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The blood-brain barrier (BBB) prevents effective delivery of most therapeutic agents to
the brain. Intra-arterial (IA) infusion of hyperosmotic mannitol has been widely used to
open the BBB and improve parenchymal targeting, but the extent of BBB disruption
has varied widely with therapeutic outcomes often being unpredictable. In this work, we
show that real-time MRI can enable fine-tuning of the infusion rate to adjust and predict
effective and local brain perfusion in mice, and thereby can be allowed for achieving
the targeted and localized BBB opening (BBBO). Both the reproducibility and safety are
validated by MRI and histology. The reliable and reproducible BBBO we developed in
mice will allow cost-effective studies on the biology of the BBB and drug delivery to the
brain. In addition, the IA route for BBBO also permits subsequent IA delivery of a specific
drug during the same procedure and obtains high targeting efficiency of the therapeutic
agent in the targeted tissue, which has great potential for future clinical translation in
neuro-oncology, regenerative medicine and other neurological applications.

Keywords: blood brain barrier, intra-arterial, mannitol, MRI, mouse model

INTRODUCTION

The treatment efficacy for many central nervous system (CNS) diseases is hindered by limited
access to therapeutic agents. The poor drug penetration is mainly caused by the blood-brain barrier
(BBB), which sequesters the CNS from the systemic circulation. As a consequence, more than
98% of the pharmaceutical agents do not enter the brain after intravascular delivery (1-3). Thus,
strategies are needed that will safely and efficiently disrupt the BBB. Intra-arterial (IA) mannitol
followed by the infusion of therapeutic agents, including chemotherapeutics, gene vectors, and
stem cells, has been the primary method by which therapeutics have been delivered across a
disrupted BBB for several decades, both in preclinical models and in clinical studies (4-8). However,
osmotic BBB opening (BBBO) proved highly variable and inconsistent (9), as it is affected by
multiple factors, including the mannitol dose, injection speed, vascular anatomy, and cerebral
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hemodynamics (10). This complexity and the inconsistent
outcomes have resulted in highly variable published protocols
(11-14).

The vast majority of previous preclinical reports on BBBO
used rats or larger animals, because of the technical challenges
that are encountered in mice. Our motivation to establish a
reliable and safe protocol for BBBO in mice was that mice are low
cost and are used for the majority of disease modeling studies.
There is also an abundance of transgenic mice, indispensable for
gaining insights into a variety of disorders (15, 16). Furthermore,
our previous IA injection experiments in several species (10,
17-19) have shown the value and importance of monitoring
local trans-catheter perfusion with MRI, allowing real-time
adjustment of infusion parameters for precise and predictable
BBBO and/or delivery of therapeutic agents at physiologically
relevant, non-damaging infusion rates. We report here on a safe
and reproducible technique to disrupt the local BBB in mice
under the guidance of interventional MRI. We believe that, with
our approach, the method to achieve BBBO can be reconsidered
and can be re-established as a precise and effective technique that
can facilitate drug delivery to the brain.

MATERIALS AND METHODS

Anesthesia and Carotid Artery

Catheterization

All procedures were approved by The Johns Hopkins Animal
Care and Use Committee. Male SCID mice (6-8 weeks old, 20~
25g, Jackson Laboratory) were anesthetized with 2% isoflurane.
The common carotid artery (CCA) bifurcation was exposed
and the occipital artery branching off from the external carotid
artery (ECA) was coagulated. The ECA and the pterygopalatine
artery (PPA) were temporarily ligated with 4-0 silk sutures. A
temporary ligature using a 4-0 suture was placed on the carotid
bifurcation and the proximal CCA was permanently ligated.
A microcatheter (PE-8-100, SAI Infusion Technologies) was
flushed with 2% heparin (1,000 units per ml, heparin sodium,
Upjohn), inserted into the CCA via a small arteriotomy and
advanced into the internal carotid artery. Before cannulation, a
droplet of glue was added to the outer surface of the catheter to
tightly ligate the catheter to the vessel.

Interventional MRI

The mice with a secured intra-arterial catheter were positioned in
a Bruker 11.7T MRI scanner. Baseline T2 (TR/TE = 2,500/30 ms)
and T1 (TR/TE 350/6.7 ms)-weighted and dynamic Gradient
echo-echo planar imaging (GE-EPI, TR/TE 1250/9.7 ms, field
of view (FOV) = 14, matrix = 128, acquisition time = 60s
and 24 repetitions) images of the brain were acquired. A
superparamagnetic iron oxide (SPIO) nanoparticle formulation
(Feridex ~, dissolved in saline at 1:30; 0.3 mg Fe/ml) was infused
intra-arterially at rates between 0.05 and 0.20 ml/min under
dynamic GE-EPI MRI to predict perfusion territory and optimize
that territory to the desired size and location. An infusion
pump (PHD 2000, Harvard Apparatus Inc.) was used to control
SPIO administration. The routine was to start injections from
the lowest speed, and then increase it at increments of 0.05

ml/min until an effective perfusion area was achieved. Then,
25% mannitol was delivered via an IA route over 1min at
a speed determined by previous contrast agent injection. Five
minutes after mannitol injection, mice received 0.07ml of
gadolinium (Gadoteridol, 279.3 mg/mL) intraperitoneally. T1-
weighted images were obtained post-gadolinium to visualize BBB
integrity (20).

Histological Validation of BBBO

For histological evaluation of BBBO, 0.1 ml of IA 2% w/v Evans
blue (EB) or rhodamine red (I mmol/l) were subsequently
administrated intra-arterially at the same rate as mannitol.
The brains were harvested right after injection and without
perfusion to avoid the clearance of the both imaging agents. For
EB verification, frozen coronal brain slabs (1-mm) were sliced
on a cryostat. For the detection of rhodamine, the brain was
cryosectioned at 30 um and fluorescent images of rhodamine
biodistribution were acquired.

Immunohistochemistry to Evaluate the
Safety of BBBO

Seven days after BBBO, animals were transcardially perfused
with Five percent sucrose and then with Four percent
paraformaldehyde. The brains were cryopreserved in 30%
sucrose and cryosectioned at 30-wm. Primary antibodies and
dilutions were used as follows: anti-GFAP (1:250, Dako); anti-
Ibal (1:250, Wako); and anti-NeuN (1:100, Cell Signaling
Technology). The secondary antibody was goat anti-rabbit (Alexa
Fluor-488, 1:200, Molecular Probes).

Image Processing and Statistical Analysis
Quantitation of immunohistochemistry results was based on
relative fluorescence using Image J and analyzed with Mann-
Whitney U-test. While stereology is more accurate and
appropriate when absolute cell numbers are essential, in case of
microglial or astrocytic activation both cell number and signal
intensity are relevant, thus we measured relative fluorescence.
The MRI analysis of the change in area of the SPIO perfusion
territory and Gd-enhancement for each mouse was calculated
by a custom-written script in MATLAB and also analyzed
with Mann-Whitney U-test. A Pearson correlation coefficient
comparing the above-mentioned areas was calculated using
GraphPad software.

