1).>°"*7 Additionally, dysregulated tight
junctions (T]) between the vascular endothelial cells could
not yet be ruled out as a source of brain disease and factors in
altered pharmaceutical delivery to the brain during AD
progression.‘?’g’?’9

In the forefront of possible disease-mediated interconnec-
tions between endothelium pathways through the BBB, we
considered the design of a universally applicable delivery
platform in the study of disease mechanisms and treatments."’
Here, we chose the copolymer (f-L-malic acid/40% trileucine),
P/LLL(40%), which has been used as a platform in drug
delivery to treat various brain and breast tumors.”***~* The
polymer has a balanced hydrophobic/lipophilic composition
and binds to and interacts with hydrophobic constituents of
cellular and vesicle membranes.””** We consider the polymer-
trileucine group as amphiphilic which contains multiple
carboxylic groups for vector-receptor attachment and, more-
over, can be biodegraded by lipases and peptidases and thereby
escape deposit toxicity in vivo. Borderline nanopolymer
platforms are experimentally available for deep tissue
penetration and rapid renal clearance.**

After systemic intravenous (IV) injection, labeled platform—
vector conjugates were tracked by quantitative fluorescence
microscopy (Figure S1).*° The tracked intensities after
migration from brain microvessels into the parenchyma was
measured in both normal and diseased mouse brains in order
to derive specific BBB permeation signatures. In particular, it
would be of interest if platform-loading with multiple vectors
owning different specificities could provoke variations in
permeation efficacy and brain location. Experiments with
vectors targeting distinct permeation pathways could give
information on networks and their regulation. Investigated

vectors and receptors are the following: (1) Angiopep-2 (AP2)
of the LRP-1'"*~*" pathway with receptor affinity to amyloid
precursor protein (APP) and Af,_, and AB,_,,"" peptides
as well as Dp-peptides”™*’ sharing specific recognition of
amyloid peptides AB_so, ABy1_so, AB-fibrils,”* AS plaques,™
or fibril-free diffuse Af aggregates;® (2) B6-peptide with
specificity for the TfR-pathway;***’~°" and (3) Miniap-4
(M4) vector with specificity for Apamin (bee venom)-derived
potassium channel, which has previously been shown top be
active in BBB permeation but without markedly affecting
pathological conditions.”>™* (4) We have also included
platform P/LLL(40%) in order to shed light on its ability to
permeate BBB and boost these vectors."’

A signature for AD was found in the reduction of BBB
permeation by comparison of LRP-1 shuttle peptides in AD
mouse models. To provide a background, a search was
conducted by RNA-Seq analysis for unmasking variations
involved in AD metabolism caused by the dysregulation of
gene expression in their CNS location. In this context, we
examined interconnections between BBB transcytosis path-
ways, especially prominent in AD increased brain distribution
of Ap-peptides, which is out of balance in AD by the RAGE-
and LAT-1 pathways and could possibly be combated by the
treatment with LRP1 active p-peptide vectors.”>”

In vitro Transwell BBB permeation consisting of human
microvascular endothelial cells was used for deepening the
study on possible mechanisms of normal and AD-like brains
and to shed light on the intriguing in vivo permeation results.
Clearly, dysregulation of gene expression at the brain-blood
barrier interface is of importance for the understanding of
disease-specific mechanisms and their contribution to treat-
ments of neurological disorders.

RESULTS AND DISCUSSION

BBB Crossing Involving AP2 Vector Binding Sites in
Normal Brain and in Transwell Microvascular Endothe-
lial Cell Layer BBB Model. The conjugates of P/LLL(40%)
with vectors M4, AP2, and B6 (Table S1) were previously
shown to achieve high brain permeation in the cortex and
midbrain but only a fraction of delivery in the hippocampus.*’
Neither free rhodamine nor poly(malic acid—rhodamine)
conjugate controls at doses as high as 2X exhibited
fluorescence penetrating into the parenchyma ruled out
unspecific results.”” Brain sections in Figure 1A display the
red fluorescence of the vector conjugates appearing in the
parenchyma. In bar graphs (Figure 1B), the fluorescence
intensity (BBB-permeation efficacies) for P/LLL/AP2, P/
LLL/AP2/D1, P/LLL/D1, P/LLL/ACI89, and P/LLL/D3
were grouped according their locations in cortex layer II/III,
hippocampus, and midbrain colliculi. The fluorescence
intensities (permeation efficacies) varied with the vector
type, increased linearly with low doses (0.25X—1X) (0.25X
= 0.068 umol/kg), and deviated from linearity toward higher
efficacies at high doses.”” The permeation efficacies of P/LLL/
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Table 1. Transwell Inhibition Experiments”

percent + SEM of BBB-permeability remaining in the presence of competitor

nanoconjugate JPH203 + SEM
P/LLL 111 + 3 (0.213, ns)
P/LLL/D3 80 + 2 (0.0009, ***)
P/LLL/AP2 58 + 5 (0.016, *)

Af1—40 AP2 + SEM
- 80 + 2 (0.04S, *)
30 + 4 (0.0008, **:*) 66 + 4 (0.0005, ***)

41 + 8 (0.007, **)

“Permeability competition experiments using the in vitro Transwell model of the BBB. Permeation through the model was measured by
fluorescence intensity in the target compartment. Competition is indicated by the relative fluorescence decrease in the presence of the tested
compound. (1) D3-nanoconjugate inhibition by AP2. (2) AP2- and D3-nanoconjugate inhibition by AB.'®** (3) AP2- and D3-conjugate inhibition
by inhibition with the LAT-1 specific inhibitor JPH203.”> (4) P/LLL(40%) by marginal inhibition with AP2. P/LLL(40%), the nanoconjugate
platform, served as a control. *p < 0.05, **p < 0.01, ***p < 0.001, Student’s ¢ test comparing compounds in the presence and absence of inhibitor.
The mode of inhibition, competitive or noncompetitive, was not determined.

AP2/D1 (right blue), P/LLL/D1 (red), P/LLL/D3 (tur-
quoise), and P/LLL/AC189 (green) exceed that of P/LLL/
AP2 (left blue bar) at the given dose 1X (1X = 0.272 ymol/
kg). In addition, it was noted that the simultaneous loading of
AP2 and D1 in P/LLL/AP2/D1 (Figure 1B) resulted in
significantly less fluorescence intensity, not accounting for the
sum of contributions P/LLL/AP2 and P/LLL/D1. The effects
were considered sensitive to the composition of the loaded
vector-nanoconjugates. They could indicate structural con-
straints originating from vector geometrical arrangements and/
or allosteric mechanisms of receptor binding.

To gain further insight in the vector-conjugate BBB-
permeation mechanism, the Transwell BBB system was
chosen. It was thought that this model assay was less
complicated due to possible direct manipulations that were
more complex than in the animal systems. The goal was to
examine the polymer platform P/LLL(40%) and the vector
group contributions by competition experiments..é7 We
compared the permeation at 0.25X dose (Figure S2, Table
S2, TEER-Figure S3) for Transwell experiments decreasing in
the order P/LLL/AP2 > P/LLL/M4 > P/LLL/B6 in Figure S2
(range of 2.05 X 107 cm/min to 8.0 X 10~° cm/min) with
results’’ for in vivo experiments in Figure 1C (midbrain
colliculi*®) under the same concentration conditions. A full
agreement was not expected because the origin of endothelial
cells and the setup were different. Importantly, the overall
permeation variations in the two systems were similar. To
identify functional relations between nanoconjugate vectors
AP2, B6, M4, p-peptides (D1, D3), amyloid peptides, and the
LAT-1 specific inhibitor JPH203, Transwell and in wvivo
competition experiments were carried out.