RESULTS

Real-Time MRI for Prediction of
Trans-catheter Perfusion Territory Using
SPIO

The infusion of SPIO results in a drop of T2* hypointensity on
MRI, which immediately clears once the infusion is stopped.
This T2* hypointensity in the brain can be sampled by GE-
EPI at a temporal resolution of 2 images each second, which
allows precise temporo-spatial visualization of the parenchymal
perfusion territory. Initially, our transcatheter SPIO contrast
delivery was set at 0.05 ml/min, and in those animals in
which no drop of T2* intensity was observed, we increased
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the speed at increments 0.05 ml/min, until the contrast agent
appeared on real-time MRI. There was no need to increase
the speed over 0.15 ml/min, which resulted in satisfactory and
reproducible brain perfusion, as visualized by a characteristic
reduction in signal intensity for the duration of the injection
bolus (Figures 1a,b). Notably, increasing the infusion speed
to 0.2 ml/min resulted in delayed brain injury, as shown by
an abnormal signal on T2-weighted images and pathological
changes on histology (Supplemental Figure 1). In addition, the
injection rate for a satisfactory perfusion territory varied among

mice, necessitating the titration of the injection speed for each
animal.

Real-Time MRI for Precise and Local
BBBO Using Mannitol

Immediately after the optimal infusion rate was determined for
a particular mouse using SPIO, IA mannitol was infused at that
rate for 1 min. To clearly present the MRI images, the signal
change maps of SPIO-perfusion and Gd-contrast enhancement

indicated by the white square in (I) following mannitol injection.

FIGURE 1 | Real-time MRI to predict BBBO territory and histological validation. (a) Representative T2* images before, 34, and 72 s after infusion of SPIO at a rate of
0.15 ml/min. (b) Dynamic signal changes of the two ROIs marked in (a). (c) Contrast enhancement map at 34 s after SPIO infusion. (d) Histogram analysis of pixel
intensities in (c), showing two Gaussian distributions (red lines). Blue arrow points to where a cut-off of—53.9% was applied to separate the two distributions. (e)
Segmented map shows the area where the relative signal change was smaller than —53.9%. (f) Contrast enhancement map, (g) histogram analysis, and (h)
segmented map (AS% > 31.4) at 5 min after i.p. injection of Gd. (i) Bar graph and (j) correlation analysis of the BBBO territory predicted by SPIO and that assessed
using Gd (n = 4, mean + SD). The histological analyses show the region with extravasation of Evans blue (k) and rhodamine (l, m); (m) shows the zoomed-in area
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(Gd-CE) were calculated first (Figures 1c,f). As a consequence,
such an approach resulted in an effective BBBO as reflected
by gadolinium enhancement on the T1-weighted scan, which
showed hyperintensity in the region previously highlighted by
the contrast infusion (Figures 1c,f). The correlation between
the SPIO-perfusion (Figure 1c) and Gd-CE (Figure 1f) MRI
was determined. The histograms were drawn and fitted into
two Gaussian distributions (Figures 1d,g). The values that
corresponded to the minimal overlap between the two Gaussian
functions were chosen to be the threshold that separated the
pixels with a significant signal change. Using these determined
thresholds, the areas with a significant signal change were
determined (Figures 1e,h). For the four mice studied, the SPIO
perfusion MRI showed an average signal change area of 26.00
+ 5.60%, while Gd-CE showed an average signal change area
of 26.52 & 5.33%, which was not significantly different (P
= 0.829, Figure 1i). A good correlation was shown between
these two methods (r = 0.937, R*> = 0.879, Figure 1j). This
indicated a successful BBBO by IA mannitol, as predicted
by the perfusion pre-scan. Furthermore, the histopathological
validation using Evans Blue, which is a gold standard for BBB
assessment and rhodamine, which was used as a surrogate marker
of therapeutic agents, demonstrated a pattern of extravasation
that was consistent with MRI (Figures 1k-m).

Safety and Long-Term Consequences of IA
Mannitol-Induced BBBO

To assess the safety of our BBBO protocol, mice were assessed
for neurological and MRI sequelae. Three days after BBBO,

MRI showed neither T2 abnormalities nor T1 Gd-enhancement
(Figure 2a), indicating that the procedure was safe and that the
BBB breach was transient, and did not cause permanent brain
damage. Histology confirmed these observations with GFAP
and IBA-1 staining 7 days post BBBO, in which there was no
elevated astrocytic or microglia activation in the BBBO region,
as measured by fluorescence intensity. There was no statistically
significant difference in fluorescence intensity between the
targeted region and the contralateral hemisphere (P = 0.571, P =
0.093; Figures 2b,c). Similarly, there was no evidence of neuronal
damage based on NeuN staining (P = 0.331, Figure 2d).

DISCUSSION

The overall goal of BBBO is to maximize CNS targeting of the
therapeutic agent while minimizing systemic toxicity. Various
methods and drugs have been developed to induce transient
permeabilization of the BBB, with IA mannitol-mediated osmotic
disruption being the most frequently used procedure in both
preclinical and clinical studies (7, 8, 21). Although osmotic BBBO
has been an established method for decades, the parameters
for inducing BBBO are highly variable and inconsistent. The
infusion speed, in particular, is one of the most critical parameters
in small animals and many published reports recommend an
infusion that highly exceeds the physiological perfusion rate in
the carotid artery, leading to brain damage (17, 22, 23). For
example, in different preclinical studies, the infusion velocity
of mannitol into the carotid artery for some rat studies was
as low as 3.0 ml/min (14) or as high as 7.2 ml/min (13).

indicating no inflammation and no neuronal loss after BBBO.

FIGURE 2 | MRI and histological assessment post-BBBO. (a) T2-weighted, pre-Gd, and post-Gd images 3 days after BBBO showed no sign of brain damage. No
Gd-CE could be observed in the brain, suggesting that the BBB was resealed. Fluorescent staining of the BBBO region with GFAP (b), Iba1 (c), and NeuN (d)
revealed comparable intensity between the ipsilateral and the contralateral hemisphere (2 ROls/hemisphere as represented in lower magnification, n = 4, mean + SD)
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Similarly, one mouse BBBO study reported that the procedure
was performed with an IA infusion at a very high rate of
1.0 ml/min (6), which, in addition to the effect of mannitol,
would likely have a direct damaging effect on the BBB. In
that study, the PPA was not ligated, which might have added
variability to the procedure, as the majority of the flow might
be through the PPA and not the ICA (24). Indeed, we have
shown that IA infusion into the rat internal carotid artery at
rates exceeding 0.9 ml/min is damaging and results in scattered
white matter hyperintensities (17). Here, we also found severe
damage when the speed reached 0.2 ml/min indicating fine
balance effective BBBO and damage. We also believe that PPA
obstruction is necessary to route the entire contrast agent and
mannitol volume to the cerebral arteries. Thus, we exploited
dynamic susceptibility contrast MRI for perfusion prediction
prior to BBBO. We escalated the rate from a low speed, increasing
in 0.05 ml/min increments until the desired perfusion territory
was reached. The extravasation of rhodamine and Evans blue
corroborated the efficacy of BBBO, therefore suggesting that
TA mannitol-mediated local BBBO is predictable and can be
targeted to a specific region. The IA route for BBBO also
allows immediate IA delivery of a specific drug during the same
procedure, thus providing a “one-stop-shop” and improving the
probability to achieve an adequate therapeutic concentration.
Finally, SPIO in our study has been used at about 0.6 mg/kg
which is similar to the dose previously used in patients (25).
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Abstract

Introduction We have recently shown that intracerebral delivery of an anti-VEGF monoclonal antibody bevacizumab using an
intra-arterial (IA) infusion is more effective than intravenous administration. While antibodies are quickly emerging as thera-
peutics, their disadvantages such as large size, production logistics and immunogenicity motivate search for alternatives. Thus we
have studied brain uptake of nanobodies and polyamidoamine (PAMAM) dendrimers.