p-Peptides In Vivo Transfer across the BBB by the
AP2-Pathway, Relevance to AD-Associated Af Allo-
forms. p-Peptide(vector)-nanoconjugates displayed in vivo
permeabilities that were superior to those of AP2-nano-
conjugates in normal brain at the given dose (Figure 1B). A
BBB-crossing mechanism common for Ap2 and the p-peptides
was sought as an explanation that contained specific patterns
which enabled superior BBB-permeation of the D-peptides.
AP2 is the signature vector of the LRP1 transcytosis pathway
through vascular endothelia of normal brain.*”*® Evidence that
AP2 as well as the p-peptides target Af and Ap-deposits™’
suggested already that these vectors transferred through the
LRP1 pathway which was also known to transport precursor
APP and amyloid peptides.”>" In support for this hypothesis,
the decrease in fluorescence intensity verified a shared receptor
by demonstration of the in vivo decrease for P/LLL/D1 by
administering free AP2 peptide in a 77-fold higher dose
(Figure 1A, right panel; C). Next, the Transwell assay also

demonstrated competitive sharing of P/LLL/D3 with AP2
(Table 1) in line with AP2, D1, and D3 sharing the
transcytosis pathway. Another mechanism for the D1- and
D3-peptide vectors was recently assumed which involved
adsorptive-mediated transcytosis, consistent with the presence
of positive charges in the D1 and D3 vectors that can bind the
negatively charged endothelial membrane.”® According to our
results, this mechanism is not consistent with the observed
AP2 and D1- and D3-nanoconjugate competition pathway. A
deviation of the adsorptive transcytosis pathway could be
explained by the overriding highly negative zeta-potential of
—11 mV* of PMLA(LLL(40%) over the positive charges of
D1 (gshyrhispaqv, 3+)°* and D3 (rprtrlhthrnr, 7+).> If the
adsorptive mechanism is in place for the free vectors, the
modulating influence of the P/LLL(40%) platform is an
example of possible platform-induced variations.

Recalling that AP2 and D-peptides have affinity for Af
binding,s‘%_55 and that LRP1 is known to transport APP and
Ap species across the BBB, we may implement another
crossing of receptor binding. Again, a competition assay with
the Transwell resolved that effects of AB,_,,"® on the
permeation of P/LLL/D3, P/LLL/AP2, and P/LLL(40%)
through cells was found under both normal and pathological
conditions. Under the condition of the Transwell assay, BBB-
permeation of both P/LLL/D3 and P/LLL/AP2 was inhibited
by Apf)_4 in agreement with its transcytosis via the LRP-1
pathway”®®® (Table 1), substantiated further by the in vivo
inhibition experiment of the DIl-nanoconjugate by AP2
(Figure 1C) attesting LRP1 binding sites functioning for
AP2 and p-peptides under in vivo and in vitro conditions.

Transwell Support of AP2-Vector Independent Bind-
ing Sites for P/LLL/B6 and P/LLL/M4. An open question of
interest was whether pristine (free) AP2 vector could also bind
to receptor sites for B6 and M4 vector-P/LLL(40%)
conjugates. In the Transwell system, the vector-conjugates
did not reveal inhibition by free AP2 (Figure S4) in agreement
with the absence of cross-reactivity of AP2 with binding sites
on M4- or B6-transcytosis receptors.

AP2-Vector Site Interaction with LAT-1 Inhibitor
JPH203. We also tested whether the Transwell system could
be sensitive to competition of P/LLL/D3 and P/LLL/AP by
JPH203, an inhibitor of the LAT-1 pathway (which is a
member of the Solute Carrier family or SLC 7a$5). Indeed, the
LAT-1 inhibitor was active against the permeation of the tested
conjugates (Table 1). The transporter could have specificity
for amino acids such as tyrosine and phenylalanine in the N-
terminal region of AP2-peptide. The binding of P/LLL/D3
and P/LLL/AP to the transporter appears not unlikely in light
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A) Cortex - Optical imaging in tumor bearing brain, at 0.25X, 1X, in the tumor and the
contralateral hemisphere of the brain
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B) The quantification of the fluorescence intensity in the tumor for all tested

nanoconjugates
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Figure 2. BBB-permeation in brain tumor: Imaging and tumor permeation analysis in a mouse model of glioblastoma. Female BL/6 Mice (n
= 3) were inoculated intracranially with glioblastoma cell line GL261 at 8 weeks of age and measured 3 weeks after inoculation. A
comparison of the permeability of P/LLL(40%), P/LLLAP2, P/LLLB6, P/LLL/D1, P/LLL/AC189, P/LLL/D3, and P/LLL/M#4 in tumor
and nontumor tissue from the contralateral brain hemisphere was carried out. (A) Representative optical imaging data showing
nanoconjugate permeation into the tumor (right) and in the cerebral cortex of the contralateral hemisphere in the same animal (left).
Comparison of dose 0.25X (0.068 gmol/kg) and dose 1X (0.274 pmol/kg). Nanoconjugate fluorescence (red), vasculature (green), and cell
nuclei (blue) are shown. (B) Intensity bar-graph for nanoconjugate fluorescence in tumor tissue. Background is shown in black, P/
LLL(40%) (0.25X and 1X) in green, P/LLL/B6 (0.25X and 1X) in orange, P/LLL/AP2 (0.25X and 1X) in red, P/LLL/D1 (1X) in violet, P/
LLL/ACI89 (1X) in blue, P/LLL/D3 (1X) in brown, and P/LLL/M4 (1X) in dark blue. Average nanoconjugate fluorescence measurements
were obtained from 20 randomly sampled ROIs outside of the cerebral vasculature (n = 3 with 5 images acquired in each tumor and
nontumor tissue sample). All statistical tests were conducted by one-way ANOVA with Tukey ¢ tests. Significance is indicated with asterisks
where * = p < 0.01, ¥* = p < 0.001, and *** = p < 0.0001. Error bars represent SEM.

of reported high expression in brain endothelial cells'® and promoting factors,”>~"® especially in GL-261 glioblastoma as

36,6972

brain tumors.

BBB Permeation in the Murine Syngeneic Glioblasto-
ma GL-261 Tumor Model. In glioblastoma brains, BBB
disruption enables high uptake of nutrient and growth

11819

an aggressive and fast-growing tumor. Three weeks after
intracranial inoculation of BL/6 mice with GL261 cells,
rhodamine-labeled nanoconjugates were IV-injected and
animals sacrificed 2 h post-injection. BBB permeation efficacies
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A) Dual route with constitutively
active BBB-permeation via both
LLL- and vector-specific
receptors. The overall dose
dependence tends to be
biphasic reflecting the
contribution by each of the two
sites

B) Allosteric: Vector-route
becomes boosted by LLL-
binding inducing exposure of
previously hidden vector-
specific receptors

Nano conjugate binds via the LLL-portion to LLL-
specific receptor (blue) and induces an allosteric
exposure of vector-specific receptor with high
binding affinity and thereby boosts more nano
conjugate binding and increased transcytosis
activity

LLL-route:

LLL-specific binding to LLL
receptor to high affinity. Site
saturates at low doses of nano
conjugate

Exposed LLL

LLL moiety
Hidden vector receptors

Free LLL receptor N
binds to LLL
Free vector receptor \ receptors

receptors
which causes
\ vector
% Y ’ receptors to
. be exposed
Occupied LLL receptor
- v& ‘ Nanocarrier:
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(\ \j °/° Peptide motif
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vector receptor %
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Vector-route:

AS
vector-specific binding to

Associated
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°
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v
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Figure 3. BBB-permeation mechanisms of P/LLL(40%) (purple) and P/LLL(40%)/vector (red). LLL refers to P/LLL(40%). (A) Suggested
dual constitutive mechanism. The LLL-portion and the vector-portion of the nanoconjugates bind freely to the LLL-specific receptor (blue)
and the vector-specific receptor (red), respectively, on the surface of the endothelial membrane. Both receptors ferry the bound ligands
through BBB, and the combined results would indicate that the permeation efficacy is additive. (B) Each of the LLL and vector portions of
the nanoconjugates bind to independent receptors and proceed directly to transcytosis as shown in (A). However, in mechanism B, the
binding of the LLL-portion would allosterically induce the exposure of receptor sites previously hidden inaccessible in the membrane, and a
“boost” phenomenon is observed. While the receptor remains exposed, it carries out one or more rounds of vector binding and transcytosis.
Thereby, the BBB-permeation efficacy could be increased in comparison with the constitutional system (mechanism A) and is manifested as
the “boost” phenomenon. If multiple LLL-binding sites contribute to boosted BBB-permeability, the permeation efficacy is likely to follow a
supra-linear dose dependence. Moreover, binding of free P/LLL(40%) molecules would not function as competitive inhibitors but rather as
BBB-permeation activators. The indication of “boosts”, supra-linear dose dependence, and insensitivity against the competition are
hallmarks of the BBB permeation by the P/LLL/vector conjugate.

were analyzed in sections of both tumor tissue and nontumor
tissue in the contralateral brain hemisphere (Figures 24, S6A).
The fluorescence intensity in tumor tissue after nanoconjugates
was very high in comparison to that in nontumor tissue. In
order to compare brain tumor tissue containing extremely high
and low fluorescence intensities, fixation and washing together
with a shortened imaging were adapted in a standard protocol
to yield acceptable signal-to-noise ratios.

Results in the bar graph Figure 2B were obtained with the
adapted protocol. (i) The very high permeation efficacies at
dose 1.0X are compared as a function of the type of vector.
The bar-value for P/LLL/AP2 is the highest, followed by P/
LLL/D3, P/LLL/M4, P/LLL/D1, P/LLL/B6, P/LLL(40%),
and P/LLL/AC189. (ii) A supra-linear increase from doses
0.25X to dose 1.0X is demonstrated for P/LLL/B6 (23-fold)
and P/LLL/AP2 (11.2-fold). (iii)) An exemption is P/
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LLL(40%), which increases proportionally with the dose
administered.

Supra-Linear Dose Dependence and the “Boost”
Phenomenon. The origin of supra-linearity was considered
to be related to the “boost” in BBB-permeation efficacy
exhibited when introducing the conjugation of 40% of the
pendant polymer-COOH residues with tri(1-leucine).”” Non-
linearity is in agreement with an allosteric kinetic model and
the cooperativity manifested by the observed “boost” (Figure
3B). Combining low and high affinity binding sites (Figure
3A) as an explanation would generate a “bumpy” dose
dependence which was not observed. The mechanism of an
allosteric cooperative model combines binding of the P/
LLL(40%) portion at an effector site followed by binding of
the vector portion at the site which is productive in
transcytosis (Figure 3B). The coupling of P/LLL(40%) at
the first site functions to activate the transcytosis by an
allosteric rearrangement. Competition of P/LLL(40%) at the
activator site had no effect on P/LLL/AP2 (Figure Ss)
indicating that the site was inactive in the presence of the P/
LLL(40%)/AP2 vector-complex. Similar results were obtained
by the Transwell method concluding the absence of
competition between the nanoconjugates carrying B6 or M4
and P/LLL(40%) (Figure S4). In vivo experiments provided
results that the effector site is available and does not interfere
with transcytosis, but rather increases the boosting shown in
the case of P/LLL/B6 transcytosis (Figure SS). This could
indicate that the allosteric change can depend on the structure
of the nanoconjugate undergoing transcytosis. Supporting
evidence for a possibly deep structural change is in accord with
the observation that P/LLL(40%) can induce membrane
leakiness.***

In the present situation, a simple working model is favored,
where the P/LLL-vector binds to abundant sites on the surface
of membranes in the environment of a receptor and provokes
structure rearrangements which render membrane-imbedded
receptors accessible to P/LLL(40%)/vectors, while the effector
portion is buried in the membrane. The location of multiple
effector sites around receptors resembles multiple substrate
binding sites of enzymes showing cooperativity. By this token,
the mechanism could explain the supra-linear efficacy as a
function of dose. The allosteric mechanism could be
susceptible to biospecific parameters (i) density and
distribution of P/LLL(40%) sites around receptor sites, (ii)
variations in structure specific affinities of membrane and
receptor binding, (iii) interfering interactions by fixed
pathway-specific components or competitive mobile ligands,
and (iv) brain-status and disease-specific interactions.

In glioblastoma, a boost-favoring nanoconjugate could
promote tumor (T) uptake over nontumor normal brain
(NB) characterized by T/NB ratio in Table S3. The depicted
examples indicate selectivity for the platform conjugates P/
LLL/AP2, T/NB(0.25X) = 6.5, and T/NB(1X) = 15.7; vector
P/LLL/B6, T/NB(1X) = 10.2; vector P/LLL/M4, T/NB(1X)
of 22.8; and vector P/LLL/D1, T/NB(1X) = 16.4. The
effector platform P/LLL(40%) itself produced modest
selectivity at dose 0.25X (T/NB = 8.3) (0.25X) and dose 1X
(T/NB = 9.7). In summary, the selectivity is indicated by (i)
the boosting inferred by P/LLL(40%)-moiety and (ii) the
supra-linear dose dependence. Both are signatures of the
platform—vector conjugates. Much less boosting and supra-
linear dose effect were seen in normal brain*’ and in AD brain
(data below). It is hypothesized that external effectors, tumor

endothelial vasculature specifics, in particular, the expression
levels of transcytosis receptors,”””" translate via the discussed
parameters into different signatures. The P/LLL(40%)
contribution may count as a special feature in our
investigation; however, it may represent a not yet recognized
natural player. The interesting high selectivity for M4 deserves
further investigation.

Multiparameter Factorial Analysis Further Explicates
the Composition of Receptor Complexes, BBB-Perme-
ation Efficiency, and Tumor Selectivity. To shed more
light on the complexity of receptor—ligand complexes in BBB-
permeation, we considered in more detail the interconnection
in tumor-brain between binding to the P/LLL(40%)
membrane sites and the vectors binding to the transcytosis
pathway receptor site BBB permeation: We have shown that
P/LLL(40%) alone penetrates BBB in the absence of vectors,
although at low efficacy, and also that vectors AP2 (and their
derivatives D1, D3, ACI89), and vectors B6, M4 penetrate
BBB in the absence of conjugated P/LLL(40%) (the receptor-
pathway), although at low efficacy.”” We have also shown that
free vectors and other molecules which bind to the receptor-
vector sites disrupt the high-efficacy permeation pathway
indicating that they have access to the transcytosis pathways
and can function in their pathway regulation.

In an extension of the site-coupling P/LLL(40%) with the
constitutive vectors AP2, M4, B6, and DI, we examined
whether coupling between vectors—vectors in the nano-
conjugate load could be possible. Indeed, effects of coligation
of vectors have been shown to restrict permeability in examples
of AP2 and M4, or AP2 and D1 coligation.40 We also examined
whether activation could be possible (1), whether effects could
be (2) tuned by the number of different coligated vectors, and
(3) whether coloading effects were sensitive to variations in the
administered dose of the injected P/LLL(40%) vector.. To
study multivariable experiments, we launched a “factorial
study” analysis’*~’® (DoE, Design of Experiment, Supporting
Information). As an example, we chose BBB permeation of P/
LLL/AP2 in tumor-bearing brains (Case 1. Single vector,
Table 2A), in comparison with P/LLL/AP2/B6 at varied
dosage (Case 2. Co-ligated vectors AP2 and B6 tested in tumor
and normal brain of the same animal, Table 2B); fluorescence
permeation into the tumor (response T), into the nontumor
brain (NT), and the tumor selectivity (response T/NT) were
evaluated. The DoE experimental matrices are summarized in
Table 2. For further technical details, see Materials and
Methods.