Methods Nanobodies were conjugated with deferoxamine (DFO) to generate NB(DFO),. Generation-4 PAMAM
dendrimers were conjugated with DFO, and subsequently primary amines were capped with butane-1,2-diol functional-
ities to generate G4(DFO);(Bdiol);;o. Resulting conjugates were radiolabeled with zirconium-89. Brain uptake of
897rNB(DFO), and ¥ZrG4(DFO);(Bdiol); o upon carotid artery vs tail vein infusions with intact BBB or osmotic
blood-brain barrier opening (OBBBO) with mannitol in mice was monitored by dynamic positron emission tomography
(PET) over 30 min to assess brain uptake and clearance, followed by whole-body PET-CT (computed tomography)
imaging at 1 h and 24 h post-infusion (pi). Imaging results were subsequently validated by ex-vivo biodistribution.
Results Intravenous administration of *ZrNB(DFO), and %°ZrG4(DFO);(Bdiol); ;, resulted in their negligible brain accumula-
tion regardless of BBB status and timing of OBBBO. Intra-arterial (IA) administration of 89ZrNB(DF 0), dramatically increased
its brain uptake, which was further potentiated with prior OBBBO. Half of the initial brain uptake was retained after 24 h. In
contrast, IA infusion of **ZrG4(DFO);(Bdiol); o resulted in poor initial accumulation in the brain, with complete clearance
within 1 h of administration. Ex-vivo biodistribution results reflected those on PET-CT.

Conclusions TA delivery of nanobodies might be an attractive therapeutic platform for CNS disorders where prolonged intracra-
nial retention is necessary.
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Introduction

Neurological disorders and cerebral malignancies contin-
ue to be a significant burden to the society, in part due to
the blood-brain barrier (BBB), which limits access for
most drugs circulating in the blood, precluding them from
reaching therapeutic concentrations in the central nervous
system (CNS) [1]. Importantly, another relevant function
of BBB is active efflux of molecules from the CNS [2].
Therefore, parenchymal accumulation of neurotherapeutic
agents is contingent upon both penetration to the CNS and
circumvention of clearance by the BBB. There are several
methods to increase permeability and drug transport
across the BBB; however, strategies to overcome drug
clearance by BBB are less explored [3]. Low molecular
weight and lipophilic molecules have been considered as
most suitable for therapy of CNS disorders [4]; however,
they have fallen short, necessitating alternative
approaches.

Advances in biotechnology enable efficient and cost-
effective design of macromolecules including antibodies,
nanobodies, fusion proteins, and synthetic nanoparticles.
Such scaffolds can be designed with high affinity and
specificity for safe engagement of certain molecular tar-
gets [5]. These advances can also be applied to CNS ther-
apeutics. We have recently shown that systemically in-
fused anti-VEGF monoclonal antibody (bevacizumab)
failed to accumulate in the brain, even upon osmotic
blood-brain barrier opening (OBBBO) [6]. Transporter-
based delivery of intravenously (IV)-administrated anti-
bodies to the brain increased their uptake by an order of
magnitude [7]. Intra-arterial (IA) delivery of
bevacizumab, however, resulted in significant accumula-
tion in the brain as measured by positron emission tomog-
raphy (PET) (~10% of injected dose per cubic centimeter
of tissue, %ID/cc), which was further increased by
OBBBO to ~25 %ID/cc, several orders of magnitude
higher than for systemic (IV) delivery [6]. Importantly,
retention of bevacizumab in the brain after 24 h was high,
which makes IA delivery of antibodies an attractive strat-
egy, especially as the precision of endovascular infusions
has been significantly improved by real-time guidance
through magnetic resonance imaging (MRI) [8, 9]. We
have recently applied this approach clinically in a patient
with aggressive recurrent glioblastoma multiforme, and
IA injection of bevacizumab, which resulted in a rapid
therapeutic response [10].

While antibodies are quickly emerging as therapeutic
agents, and demonstrated efficacy of their IA delivery to
the CNS is an important step towards treatment of neuro-
logical disorders and CNS malignancies, they are plagued
with several disadvantages including relatively complex
production, high cost, and immunogenicity. Accordingly,

there is growing interest in nanobodies as therapeutic
agents and dendrimers as drug nanocarriers. Nanobodies
are derived from naturally occurring heavy chain antibod-
ies in camelids. They are one-tenth (~15 kDa) of the size
of monoclonal antibodies. The small size of nanobodies
has several advantages such as easy in-vitro production,
lack of immune recognition, high affinity to molecular
targets, and improved permeability across biological bar-
riers [11, 12]. Furthermore, nanobody cDNAs are routine-
ly produced, which opens opportunities for derivatization
with fluorophores or anti-cancer therapeutics.
Polyamidoamine (PAMAM) dendrimers are quickly
emerging as a versatile nanoplatform for selective drug
delivery due to their unique physicochemical properties,
including small size, large number of reactive terminal
groups that can be readily modified with different func-
tionalities, bulky interior void volume, and biocompatibil-
ity [13, 14]. There have been reports of PAMAM
dendrimers that cross the BBB upon IV administration,
and their selective uptake by activated microglia in an
experimental model of cerebral palsy [15, 16]. Another
report involves accumulation of dendrimers within intra-
cranial tumor-associated macrophages in a rodent model
of gliosarcoma [17]. A generation-4 PAMAM dendrimer
has a similar size to a nanobody and has the further ad-
vantage of capacity for conjugation with various function-
alities, including ligands for molecular targets, imaging-
radio-, chemo-, and immunotherapeutic agents [18].
Potential benefits of IA delivery of nanobodies and
dendrimers over IV administration have not been assessed
until now. Here, we measure the ability for nanobodies
and generation-4 PAMAM hydroxy terminated
dendrimers to penetrate and clear from the CNS using
PET. In our study, neither nanobody nor dendrimer have
specific targets in the brain, to provide basal kinetics for
future studies with brain-targeted molecules and molecu-
lar targets in specific neurological diseases.