Inspection of the contour plots shows that the region of the
highest tumor selectivity contains the region of highest loading
dose 1X (yellow arrows in Figure 4A,B). The presence of B6-
peptide (Case 2) enhances selectivity in the region of the
center point (Figure 4B) for 0.625X, 1% AP2, green arrow, and
reduces selectivity at lower doses (Figure 4B), white arrow at
0.375X, 1% AP2. Doses below 0.375X AP2 effect lower
selectivity for the combined AP2/B6 nanoconjugate (Figure
4B) than for P/LLL/AP2 (1X) (Figure 4A). At 0.25X AP2,
selectivity for P/LLL(40%)/AP2(0%)/B6(2%) (Figure 4B) is
less than in Figure 4A at 0.25X for P/LLL/AP2(0%).
Selectivity T/NB > 12 cannot be achieved for nanoconjugates
P/LLL/AP2 in the range 0.25X—1X (Figure 4A). This
selectivity is only achieved by coattachment of AP2 and B6
in the nanoconjugate P/LLL/B6(1%)/AP2(1%) and at a dose
close to 0.625X (Figure 4B). The contour plots indicate also
that favorable T/NB in the range 12—14 extends from
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Table 2. Factorial Study on Tumor-Bearing BL/6 Mice”

2A AP2-Matrix
Factor: AP2-
loading (% Factor: Response (1): Response (2):
coligation of Dose  Fluorescence intensity ~ Tumor Selectivity
AP2) x] (uptake in tumor) (ratio T/NB)
0 0.25 10.02 9.73
1 0.625 31.20 11.87
2 0.25 13.48 6.51
2 1 148.25 15.75
0 1 42.66 5.13
2B Combined Matrix
Factor: AP2-  Factor: B6 Response (1):  Response (2):
loading (% B6-loading Factor: Fluorescence Tumor
AP2 =2%— (%B6 = 2%—  Dose intensity (uptake Selectivity
X%B6) X%AP2) [x] in tumor) (ratio T/NB)
2 0 0.25 13.48 6.55
1 1 0.625 50.39 12.17
0 2 1 69.20 10.25
2 0 1 148.25 15.75
0 2 0.25 2.97 6.84

“DoE-matrix which contains factor “loading AP2” or factor “loading
AP2, B6”, factor “DoseX”, the response (1) “Fluorescence Intensity”
and response tumor (2) “Selectivity”.

A AP2 matrix- Tumor/Normal-Brain
ratio vs. %AP2 loading vs. dose
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Figure 4. Factorial study: 2D contour plots for the selectivity
response T/NB ratio (dosage is shown on X-axis, % AP2 loading is
shown on Y-axis, and T/NB ratio is shown on Z-axis). (A)
represents the single peptide-matrix (P/LLL/AP2), and (B)
represents the combined peptide-matrix (P/LLL/AP2/B6). For
more details, see Supporting Information.

AP2(1.5%) to AP2(1.0%) range 0.75X—0.9X and the presence
of coligand B6 (Figure 4B) in comparison with the AP2(1.5%)
to AP2 (1.2%) range 7.5X—0.9X and the absence of B6 (Figure
4A). This indicates that coligation of B6 intensifies the
selectivity of the AP2, B6-coloaded nanoconjugate for tumor
delivery. The DoE-generated “significance”-plots (“Pareto
chart”, Figure S6B1,B2), and “interaction”-plots (Figure
S6B1,B2) strengthen the statistical significance of the analysis
and demonstrate coupling between the coligated vectors AP2
and B6. An in-depth analysis is available in the Supporting
Information. In summary, the examples present evidence for a
multiplicity of allosteric positive and negative coupling routes
between transcytosis pathways of LRP1 and TfR when AP2
and B6 were physically connected via coloading on platform
P/LLL(40%). Depending on their percentage and stoichiom-
etry, the AP2- and B6-vectors yielded various dose-dependent
nanoconjugate—receptor complexes with alternating prefer-
ences for normal or brain tumor regions.

BBB Crossing in AD Mouse Models: 5XFAD and 2XTg-
AD. The condition of brain vascular endothelium is
investigated in two mouse models of AD. By comparing the
permeability of nanoconjugates in the healthy brain, tumor-
bearing brain, and AD-like brain of mice, we can characterize
this third status as a constraint type of BBB.*'’ Research
suggests that in AD dementia, certain brain changes such as Af
accumulation may be§in 20 or more years before AD
symptoms appear.”’ °* In this prodromal phase, subtle
changes in gene expression occur; one of them is down-
regulation of LRP1,"” while TfR expression is unaffected.*”
Here, we probed BBB in the permeability of nanoconjugates in
normal mouse brains compared to two transgenic mouse
models of AD (ADtg).

BBB permeability in (i) double transgenic (2XTg) mice [6—
8-month-old mixed gender, B6.Cg-Tg (APPgyp/PS1ago)-
85Dbo/Mmjax] using nanoconjugates P/LLL/DI1, P/LLL/
D3, and in (ii) SXFAD mice [B6.Cg-Tg(APPSwFILon,
PSEN1*M146L*L286 V)6799Vas/Mmjax], which contained
two transgenes and three mutations within APP and PSEN1
genes known to accelerate disease progression, using nano-
conjugates P/LLL/AP2, P/LLL/B6, P/LLL/M4, P/LLL/D3,
and P/LLL/D1. In 5XFAD mice, dosage had to be increased
from 1X in normal brain®® to 2X in order to obtain acceptable
readings of fluorescence intensities in the hippocampus and the
cortex reflecting the tightened status of the AD-brain (Figure
SA). The averaged intensity bar-plots (not corrected for
background intensities) are shown in Figure SB,C. The bar-
heights in these plots appear to be “scrambled” missing an
ordered dependence previously noted for normal brain. Thus,
permeation efficacy ratios for SXFAD over normal are 0.42 (P/
LLL/AP2), 0.82 (P/LLL/D3), and 0.68 (P/LLL(40%). The
ratio 1.1 for P/LLL/B6 is an indication of the conserved
expression of TfR, whereas the low ratios for AP2, D3 are in
agreement with the downregulation of LRP-1.*> The bar plots
for 2XTg mice are shown in Figure 5D,E. The low permeation
efficacy indicated in panels D and E at doses <2X is considered
a BBB-signature at low dose in ADtg mice. At the dose of 2X,
high permeations for D1 and D3 conjugates pop up in 2XTg-
AD mice and similar but less pronounced in SXFAD mice.
This abrupt increase afforded a mechanism based on the
disease and is discussed in the following section.

Suppression of Nanoconjugate Permeability in AD
Invoked by Upregulation of RAGE. The observed
restriction in 2XTg-AD mouse BBB permeability was explained
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A) Cortex (5XFAD mice). Optical imaging at 2X dose for all tested nanoconjugates
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Figure S. BBB-permeation in AD mouse models. (A) Cortex of SXFAD mouse at dose 2X. Microscopic visualization of nanoconjugates
entering parenchyma from capillary in ADtg after permeating the BBB. Optical imaging of rhodamine-labeled nanoconjugates emerging as a
red diffuse halo 120 min after IV-injection into the tail vein. Capillaries are shown in green, nuclei in blue. (B) Hippocampus CA1-3 cell
layers and (C) Layers II/III of the somatosensory cortex of SXFAD-mice, dose 2X of various vectorized nanoconjugates, and P/LLL(40%).
Bar graphs indicating permeability efficacies in terms of fluorescence intensity averages from 20 randomly sampled ROI samples away from
vasculature (n = 3, 3—4 images per brain region, for each measurement), intensities of PBS-controls not subtracted; nanoconjugates: B6:
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Figure 5. continued

hippocampus = t-3.03 p-0.039, cortex t-6.22 p-0.000; M4: hippocampus t-5.08 p-0.000, cortex t-5.62 p-0.00; AP2: hippocampus t-3.44 p-
0.011, cortex t-7.51 p-0.000; LLL(40%): hippocampus t-3.56 p-0.007, cortex t-7.06 p-0.000); D3: hippocampus t-10.91 p-0.000, cortex t-
11.34 p-0.000; D1: hippocampus t-8.31 p-0.000, cortex t-9.77, p-0.000). All statistical tests were conducted as a one-way ANOVA with
Tukey ¢ tests (t) comparing nanoconjugate permeability in each brain region. Statistical significance (p) is indicated as * = p < 0.01, ** = p <
0.001, **¥* = p < 0.0001, and **** = p < 0.00001. Error bars represent SEM.

by the known downregulation of LRP-1 expression, but
important details remain unsolved such as the pop-up to high
permeation activities by the injection of dose 2X P/LLL/D3
conjugate (Figure SD,E). Could the phenomenon be
secondary to additional structural and/or physiological
changes during the development of the 2XTg-AD mouse
model? These could be (1) the known vascular amyloidosis in
ADtg mice, and the flux of AS-peptides across the BBB; (2) the
downregulation of LRP-1-receptors and their complexation
with AB-peptides in the AD mice but not in normal brain;*’
(3) structural changes in AD brain capillaries, including
increased thickness, splitting and duplication of the basement
membrane, altered tight junction morphology, alterations in
mitochondria activity, pericytes loss and platelet-derived
growth factor receptor beta (PDGFRf) deficiency, altered
perivascular astrocytic processes;%’87 (4) increase in number
and distribution of transporters, such as RAGE, glucose
transporter 1 (GLUT-1), and LAT-1, which could increase
peripheral concentrations A% and other LRP-1 affine-ligands.*®
It is hypothesized that their increased activity could have
inactivated LRP-1 by generating high concenrations of affine-
ligands, which outcompeted the AP2- and D3-nanoconjugates
in Figure S.

Information on expression of transporters and regulators
involved in brain Aff import/export was obtained by RNA-Seq
analysis of probes from 3XTg-AD mice brains during their AD-
maturation period between age 5 months and 8 months
(Figure 6), when producing both Af plaques and neuro-
fibrillary tangles and several pathological features which
resemble human AD. The data in the figure confirmed the
FC 1.72-fold (p = 0.000618) upregulation of RAGE (also
called Ager; FC = fold-change), insulin receptor-related

A) 8-month ADtg Vs 5-month Adtg B) 8-month ADtg Vs 5-month ADtg
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Figure 6. BBB gene expression change during AD progression in a
mouse model. (A) Fold-change heat map of gene expression in
brains of 8-month-old 3XTg ADtg mice in comparison to S-month-
old 3XTg ADtg mice (red indicates upregulated gene expression;
green, downregulated). (B) Network of genes changed in the
brains of 8-month-old 3XTg ADtg mice when compared to S-
month-old 3XTg ADtg mice.

protein (Insrr) FC 1.79-fold (p = 0.001427), epidermal
growth factor (EGF) FC 1.69-fold (p = 0.000483), tight
junction proteins claudins (Cldn1lS) FC 2.03 (p = 0.02086)
and (Cldn20) FC = 1.747 (p = 0.03956). Cldn 15 is a cation-
selective classical pore forming protein.*””® In the intestine,
the loss of Cldnl5 causes Na® deficiency and glucose
malabsorption.”’ Cldns 18 and 24 are first expressed in 8-
month-old ADtg mice brains. Cldn 18 plays a role in TJ-
specific obliteration of the intercellular space, through calcium-
independent cell-adhesion activity.”> On the other hand, Cldns
4 to 9 and Cldn 14 are downregulated in the brains of 8-
month-old ADtg mice in comparison with the S-month-old
mice. According to data from network analysis, Cldns 4, 6, and
9 could be involved in BBB and immune cell transmigration via
cell adhesion signaling by vascular VCAM-1)/ CD106.7>°*
LAT-1 (SLC7aS) is not downregulated, even though many
members of the solute SLC-family are dysregulated. RAGE is
connected by network analysis data, which provide “relation-
ships” such as physical interactions between protein—
orogenetic interactions and which carry specific combinations
of mutations™ relating them to dysregulated Cldns and
indirectly to epidermal growth factor EGF and to Insrr (Figure
6B). Dysregulation of RAGE has been shown to increase
transfer of AB from the blood to the brain by opening tight
junctions.”” Other abnormalities in AD provoke additional
brain influx of Af peptides while decreasing the levels in the
cerebrospinal fluid (CSF) of AD patients.”” " RNA-seq
analysis revealed no significant increase or decrease of TfR
and LRP-1 gene expression during the aging. However, it is not
excluded that a decrease in LRP1 expression in the
microvasculature was compensated by increased expression
in glial cells.”® In AD, dysregulated LRP-1 and LAT-1 together
with other cases of dysregulations contribute to disease
promoting the increase of brain Ap levels via unbalanced
influx and efflux.

Due to inhibition of LRP-1 activity by increased Af levels,
the endothelial blood-to-brain LRP-1 transcytosis activity of
AP2- and p-peptide nanoconjugates (Table 1) is decreased
when injected at low nanoconjugate doses (Figure S). The
amelioration seen at high levels of the D-vector-conjugates is
consistent with their role as scavenger of AB.>*~>° Accordingly,
Ap scavenging restores activity of LRP-1. An overview of the
suggested mechanism is illustrated in Figure 7A—C.

Organ Distribution of Nanoconjugate Delivery in AD-
Tg Mice and Tumor Mice. The organ distribution of P/
LLL/AP2 in normal mice has been previously measured in the
organ extracts of normal mice, which had been sacrificed 120
min after tail vein injection of the rhodamine-labeled vector
conjugate.”” P/LLL/AP2/rh accumulated primarily in the
kidney and liver, and nanoconjugate fluorescence in the brain
was considerably less than in either of these organs.” We now
added measurements of whole organs and extracts for P/LLL/
AP2 in tumor mice, P/LLL/D3 in SXFAD mice, and P/LLL/
D1 and P/LLL/D3 in 2XTg-AD mice in Figure S7A,B.
Representative images of P/LLL/AP2 in tumor mice and P/

https://doi.org/10.1021/acsnano.1c10034
ACS Nano 2022, 16, 11815-11832


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c10034/suppl_file/nn1c10034_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10034?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10034?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10034?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10034?fig=fig6&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c10034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acsnano.org

A) LRP1/RAGE equilibrium in normal BBB, lower dose nanocarrier

Blood AB ?A
/ AB AB
?“ \ RAGE
LRP1 NC AB mediated BBB

crossing

Brain

AB complex AB %ﬁ AB
B) LRP1/RAGE equilibrium in ADtg BBB (RAGE upregulated), lower dose
nanocarrier  siood

?m AB ? AR Rage AP
LRP1 NC AB mediated BBB

AB crossing

AB Al AB
ABcomplex  AB AB AB f AB AB

Brain

C) LRP1/RAGE equilibrium in ADtg BBB (RAGE upregulated), higher dose
nanocarrier  giood

O % :?AB %}S‘&% /?A ?@ RAGE

AB  mediated BBB
crossing

LRP1 5 NC

. AB
Brain AB complex AB AB AB AB

Figure 7. RAGE-dysregulated A accumulation in AD-brain as a mechanism modulating the BBB-permeation of p-vector conjugates. (A) In
the normal brain, Af does not measurably interfere with D1- or D3-vector-dependent BBB-permeation. Influx and efflux of Af are stable,
and LRP1 is available to facilitate nanoconjugate transcytosis even at low doses. (B) In the brains of SXFAD-mice, Af levels are high in part
due to upregulated influx activity of RAGE. Af binds to a large fraction of p-vectors and leaves only a small fraction available for transcytosis.
In addition, Af binds to LRP1 and inhibits transcytosis through endothelial layer for BBB-permeation. (C) However, at an elevated dose of
2X, a significant, sharp increase in nanoconjugate permeation is seen (Figure SD,E). We hypothesize that in this case, inhibition by Af is
overcome now by amyloid scavenging through added surplus 2X p-vector-conjugate which now also assists refurbishing LRP1 to become
available for transcytosis.