Materials

All chemicals were purchased from Sigma—Aldrich
(Milwaukee, WI, USA) or Fisher Scientific (Tewksbury,
MA, USA) unless otherwise specified. Ethylenediamine core
amine-terminated generation-4 poly(amidoamine dendrimer)
[G4(NH,)e4] was acquired from Dendritech (Midland, MI,
USA). 82Zr(C,04), (t;;2=78.4 h) and 1-(4-
isothiocyanatophenyl)-3-[6,17-dihydroxy-7,10,18,21-
tetraoxo-27-(N-acetylhydroxylamino)-6,11,17,22-
tetraazaheptaeicosine] thiourea (p-SCN-Bn-DFO, Cat. #
B-705) were obtained from Washington University (St.
Louis, MO, USA) and Macrocyclics (Plano, TX, USA),
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respectively. All reagents and solvents were used as received
without further purification.

Nanobody

Gelsolin nanobody 11 (NB11), cloned in the pHENG6c vector,
was purified from WK6 cells as described previously [19].
Briefly, competent WK6 cells were transformed with the plas-
mid and grown at 37 °C in TB medium with 100 pg/ml am-
picillin until the ODgg reached 0.60—0.80. Then temperature
was set to 20 °C and nanobody expression was induced by the
addition of 0.5 mM IPTG. After overnight induction, bacterial
cultures were pelleted by centrifugation at 11,000xg for
20 min at 4 °C. Cells were resuspended in a small volume of
phosphate-buffered saline (PBS), and 0.2 mg/ml lysozyme
was added. Lysis proceeded during 30 min rotation at room
temperature. This suspension was then sonicated (Vibracell,
Sonics and Materials, Newtown, CT, USA) and centrifuged
again (~29,000xg) for 30 min at 4 °C to obtain the bacterial
protein lysate. The Hisg¢-tagged nanobody was purified by
Immobilized metal ion affinity chromatography (IMAC) on
a Ni** column and eluted with 500 mM imidazole. Finally,
nanobody 11 was purified to homogeneity by gel filtration
chromatography on a Superdex 200 HR 10/30 column (GE
Healthcare, Diegem, Belgium), equilibrated in 20 mM
Tris.HC1 pH 7.5, 150 mM NacCl, 1 mM DTT. Composition
of NB11: Ala (11, 8.6%), Arg (9, 7.0%), Asn (4, 3.1%), Asp
9, 7.0%), Cys (2, 1.6%), Gln (9, 7.0%), Glu (3, 2.3%), Gly
(14, 10.9%), His (1, 0.8%), Ile (2, 1.6%), Leu (7, 5.5%), Lys
(4, 3.1%), Met (3, 2.3%), Phe (5, 3.9%), Pro (4, 3.1%), Ser
(16, 12.5%), Thr (9, 7.0%), Trp (2, 1.6%), Tyr (5, 3.9%), Val
(9, 7.0%). Physicochemical properties: total number of nega-
tively charged residues (Asp + Glu) 12, total number of pos-
itively charged residues (Arg + Lys) 13, grand average of
hydropathicity (GRAVY) 0.534, aliphatic index 56.41.
Biological properties: the estimated half-life 30 h (mammalian
reticulocytes, in vitro), > 20 h (yeast, in vivo), > 10 h
(Escherichia coli, in vivo).

Synthesis of NB(DFO),

For conjugation of DFO with nanobody, storage buffer was
replaced with saline using ultrafiltration with Millipore
Amicon Ultra Centrifugal Filters 3000 Da molecular weight
cut-off MWCO, Millipore Sigma, cat #: UFC80030) and pH
was adjusted to 9 with a small amount of 2 M Na,COj3 solu-
tion. Then five-fold molar equivalent of SCN-Bn-DFO dis-
solved in DMSO was added and conjugation was carried out
for 30 min at 37 °C in a thermomixer at 550 r.p.m. Resulting
NB-DFO conjugate was purified as described above,
reconstituted in saline at 10 mg/ml and 0.1 ml aliquots were
kept at =20 °C until further use.

@ Springer

Synthesis of G4(DFO);(Bdiol);,, dendrimer

Preparation of G4(DFO);(Bdiol);;¢ involved a one-pot, two-
step synthesis as presented in Fig. 4. G4(NH,)¢4 dendrimer
(0.030 g, 2.11 % 10°¢ mol) was dissolved in 3 ml deionized
water resulting in pH =9.2 and 5 mol equivalent of SCN-Bn-
DFO (0.008 g, 1.05 x 10 mol) reconstituted in 0.2 ml of
DMSO was added. The reaction proceeded for 30 min at
37 °C in a thermomixer at 550 r.p.m., and a small amount of
reaction mixture was subjected to MALDI-TOF mass spec-
trometry to confirm conjugation of DFO with dendrimer.
Next, 0.2 ml (2.99 x 10> mol) of glycidol was added and
reaction was carried for additional overnight to cap remaining
primary amines with butane-1,2-diol (Bdiol). Resulting
G4(DFO);(Bdiol);;¢ dendrimer was purified using deionized
water and ultrafiltration with Millipore Amicon Ultra
Centrifugal Filters 10,000 Da MWCO, lyophilized, yielding
0.035 g of the conjugate, which was stored at —20 °C until
further use.

Matrix-assisted laser desorption
ionization-time-of-flight (MALDI-TOF)

To determine average number of DFO molecules conjugated
with nanobody and dendrimer and assess its capping efficien-
cy with butane-1,2-dio, MALDI-TOF spectra were recorded
on a Voyager DE-STR spectrophotometer, using 2,5-
dihydroxybenzoic acid (DHB) as a matrix, which was dis-
solved in 50% MeOH and 0.1% TFA aqueous solution at
concentration of 20 mg/ml. NB and NB(DFO), samples were
desalted using Zeba™ spin columns 7 K MWCO (cat. #
89882, Thermo Fisher Scientific). Samples of G4(NH,)e4,
G4(NH,)4;,(DFO);, and G4(DFO);(Bdiol);;o dendrimers
were prepared in deionized water. 10 pl of samples were
mixed with 10 ul of matrix, and 1 pl of resulting mixture
was placed on the target plate (in triplicate) and evaporated.
Number of shots and laser power was adjusted according to
spectrum quality.

Dynamic light scattering and zeta potential analysis

Dynamic light scattering and zeta potential analyses were per-
formed using a Malvern Zetasizer Nano ZEN3600.
G4(DFO)3(Bdiol); ;o dendrimer was prepared at a concentra-
tion of 4 mg/ml in PBS (c=0.1 M, pH 7.4). DLS measure-
ments were performed at a 90° scattering angle at 25 °C. Zeta
potential analysis was carried out using the same solution.

Radiolabeling of NB(DFO), and G4(DFO);(Bdiol);1o
Radiolabeling of NB(DFO), and G4(DFO);(Bdiol);;( with

897r was performed using reported procedure [20].
897rNB(DFO), was fabricated with ~99% radiochemical
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purity and 129.5+10 MBq/mg specific activity.
897rG4(DFO);(Bdiol); ;o was prepared with ~99% radio-
chemical purity and 120+ 8 MBg/mg specific activity. For
further studies, **ZINB(DFO), and ¥ZrG4(DFO);(Bdiol); o
were diluted with sterile saline.