LLL/D1 in 2XTg-AD mice are shown in Figure S7A. fluorescence intensity for tumor in the case of P/LLL/AP2
Quantification of the organs in Figure S7B revealed high accounting for 32% of the total in heart, kidneys, spleen, liver,
11825 https://doi.org/10.1021/acsnano.1¢10034
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lungs, and brain (Figure S7B-I). In SXFAD mice, the
fluorescence of P/LLL/D3 in the brain accounted for 5.1%,
while the major uptake was seen in the kidneys and to a lesser
extent in the liver (Figure S7B-II). A similar distribution was
seen in 2XTg-AD mice. P/LLL/D3 uptake in the brain was
4.5% of the organs in Figure S7B-III, while P/LLL/D1 uptake
in the brain was 4.25% in Figure S7B-IV.

Signatures of BBB Pathways in Normal, AD, and
Tumor Brain. A summary of signatures for BBB-permeation
in normal, brain tumor, and AD brains is illustrated in Figure 8.

A) Fluorescence intensity (permeation) in cortex of normal and 5XFAD mice at a dose of 2X
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B) Comparison of fluorescence intensity, cortex of normal brain (2X dose) and
glioblastoma (1X dose) — means after PBS subtraction
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Figure 8. Comparison of downregulated nanoconjugate perme-
ation in ADtg-brain with upregulated nanoconjugate permeation
in tumor and with low BBB permeation in normal mice. (A) BBB-
permeation efficacies (in terms of fluorescence intensity) in cortex
of ADtg-brain (SXFAD) at dose 2X is significantly reduced in
comparison with the cortex of the normal brain (BL/6 mice) for
P/LLL/AP2, P/LLL/D3, P/LLL/B6, and P/LLL(40%). (B)
Comparison of normal mice at a dose of 2X with tumor-bearing
mice at dose of 1X. Error bars represent SEM.

The efficacy at dose 2X is depicted for SXFAD ADtg mice and
normal mice in Figure 8A. The eflicacy for normal mice at dose
2X is displayed together with that of tumor-bearing mice at the
lower dose 1X in Figure 8B. By comparing details in the
chemical structure of P/LLL nanoconjugates and their BBB-
permeation efficacy in vivo, we propose general and specific
(signature) criteria in normal brain, ADtg brain, and tumor-
bearing brains. (1) The normal mouse brain serves as the
prototype BBB and the diseased brains as the abnormal

variants. The description of the LRP1- and TfR-pathways may
serve as an example of the receptor system located at the apical
and contralateral membrane surface of brain vascular
endothelia.””~'** The active carriers consist of the amphiphilic
platform P/LLL(40%) and the vectors AP2, D1, D3, M4, or
B6. The amphiphilic nanoconjugates bind to the membrane
surface at preferred sites before transcytosis. We hypothesize
that P/LLL(40%) attaches to membranes of endothelial cells,
which also expose the transcytosis receptors LRP1 and TiR.
After allosterically induced exposure of the receptor sites, the
specific vectors are complexed with high affinity, and specific
transcytosis is initiated. An example for membrane surface
binding has been reported for P/LLL(40%) before inducing
liposome leakage.””"’ Similarly, polymersomes have been
shown to attach to endothelial surface before binding to
LRP1.'>'%* (2) The induced allosteric change provides both a
sterically improved juxta-positioning and a high aflinity for the
formation of the vector—receptor complex. The observed
supra-linear dose dependence suggests that dose-dependent
occupation of LLL sites contributes a steric and energetic basis
for the vector—receptor permeation through the BBB. (3) In
ADtg-mice, RAGE receptor is upregulated, leading to
increased levels of Af which engage in complex formation
with LRP1 and inhibit the transcytosis of AP2-, D1-, and D3-
nanoconjugates. At a higher dose (~2X) of D3 or DI,
inhibition was ameliorated as the concentration of the
nanoconjugates surpasses the level of free and LRP1-bound
Ap. Scavenging by Af-vector complexation and dissociation of
ApB-LRP1 to yield free LRP1 gave rise to the abrupt increase in
the BBB permeation efficacy, which was observed for the p-
nanoconjugates.

Signatures by Ranking of P/LLL(40%)—Vector Con-
jugates. Normal and diseased brain including dysregulated
amyloid levels may afford distinct reactions with transcytosis-
active nanoconjugates to provide successful BBB delivery
including vector Af-scavenging. This may give rise to a ranking
in the performance of successful delivery (Table S4). The
hierarchy for the tumor in BL/6 mice at dose 1X indicates that
AP2-nanoconjugates have the highest permeability, also in
agreement with the efficacy displayed in the contralateral
hemisphere of tumor-bearing mice (Tables S3, S4, SS). The
efficacy ranking is similar for normal BL/6 mice at dose 2X and
also in the hierarchy for normal Balb/c mice™ at dose 1X
(Table S4). In contrast with the agreement at different doses
1X and 2X, the top position at dose 1X for normal BL/6 mice
is given to D1-conjugate (Table S4). The finding could suggest
that the hierarchy in the brain of the BL/6-tumor mouse at
dose 1X is similar to the hierarchy in normal Balb/c mice at
dose 1X. Because of vector-Af} scavenging, the top positions in
the hierarchy for SXFAD at dose 2X is shared between
conjugates of D3, D1, and AP2 (Table S4). In conclusion, the
hierarchy positions for AP2, D1, and D3 do not vary
significantly whether the brain is normal, tumor containing,
or AD-brain. A similar conclusion is obtained when
considering the positions of vector conjugates for M4 and
B6 following in positions after AP2, D1, and D3. Regarding
minor efficacy variations, ranking in the AD brain, the
dominant position is given to AP2 at low levels of conjugates;
however, it is given to D1 and D3 at dose 2X, which is
significant in the hippocampus, the epicenter of AD pathology.
The lack of LRP1-availability in the presence of high Af levels
should guide the choice of applied delivery vehicle.
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CONCLUSIONS

We have presented an extensive study of the ability of
nanoconjugates to cross the BBB in vitro and in vivo in mouse
models of normal (healthy) brains, AD-like brains, and tumor-
bearing brains. We employed a optical fluorescence micro-
scope analysis method to understand molecular mechanisms
that regulate cross talks between transcytosis pathways and
efficacy of BBB crossing, in vitro Transwell tests to identify
route-sharing by competition, factorial analysis to elucidate the
interplay of vectors when colocated on the same carrier
molecule, RNA-Seq analysis to strengthen the idea that
temporal gene expression can steer variants in ADtg mouse
models, and the awareness that dysregulated receptors because
of their cross-talks could be powerful game changers.

The results obtained for a multireactive site nanoconjugate
are highly significant in guiding the design of drug delivery to
the brain parenchyma. We have extensively characterized and
compared different vector-conjugates transported in different
BBB transcytosis pathways and their receptor-, dose-, and
location-dependent endothelial permeation efficacy. Based on
the results for brain in normal, AD models. and brain tumor of
mice, signature patterns were derived that distinguish vector
conjugates and different brain status. Qualitatively reprodu-
cible hierarchy arrays of shuttle peptide efficacy followed dose-
dependent patterns reflecting different brain status location
efficacies. The arrays can be useful as sensitive indicators of
receptors, permeation pathways, disease-dependent endothelial
structure, location, and indicators linking efficacy and brain
health status. In these regards, the signature data reflected
mechanisms of vector recognition by transcytosis receptors,
the influence of endothelial membrane binding, competition of
Af amyloid peptides, and the amphiphilic nature of the
nanopolymer portion of the vector conjugates.

In vitro BBB (Transwell) studies confirmed that P/LLL
nanoconjugates were contained during the experiment in all
endothelial cells consistent with the passage of the vectors
through the cells and not through paracellular tight junctions.
In vitro competition assays also indicated the involvement of
LAT-1 in the BBB-transfer mechanisms of D3 and AP2
peptides, and their competition with Af. Factorial analysis of
tumor brain tissue confirmed coupling between coligated AP2
and B6 vectors to enhance tumor selectivity. Coupling is also
indicated by our findings of supra-linear dose dependency for
normal brain,” AD-like brain, and tumor-bearing brains.
Evidently, factorial analysis can give consistent results when
applied to brain with different health status and in different
brain locations, and coupling reflects variation in vector
loading and dose dependence.

Normal brain status and different pathologies call for
different strategies regarding nanoconjugate composition and
systemic dosage. These findings may lead to a better and more
efficient design of nanomaterials aimed at the delivery of
therapeutic cargo to CNS targets under normal and
pathological conditions.

EXPERIMENTAL SECTION — MATERIALS AND
METHODS

Materials. Highly purified poly(f-L-malic acid) was prepared from
the culture broth of Physarum polycephalum as described.”® Custom-
made peptides Angiopep-2 (AP2) (TFFYGGSRGKRNNFKTEEYC-
NH,), D1 (gshyrhispaqvc), D3 (rprtrlhthrnrc), and ACI89 (pshyrh-
ispagkc) all with an additional cysteine group, Miniap-4 (H-
[Dap]KAPETALD-NH,, with external lactam-ring) and TfR-ligand

B6 (CGHKAKGPRK) were purchased from AnaSpec Inc. (Fremont,
CA, USA). The p-configured peptides are mirror-copies of L-peptides
identified previously via phage-display in a-p-amino acid config-
urations. Rhodamine-C2 was purchased from Fisher Scientific
(Hampton, NH, USA). Maleimide-PEG(3400)-maleimide and
maleimide-PEG(2000)-SCM were purchased from JenKem Technol-
ogy (Plano, TX, USA). DyLight488 tomato-lectin (DL-1174) was
purchased from Vector Laboratories, Burlingame, CA. Tri-Leucine
was ordered from Bachem Inc. (Torrance, CA, USA), while Af;_,,
DCC, NHS, TFA, MEA, and DTT were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Sephadex G-75 resin and PD-10
columns were purchased from GE Healthcare (Chicago, IL, USA).
Vivaspin centrifuge filter tubes were purchased from Sartorius
(Stonehouse, UK). PMLA/LLL(40%)/MEA(10%) (“PMLA pre-
conjugate”), peptide-PEG3400-maleimide, and peptide-PEG2000-
maleimide were synthesized as described pereviously.** For Transwell
competition assays, JPH203 (Cy3H;,CL,N;0,; purity >98% by NMR,
ChemScene, NJ, USA) was dissolved in DMSO to 10 mM and diluted
to 10 uM in cell differentiation medium. Human Af,_,, (>90% by
HPLC; Sigma-Aldrich) was dissolved in calcium-free and magnesium-
free sterile DPBS to form a stock solution of 1 mg/mL. hCMEC/D3
(Human Cerebral Microvascular Endothelial Cells, Clone D3) were
purchased from Cedar Lane Laboratories (NC, USA, catalog #
CLUS12). PMLA-vector conjugates were nontoxic to mice and
Cynomolgus macaques chimpanzee.

General S(}mthesis of PMLA/LLL(40%)/Peptide(2%)/Rhod-
amine(1%).%? Four milligrams (15 pmol) of preconjugate monomer,
PMLA/LLL(40%)/MEA(10%)* (260 g/mol) were dissolved in 800
HL of phosphate buffer pH 6.3 and placed in a glass vial with a
magnetic stirrer at ambient temperature. In order to achieve 2%
loading, 1.78 mg of Angiopep-2-PEG3400-maleimide (5803 g/mol),
1.68 mg of ACI89-PEG3400-maleimide (4923g/mol), 1.58 mg D3-
PEG3400-maleimide (5103 g/mol), 1.67 mg D1-PEG3400-maleimide
(4925 g/mol), 1.33 mg of B6-PEG3400-maleimide (4480 g/mol), or
0.86 mg M4-PEG2000-maleimide (2796 g/mol) were dissolved in
phosphate buffer pH 6.3 to a concentration of 10 mg/mL and were
added dropwise to the reaction mixture. After 1 h, reactions were
completed as monitored using SEC-HPLC (220 nm wavelength).
Rhodamine-maleimide (0.104 mg for 1% loading, 680.79 g/mol,
0.149 pmol, 52 uL of 2 mg/mL solution in DMF) was loaded forming
thioethers with the PMLA platform at pendant MEA-SH. The
reaction was conducted in the dark and was monitored using SEC-
HPLC. The number of loaded dye molecules was determined via
rhodamine absorbance in the PMLA conjugate elution peak. After
stirring for a further 1-2 h, 10 mg of N-ethylmaleimide in 50 uL of
DMF were added to cap the free SH groups. Nanoconjugates were
purified over a PD-10 column using distilled water lyophilized and
stored at —20 °C. In the following, chemical formulas were simplified
by omitting the symbols representing rhodamine and percent
loadings.

Details on materials and on biological methods are presented at the
end of the article and in Supporting Information. Nanoconjugate
characterization*’ including chemical nomenclature, SEC-HPLC
retention times, calculated molecular weight, and { potential is listed
in Table S1. The negative { potential of the nanoconjugates rangin%
from —5.5 to —11.6 mV were in the range suitable for crossing BBB.’
The hydrodynamic diameters were consistently below 7 nm as
previously published.*”

In Vitro (Transwell) BBB Permeability of Vectors. Concen-
tration of nanoconjugates in the apical compartment was 4.55 uM,
corresponding to 0.7 M in the blood of mice injected in dose 0.125X
(see definition in Table S2). Apical concentrations of the inhibitors
were 10 uM of JPH203, 10 uM of AP2, and 0.219 ng/mL of A
peptide (mimicking the peptide levels in healthy blood).”” The
basolateral concentration of Af peptide was 9.8 ng/mL.>* Samples
were taken at multiple time points until 3 h from the addition of
nanoconjugates, and fluorescence was measured to calculate
endothelial permeability. The permeation of P/LLL/D3, P/LLL/
AP2, and P/LLL(40%) through the human brain microvascular
endothelial cell monolayer was tested in the presence of the inhibitors.
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Analysis confirmed that TJ proteins remained intact, as indicated by
the maintenance of trans-endothelial electric resistance (TEER)
(Supporting Information Figure S3). The MTS assay at nano-
conjugate concentrations of 9.1, 18.2, and 36.4 uM (6.7-fold above
the blood levels after in vivo injection of doses 0.25X, 0.5X, and 1X in
Table S2) showed that none of the nanoconjugates significantly
decreased cell viability in the presence of the in vivo equivalent of 1X
dosage.