Partition coefficient of 3°ZrNB(DFO),
and %°ZrG4(DFO0);(Bdiol); 1o

To vials containing 0.5 ml PBS (pH 7.4), 0.5 ml of octanol,
0.74 MBq of **ZrNB(DFO), or **ZrG4(DFO);(Bdiol), ;o was
added (n =3). Resulting solutions were vortexed vigorously
for 3 min. Then to achieve efficient phase separation, vials
were centrifuged for 5 min at 4000xg. Aliquots (100 pl) of
the aqueous and the octanol phase were collected and the
radioactivity in the respective samples were measured using
a PerkinElmer - 2480 Automatic Gamma Counter (Waltham,
MA). The LogP values were calculated from the means of n =
3 separate measurements.

PET-CT imaging of IA and IV delivery of **ZrNB(DFO),
and #°ZrG4(DF0);(Bdiol),, with or without OBBBO

PET-CT studies were performed as we have recently described
[6] using 6-8-week-old male C3HeB/FeJ mice (stock number
000658; Jackson, n =4 per group, total n = 28). Under general
anesthesia, a catheter was placed in the internal carotid artery
(ICA), as we have reported previously [21] and mice were
transferred to the PET-CT scanner. BBB opening was per-
formed with 25% mannitol infused for 1 min at a speed of
0.15 ml/min. Speed of mannitol infusion to achieve reproduc-
ible BBB opening in mice was optimized in our previous
study [21]; ~8.5 MBq (~230 uCi) of **ZrNB(DFO), or
897rG4(DFO);(Bdiol), o reconstituted in 1 ml of saline was
infused IA or IV over 5 min at 0.15 ml/min flow rate. There
were four experimental groups: 1) IA infusion with BBB in-
tact (IA/BBBI), 2) OBBBO followed by IA infusion
(OBBBO/IA), 3) OBBBO followed by intravenous infusion
(OBBBO/IV) and 4) intravenous infusion followed by
OBBBO (IV/OBBBO) for *’ZrNB(DFO),. Three groups —
1) TIA infusion with BBB intact (IA/BBBI), 2) OBBBO
followed by IA infusion (OBBBO/IA), and 3) intravenous
infusion followed by OBBBO (IV/OBBBO) — were evaluat-
ed for 8°ZrG4(DFO);(Bdiol) ;9. Accumulation of
89ZINB(DFO), or ¥ZrG4(DFO);(Bdiol),; in the brain was
initially evaluated with dynamic 30-min-long PET scans di-
vided into 30 s frames, followed by whole body PET/CT
imaging acquired around 1 h and 24 h post-infusion (pi), in
two bed positions and 7 min per bed on an ARGUS small-
animal PET/CT scanner (Sedecal, Madrid, Spain). A CT scan
(512 projections) was performed before whole-body PET im-
aging at | h (mice remained in the scanner after dynamic scan
was completed) and 24 h pi, to enable co-registration. PET

data were reconstructed using the two-dimensional ordered
subsets-expectation maximization algorithm (2D-OSEM),
and corrected for dead time and radioactive decay. Presented
whole-body images were generated using Amira® (FEI,
Hillsboro, OR, USA) and dynamic scans (brain and heart
radioactivity accumulation) and radioactivity distribution in
different brain regions were analyzed with PMOD 4.3
(PMOD Technologies LLC, Ziirich, Switzerland). The peak
concentration of radioactivity over 5 min around the end of A
infusion of **ZrNB(DFO), and *ZrG4(DFO);(Bdiol); o was
extracted, and compared with the last 5 min of the dynamic
scans to calculate the rate of early clearance of administrated
radiotracers from the brain. Then the radioactivity detected in
the CNS at 1 h and 24 h after infusion was used to assess their
later brain clearance. The effect of OBBBO on nanobody or
dendrimer brain accumulation following their IV infusion was
evaluated by comparing level of radioactivity 5 min before
and 5 min after mannitol administration.

Ex-vivo biodistribution of 3°ZrNB(DFO0),
and 2°ZrG4(DFO);(Bdiol); 1o

Upon completion of PET-CT at 24 h pi of **ZrNB(DFO), or
8971G4(DFO);(Bdiol); 9, mice were sacrificed; blood, brain
(divided into right and left hemispheres), and selected organs
were harvested and weighed. The radioactivity in collected
samples was measured on a PerkinElmer 2480 Automatic
Gamma Counter (Waltham, MA, USA) 4 days after sample
collection to avoid detector saturation due to high radioactiv-
ity accumulation in brain and kidneys. To calculate the percent
of injected dose per gram of tissue (%ID/g), triplicate radio-
active standards (0.01% of the injected dose) were counted
along with tissue samples. Biodistribution data shown is
mean + the standard deviation (SD).

Statistical analysis

PROC MIXED (SAS 9.4) was used for statistical analysis,
with the lowest means square (LMS) test for comparison be-
tween groups [22]. The statements “repeated” and “random”
were used for repeated measures and to express random ef-
fects, respectively.

Results
Synthesis of °ZrNB(DFO),

Preparation of ®ZrNB(DFO), involved conjugation of on av-
erage two DFO molecules as measured by MALDI-TOF spec-
trometry (Fig. S1) and subsequent radiolabeling with
Zirconium-89 (Fig. 1). Partition coefficient analysis provided
a LogP value of —2.35 for ¥ZtNB(DFO),, indicating that the
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Fig. 1 Conjugation of nanobody with DFO and radiolabeling with ¥Zr

nanobody is hydrophilic, in agreement with the theoretically
estimated GRAVY of —0.534 and graph of theoretical hydro-
philicity, showing that most of the NB11 molecule is hydro-
philic (Fig. S2).