Mouse In Vivo BBB Permeability of Vector Nanoconjugates.
We tested the P/LLL(40%) nanoconjugates of vectors D1, D3, and
ACI-89. Healthy mice C57BL/6] (BL/6), AD-mouse models, or a
Glioma mouse model were tested. After IV injection of 1X dose of
conjugates (dose as defined in Table S2), mice were euthanized 120
min post injection. Under the morphological analyses, brain slices
displayed at variable times the red fluorescence of the vector
conjugates appearing around microvasculature at distinct locations in
the brain parenchyma (Figure 1A). After color conversion into gray
scale, which improved the sensitivity and accuracy of regions of
interest, fluorescence intensities were measured (ROIs, Figure 1A,
yellow rectangles), thereby carefully excluding damaged vascular and
pre-existing1 ggl?gsd particulates known as lipofuscin, a waste deposit
in neurons. "

Animal Procedures. Details for hosting normal mice, AD mouse
models, glioblastoma mouse models are presented in Supporting
Information.

Intravenous Animal Injections. Nanoconjugates were injected
into tail veins of 11-week-old C57BL/6] (BL/6)-mice with intra-
cranial glioblastoma, cell line GL261. Injections followed the details
described above for normal mice and ADtg-mice. After injection, mice
were promptly returned to their cages. At fixed times 15 min before
euthanasia, mice were injected with a mix of 75 L Tomato Lectin
(DyLight 488 Lycopersicon esculentum (Tomato) Lectin, catalog # DL-
1174 Vector laboratories, 1 mg/mL) and 50 uL Ricin Lectin
(Fluorescein Ricinus communis Agglutinin I (RCA 120), catalog # FL-
1081 Vector laboratories, S mg/mL) to label vessels in tumor and
brain. Mice were then anesthetized and euthanized by cervical
dislocation followed by decapitation at 2 h or any selected time after
the injection of nanoconjugates. Brains were collected, saved in OCT,
and used for optical analysis.

Image Acquisition and Optical Analysis. Imaging and optical
analysis were performed with a Lecia DM 6000B epifluorescence
microscope (Leica Microsystems, Wetzlar, Germany). Rhodamine-
labeled nanoconjugates were visualized with a 534—558 nm excitation
and 560—640 nm emission filter set, viewed with a 20X Leica HC
Plan Apo 0.70 N.A. and a 40X Leica HCX Plan Apo 0.85 N.A. lens,
and recorded with a Leica DFC 360 FX camera. The camera was
controlled with Leica LAS X software, and images were acquired with
4.0 s + 2.0 gain exposures with the 20X and 40X lenses. These
parameters were held constant to enable image-to-image comparisons
across specimens.

Optical imaging data analysis was performed with Image] FIJI
software. To determine if our nanoconjugates entered the brain
parenchyma, we performed an image intensity analysis in regions
apart from vasculature (see yellow boxes in Figure 1A). In this
analysis, 10 X 10 mm” sized regions of interest (ROI) were randomly
overlaid on images showing the vasculature, avoiding blood vessels, to
avoid bias in data collection. Our statistical analysis rests on at least n
= 3 animals for each group of experiments, at least n = 3 images from
each brain section, and at least 20 ROI were measured on each image,
which provides 180 readings per brain region. Overall levels of
nanoconjugate labeling are shown as means and standard error of the
mean for 20 measurements from separate images of the hippocampal
CA1-3 layers, layers II/III of the somatosensory or visual cortices,
and the superior and inferior midbrain colliculi in normal and ADtg
mice. Data plots and statistical analysis were conducted in Prism or in
Minitab. Unless indicated otherwise, fluorescence measurements were
compared via one-way ANOVA combined with pairwise post-hoc
comparisons of individual data points; exact parameters and tests are
indicated for each result. Statistical significance is indicated as follows:
* = p < 0.01, ¥* = p < 0.001, and *** = p < 0.0001.

Organ Biodistribution of PMLA-Vectors by Fluorescence
Imaging of Organs at 120 min post IV Injection. Fluorescence of
major organs brain, heart, kidney, and organs of RES (liver, spleen,
and lung) was measured at 120 min after IV injection of fluorescence-
labeled agents. The analysis was performed using an IVIS Lumina XR
Optical Imaging System (PerkinElmer, Richmond, CA, USA) using
DsRed filter sets.”” Organ and brain fluorescence were simultaneously
measured in all tissue samples from each experiment to attain
consistent imaging parameters. Imaging and comparison of whole
organs refer to authentic mice.

Factorial Study Analysis. The multivariable BBB permeation
study of P/LLL/AP2 in tumor-bearing brains (Case 1. Single vector),
in comparison with P/LLL/AP2/B6 at varied dosage (Case 2.
Coligated vectors AP2 and B6 tested in tumor and normal brain of the
same animal) was studied by Factorial Study Analysis.””~"’
Fluorescence-labeled permeation into the tumor (response T), into
the nontumor brain (NT), and the tumor selectivity (response T/
NT) were the measured parameters. (For DoE, Design of Experiment,
see Supporting Information). For Table 2 and Figure 4 see main text.
For Table S3 and Figure SS, see Supporting Information.

The experimental DoE-matrices containing factors were “the vector
peptide AP2 loading”, “Dose X”, and the response “Fluorescence
Intensity” for both tumor and nontumor brain and the tumor
“Selectivity”. The AP2-matrix for experiments with P/LLL/AP2 and
the combined matrix for experiments with p/LLL/AP2/B6, which
loaded both the vector AP2 of the LRP-1 transcytosis and B6 of the
TfR-transcytosis pathway, can be seen in Table 2. Each matrix also
contained a “center-point”: in the AP2-matrix, fluorescence intensity
and selectivity were given for P/LLL/AP2(1%) at a dose of 0.625X
(Table 2A). In the combined matrix, responses were measured for P/
LLL/B6(1%)/AP2(1%) at the dose 0.625X (Table 2B). The DoE
software generated several plots: a “contour”-plot (Figure 4), a
“significance”-plot (“Pareto chart of the Standardized Effects”, Figures
S6B1,B2), and an “interaction”-plot (Figures S6C1,C2). In the
contour plots (Figure 4), values of selectivity (T/NB see also Table
S3) is coded in different shades of blue.

RNA-Seq Analysis. Brains of triple transgenic (3xTg, Tg-
(APPSwe,tauP301L)1Lfa), Jackson laboratories) AD mice (S were
compared at 5 months old and 8 months old. Brains were rapidly
removed following euthanasia at defined ages. Total RNA was
extracted from mouse brains via TRIzol extraction (Invitrogen,
Carlsbad, CA). The concentration of RNA was determined by
NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies,
Wilmington, DE) using 260/280 nm ratios (>1.8) to assess sample
purity. Total RNA integrity was determined with the Agilent 2100
Bioanalyzer system (Agilent Technologies, Palo Alto, CA) and only
samples with an RNA integrity number (RIN) > 8 were used for
RNA-Seq. RNA-Seq was completed at the UCLA Technology Center
for Genomics & Bioinformatics. Libraries for RNA-Seq were prepared
with a KAPA Stranded RNA-Seq Kit. The workflow consists of mRNA
enrichment, cDNA generation, and end repair to generate blunt ends,
A-tailing, adaptor ligation, and PCR amplification. Different adaptors
were used for multiplexing samples in one lane. Sequencing was
performed on Illumina Hiseq3000 for a single 50 run read. Data
quality check was done on Illumina SAV. Demultiplexing was
performed with the Illumina Bcl2fastq2 v 2.17 program. The reads
were first mapped to the latest UCSC transcript set using Bowtie2
version 2.1.0, and the gene expression level was estimated using
RSEM v1.2.15. Quality control of data was done using MultiQC v1.4.

Network retrieval was done using Cytoscape 3.8 software, using the
STRING database for Mus muculus. Heat maps were generated using
Prism. Statistical analysis was carried out pairwise with multiple ¢ tests,
two-stage linear step-up procedure of Benjamini, Krieger, and
Yekutieli.
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procedures for chemistry, in vitro and in vivo procedures
such as Transwell permeation and competition experi-
ments, optical imaging of organs after injection for
biodistribution, factorial analysis, nomenclature, struc-
ture, and physical properties of nano conjugates,
including tables and figures (PDF)
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