CNS uptake of 2°ZrNB(DFO), and its biodistribution

Nearly linear uptake of radioactivity in the ipsilateral
hemisphere was observed during IA infusions of
89ZrNB(DFO)z regardless of the BBB status, with no ac-
cumulation in the contralateral hemisphere (Fig. 2). The
IA/BBBI infusion resulted in *ZrNB(DFO), accumula-
tion in the ipsilateral hemisphere with a peak concentra-
tion of 25.79+15.79 %ID/cc, and OBBBO further en-
hanced its uptake to 60.66£35.41 %ID/cc (P<0.05).
Radioactivity in the CNS after IV infusion of
897 NB(DFO), was at background level regardless of
the timing of OBBBO. The background radioactivity after
OBBBO/IV and IV/OBBBO remained at a similar level
during dynamic scans and in subsequent whole-body
PET-CT imaging. For clarity we are not presenting those
separately. There was very slow early clearance of radio-
activity from the ipsilateral hemisphere over a period of
30 min, which was not significant for [A/BBBI (22.46 =
15.05, P = NS), but it was statistically different for
OBBBO/IA infusion (53.66+30.73, P<0.05). The
whole-body PET-CT imaging performed 1 h after infusion
revealed a similar pattern of radioactivity uptake in the
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brain as at the end of the dynamic PET scan, which then
decreased nearly by 50%, 24 h after infusion (P <0.05,
Fig. 3, Table 1). In all evaluated cohorts, high uptake of
radioactivity was also observed in kidneys, indicating re-
nal clearance (Fig. 3 and Table 1). High accumulation of
897ZrNB(DFO), in the ipsilateral hemisphere upon
OBBBO/IA infusion resulted in its statistically relevant
lower concentration in kidneys at 1 h after infusion
(26.72£4.19) in comparison to IA/BBBI (43.36+3.83)
and IV/OBBBO (39.61 £7.51 %ID/cc). The clearance of
89ZrNB(DFO)z from brain over 24 h resulted in increase
of radioactivity in kidneys to 35.38 £5.11 %ID/cc in
OBBBO/IA group (P < 0.05), while no difference was ob-
served for the remaining experimental groups (41.84 +
5.47 and 40.34% +7.91 %ID/cc for IA/BBBI and IV/
OBBBO respectively). For IVVOBBBO, 12.48 £2.32
%ID/cc of ¥ZrNB(DFO), could also be detected in the
lungs 1 h after infusion. In agreement with PET-CT im-
aging, post-mortem biodistribution analysis (Fig. 3) re-
vealed significantly higher accumulation of
897rNB(DFO), in the ipsilateral hemisphere in OBBBO/
IA (17.8£5.99 %ID/g) compared to IA/BBBI (6.15=+
3.53 %ID/g), and IV/OBBBO (0.09+0.03 %ID/g) infu-
sions with negligible radioactivity uptake in the contralat-
eral hemispheres in all mice 24 h after infusion. Among
peripheral organs, the highest accumulation of
897rNB(DFO), was detected in kidneys followed by the
spleen, liver, and lungs in all evaluated groups.
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Fig. 2 PET imaging and
dynamics of [*Zr]NB(DFO),
uptake in ipsilateral hemisphere.
Representative coronal PET
images recorded 1 h after
infusion, illustrating brain uptake
of ¥ZINB(DFO), upon: a
OBBBO followed by immediate
IA infusion of 8.5 MBq of
897:NB(DFO), reconstituted in

1 ml of saline at 0.15 ml/min; b
IA infusion with BBBI; ¢
OBBBO followed by immediate
IV infusion; and d IV infusion
followed by OBBBO at 5 min
after radiotracer administration
was completed, showing the
highest accumulation of
radioactivity in ipsilateral
hemisphere upon OBBBO/IA; e
curves demonstrating dynamics
of ¥ZINB(DFO), uptake in the
ipsilateral hemisphere upon
OBBBO/IA (red line), IA/BBBI
(blue line), OBBBO/IV (green
line) and IV/OBBBO (gray line;
arrows show time of OBBBO)
indicating highest brain uptake of
87rNB(DFO), in animals treated
with OBBBO and IA infusion and
lack of its brain accumulation up-
on IV administration regardless
timing of OBBBO. Each time
point is presented as mean and
SEM, n=4

Synthesis of 3°ZrG4(DF0);(Bdiol); 1o

G4(NH,)g4 was conjugated with a average of three molecules
of DFO (Fig. 4), and remaining primary amines were
substituted with 110 butane-1,2-diol moieties, as assessed by
increase of the molecular weight observed in MALDI-TOF
spectrometry (Fig. S3A). A one-pot synthesis yielded nano-
particles with narrow size distribution around 5 nm (Fig. S3B)
and neutral net-surface charge, indicated by zeta potential of
—1.8 mV. Resulting G4(DFO);(Bdiol); ;o dendrimer was sub-
sequently radiolabeled with ¥Zr, and the LogP of —2.84 was
measured for resulting 897rG4(DFO);(Bdiol); 10, confirming it
is hydrophilic.

CNS uptake of 3°ZrG4(DF0);(Bdiol); ;o and its
biodistribution

There was no difference in the peak concentration of
8971rG4(DFO);(Bdiol) o in the ipsilateral hemisphere for
IA/BBBI (3.29 £1.31%ID/cc) and OBBBO/IA (3.20 +
1.47 %ID/cc) infusions (P = NS) as indicated by the

time—activity curves and PET images obtained by sum-
ming frames collected between 5 and 10 min of dynamic
scans (Fig. 5). This low accumulation of dendrimer in the
brain was despite BBB opening at the time of maximum
897rG4(DFO);(Bdiol); o concentration in the blood pool
(Fig. 5a). We did not evaluate the effect of OBBBO prior
to IV infusion of dendrimers as for nanobodies. IV/
OBBBO infusion resulted in a background radioactivity
uptake of 1.22+0.29 %ID/cc in the CNS, with decrease
of radioactivity after OBBBO to 1.1 £0.25 (P <0.05). The
fast and statistically significant clearance of
897rG4(DFO);(Bdiol); ;o from the brain was observed re-
gardless of BBB status, reaching 1.68 £0.8, 1.05+0.22,
0.and 83+.018 %ID/cc for OBBBO/IA, IA/BBBI, and
BBBO/IV respectively, at the end of the dynamic PET
scan. However, the clearance after OBBBO/IA was some-
what slower compared to IA/BBBI (P <0.05). IA/BBBI
actually dropped to the same low level as [IV/VOBBBO
(P=NS) at the end of the dynamic scans. However,
whole-body PET-CT imaging performed 1 h after infusion
showed only background radioactivity in the brain
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Fig. 3 PET-CT imaging and ex-vivo biodistribution of 897NB(DFO), at
24 h after infusion. Whole body volume rendered PET-CT images record-
ed 1 h and 24 h post infusion of ~8.5 MBq (<230 uCi) of **ZtNB(DFO),,
demonstrating its biodistribution upon: a OBBBO followed by immedi-
ate IA infusion; b IA infusion with BBBI; ¢ OBBBO followed by imme-
diate IV infusion; and d IV infusion followed by OBBBO 5 min after
infusion was completed. e Ex-vivo biodistribution of 89ZNB(DFO), at

regardless of the route of 897rG4(DFO);(Bdiol); o deliv-
ery, with no statistically significant differences among

@ Springer

24 h after infusion in the same groups (insert - PET-based quantification
of 3°ZINB(DFO), uptake in ipsilateral hemisphere), showing in agree-
ment with PET imaging higher uptake of **ZrNB(DFO), in ipsilateral
hemisphere compared to contralateral hemisphere in OBBBO/IA group
and its higher brain accumulation in comparison with IA/BBBI, OBBBO/
IV, and IV/OBBBO cohorts

groups (Fig. 5c and 6). Significant amounts of radioactiv-
ity could be detected in kidneys and bladder, followed by
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Table 1

PET-based assessment of ¥*ZrG4(DFO);(Bdiol); o biodistribution

AT/OBBBO (%ID/cc) TA/BBBI (%ID/cc) IV/BBBO (%ID/cc)

1 h after infusion

Ipsilateral hemisphere 1.9 £0.74 1.23 £0.33 1.31 £0.21
Kidneys 31.09 = 1.33 66.48 £ 3.51 4774 £ 2.62
Bladder 3524 £ 1.85 26.46 = 15.09 39.38 £ 5.95

Liver 15.82 £1.22 26.47 +7.48 15.33 £ 0.87

24 h after infusion

Kidneys 18.61 £ 1.22 21.67 £1.59 19.68 £ 1.57

Liver 13.01 +2.01 13.91 + 1.69 12.35 £ 1.56

liver at 1 h after infusion, indicating renal clearance with
hepatic involvement. At 24 h after infusion, no radioac-
tivity in the brain of evaluated mice was observed. In
agreement with PET-CT imaging, post-mortem
biodistribution demonstrated negligible accumulation of
897rG4(DFO)5(Bdiol); o in both hemispheres (P = NS)
and presence of radioactivity in kidneys and liver for all
assessed delivery routes (Fig. 6). Twenty-four hours after
infusion, tracer retention in the ipsilateral hemisphere and
bladder was below PET quantification limit.

Discussion

We have shown that the IA route was more effective in deliv-
ering nanobodies to the brain than systemic administration,
regardless of the BBB status. Preceding OBBBO potentiated
brain accumulation of the nanobodies by ~2.5-fold. Brain up-
take of **ZrNB(DFO), reached 60.66 +35.41 %ID/cc, which
is higher compared to brain accumulation of 23.58 £4.58
%ID/cc for ¥Zr radiolabeled-bevacizumab (*ZrBVDFO) ob-
served in our previous study [6]. While half of the
8971NB(DFO), was cleared from the brain over 24 h, clear-
ance of *°ZrBVDFO was slower. In both studies,
bevacizumab and the nanobody did not have specific targets
in mouse brains. Brain retention of generation-4 hydroxy

terminated PAMAM dendrimer was marginal. The peak con-
centration of *ZrG4(DFO)5(Bdiol),  in the brain was only 3
%ID/cc after IA delivery regardless of BBB status, decreasing
to background levels within 1 h. Intravenous infusion of
897iNB(DFO), and *ZrG4(DFO);(Bdiol); ¢ resulted in only
background tracer retention regardless of BBB status. Our
results are in agreement with previous reports showing negli-
gible penetration of PAMAM dendrimers through intact BBB
upon IV administration, regardless of their size and terminal
functionalities, including hydroxy, carboxyl, and polyethylene
glycol groups [23-25]. Kannan et al. demonstrated uniform
accumulation of Cy5 fluorescently labeled generation-4 hy-
droxy terminated PAMAM dendrimer in a rodent model of
gliosarcoma, as well as its specific uptake by tumor-
associated macrophages after systemic delivery [17].
Although microscopic imaging was convincing, the peak con-
centration of dendrimer in tumor reached only ~0.023 %ID/g
at 8 h after injection and decreased to ~0.0067 %ID/g 40 h
later, as measured by fluorescence spectroscopy of extracted
tissue [17]. Similarly, very low brain uptake of ~0.07 %ID/g in
neonatal rabbits with cerebral palsy and 0.003 %ID/g healthy
control pups for the same dendrimer at 24 h after injection was
also reported [26]. Both studies, in agreement with our results,
demonstrated marginal BBB permeability and brain retention
of generation-4 hydroxy terminated PAMAM dendrimers
even with a compromised BBB, brain tumor, or activated

Fig. 4 Conjugation of G4(NH,)s4 dendrimer with DFO, followed by capping of primary amines with butane-1,2-diol moieties and radiolabeling with

89 7r
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Fig. 5 Time-activity curves of
897rG4(DFO);(Bdiol); 1 uptake
in ipsilateral hemisphere and
corresponding PET imaging. a
Curves demonstrating dynamics
of ¥Z1G4(DFO);(Bdiol), 1o
accumulation in the ipsilateral
hemisphere upon OBBBO/IA
(red line), 1A/BBBI (blue line),
and IV/OBBBO (gray line;
arrows show when BBB was
opened) indicating significantly
lower uptake compared to
89ZrNB(DFO)z and no benefits of
OBBBO application. Each time
point is presented as mean and
SEM, n=4. b Representative or-
thogonal PET images obtained by
summing frames between 5 and
10 min acquired during 30 min
long dynamic scans. ¢
Representative axial PET images
with scales adjusted to demon-
strate whole body distribution of
radioactivity (leff panel) and ab-
sence of ¥ZrG4(DFO)5(Bdiol); o
in the brain (right panel) 1 h after
infusion. Results demonstrate
negligible retention of
897rG4(DFO);(Bdiol), o in the
brain regardless of BBB status
and route of administration

microglia present in cerebral palsy model. Interestingly, PET
imaging of generation-4 hydroxy terminated dendrimer-
radiolabeled with copper-64 in newborn rabbits with cerebral
palsy indicated brain accumulation of radioactivity around 2.5
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%ID/cc 24 h after injection [15]. However, copper-64 un-
dergoes trans-chelation in vivo, in particular in the absence
of a strong Cu(Il) chelator forming thermodynamically stable
complexes [27].
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Our ¥ZINB(DFO), and ¥ZrG4(DFO);(Bdiol), ;o were not
targeted to specific molecular species within the BBB or the
brain. Also, no disease model was induced, enabling testing as
a baseline therapeutic delivery platform for CNS drug deliv-
ery. In this context, the nanobodies seem attractive for IA
infusion, while a lot of caution should be taken regarding
utility of PAMAM dendrimers as drug delivery vehicles for
brain diseases, especially when they are administered system-
ically. Therefore, in the case of PAMAM dendrimers the chal-
lenge for appropriate surface modification to achieve appreci-
ate brain uptake and retention remains open. While here we
tested generation-4 hydroxy terminated PAMAM dendrimers
constructed by capping the primary amines with butane-1,2-
diol, the same dendrimers with different surface modifications

Fig. 6 PET-CT imaging and ex-
vivo biodistribution of
897rG4(DFO);(Bdiol); 0. a
Representative whole body vol-
ume rendered PET-CT images re-
corded 1 h and 24 h post infusion
of ¥Z1G4(DFO);(Bdiol), o for
OBBBO/AI, AI/BBBI. and IV/
OBBBO infusions. b Ex-vivo
biodistribution of
897rG4(DFO);(Bdiol), o at 24 h
after infusion in the same mice
(insert - scale was adjusted to
show brain accumulation of
897rG4(DFO);(Bdiol), 0, indica-
tion lack of
897rG4(DFO);(Bdiol), o reten-
tion on the brain regardless of
method of administration and its
renal clearance with minor hepat-
ic uptake

can potentially exhibit higher brain retention, and our study
may serve as a benchmark for quantitative performance of
dendrimer-based diagnostics and therapeutics in the CNS dis-
eases. In contrast, the 1A route is very effective in delivery of
nanobodies, and their relatively fast clearance comparing to
antibody could potentially be mitigated by applying
nanobodies aimed for a specific brain target. While IV admin-
istration is highly ineffective for delivery of nanobodies to the
brain, it was recently reported that the intranasal route might
be an alternative [28]. However, no quantitative assessment of
intranasal brain delivery of nanobodies has been reported yet.
There is progress in design of nanobodies against brain disor-
ders [29], and our IA infusion might be a right approach to use
them effectively in the clinic. Especially after the anti-tumoral
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activity of neutralizing antibodies was shown in a mouse mod-
el of melanoma, the potentially neutralizing nanobodies could
also be created against brain targets [30].

Limitations We have observed relatively high variability in
brain uptake of nanobodies after IA delivery. We performed
four rounds of experiments, in four groups of animals (IA/
BBBI, OBBBO/IA, IV/OBBBO, and OBBBO/IV); and while
we observed high reproducibility within rounds with relatively
constant ratio of brain uptake OBBBO/IA versus IA/BBBI (ca.
2.5 x), relatively high variability between rounds was observed.
No brain uptake and no variability was observed after IV de-
livery regardless of the timing of BBB opening. Interestingly, in
one animal we observed the brain uptake at nearly 100 %ID/cc,
which actually shows a high promise for the IA route and the
possibility for further improvement of nanobody delivery to the
brain. There might be various sources of variability including
kinetics of cerebral blood flow or volume of the brain perfused
from the IA catheter. It has been recently shown that real-time
MRI can increase reproducibility of OBBBO [21]; thus, studies
like ours would benefit from PET/MR systems, in which infu-
sion parameters could be adjusted based on feedback from real-
time MRI and quantitative assessment of brain uptake of in-
fused molecules based on PET imaging. In a clinical setting, the
real-time monitoring of A delivery of nanobodies to the brain
using PET, until the required quantity is achieved, might be an
ultimate solution for precise dosing. In our study, we have not
measured the affinity of radiolabeled nanobody, as we have not
used it to bind a specific target, but it has previously been
shown that nanobodies can be radiolabeled without losing their
efficacy, providing a proof-of-concept for the viability of our
approach [31, 32]. Also, we have not studied mechanisms be-
hind such different penetration of BBB and brain retention of
nanobodies vs dendrimers, which have similar basic physico-
chemical properties such as size, average charge, and hydrophi-
licity (Table S1). The drastically different in-vivo behavior of
NBI11 and G4(DFO);(Bdiol);;o is most likely buried in their
different structural composition. The studied nanobody was
composed of a large number of amino acids with different side
chains enforcing its folding and rigid 3D structure, forming
fragments capable of, for example, electrostatic or hydrophobic
interactions with biological species, as presented in Fig. S2,
showing variable hydrophobicity along sequence of NB11.
This may also be the case for antibodies that similarly to
nanobodies result in high brain uptake after IA injection. On
the contrary, polymeric G4(DFO);(Bdiol);;o dendrimers, com-
posed of ethane-1,2-diamine, butyraldehyde, and butane-1,2-
diol are flexible and only have hydrophilic hydroxy groups in
their surface, yielding molecules of highly uniform hydrophi-
licity. We also did not study compartmentalization or aggrega-
tion of nanobodies in the blood following IA administration,
which could explain improved accumulation after IA delivery.
Since the IV and TA infusion processes are identical in terms of
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the infusion speed and duration or catheter size, we did not
expect aggregation before or after IA delivery, which could
increase the retention in the brain at a cost of reducing biolog-
ical activity. However, should aggregation have occurred, we
would have observed substantial accumulation of the nanobody
in the lungs after IV injection. We observed quite the opposite,
as a large proportion of the nanobody was routed for renal
clearance, as expected for monodispersed nanobodies.
Nevertheless, follow-up experiments are warranted, and should
be performed in the future to better understand the rules
governing the advantages of 1A delivery of macromolecules.

Conclusions

We have shown that brain delivery of nanobodies and
generation-4 hydroxy terminated PAMAM dendrimers upon
IV administration is negligible, regardless of BBB status. The
IA route substantially increases brain uptake of nanobodies,
which is further potentiated by OBBBO. However, half of the
nanobodies are cleared from the brain within 24 h. Designing
nanobodies against specific brain targets could ameliorate this
deficiency. In contrast, the TA route marginally improved
brain delivery of dendrimers, which quickly cleared from
CNS. Appropriate surface modification of PAMAM
dendrimers may improve their brain uptake and retention.
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ABSTRACT

Intra-arterial (IA) infusion of mannitol induces osmotic blood-brain barrier opening (OBBBO) and that method
has been used for decades to improve drug delivery to the brain. However, high variability of outcomes pre-
vented vast clinical adoption. Studies on dynamic multi-scale imaging of OBBBO as well as extravasation of IA
injected therapeutic agents are essential to develop strategies assuring precision and reproducibility of drug
delivery. Intravital microscopy is increasingly used to capture the dynamics of biological processes at the mo-
lecular level in convenient mouse models. However, until now OBBBO has been achieved safely in subcortical
structures, which prevented direct insight into the process of extravasation through the skull window. Here, we
used our previously developed real-time MRI to adjust the procedure to achieve robust cortical OBBBO. We
found that catheter-mediated delivery to the cortex from the ipsilateral carotid artery can be improved by
temporarily occluding the contralateral carotid artery. The reproducibility and safety of the method were va-
lidated by MRI and histology. This experimental platform was further exploited for studying with intravital
microscopy the extravasation of 0.58 kDa rhodamine and 153 kDa anti-VEGF monoclonal antibody (bev-
acizumab) upon IA injection. Dynamic imaging during IA infusion captured the spatiotemporal dynamic of
infiltration for each molecule into the brain parenchyma upon OBBBO. Small-sized rhodamine exhibited faster
and higher penetration than the antibody. Histological analysis showed some uptake of the monoclonal antibody
after IA delivery, and OBBBO significantly amplified the extent of its uptake. For quantitative assessment of
cortical uptake, bevacizumab was radiolabeled with zirconium-89 and infused intraarterially. As expected,
OBBBO potentiated brain accumulation, providing 33.90 + 9.06% of injected dose per gram of brain tissue (%
ID/g) in the cortex and 17.09 *= 7.22%ID/g in subcortical structures. In contrast IA infusion with an intact BBB
resulted in 3.56 * 1.06%ID/g and 3.57 * 0.59%ID/g in the same brain regions, respectively. This study
established reproducible cortical OBBBO in mice, which enabled multi-photon microscopy studies on OBBBO
and drug targeting. This approach helped demonstrate in a dynamic fashion extravasation of fluorescently-
tagged antibodies and their effective delivery into the brain across an osmotically opened BBB.

1. Introduction

developing treatments for peripheral disorders with malignancies being
the best example [3-6]. Intra-arterial (IA) infusion of mannitol has been

The blood-brain barrier (BBB) is a major obstacle for delivery of
therapeutics to the central nervous system (CNS), as it prevents brain
penetration of > 98% of pharmaceutical agents [1,2]. The BBB is con-
sidered as a primary reason why the vast majority of drug trials for CNS
disorders fail, while at the time, spectacular progress has been made in

used for decades for osmotic BBB opening (OBBBO) by disrupting the
tight junctions to improve brain uptake of a variety of therapeutic
agents including chemotherapeutics [7,8], nanobodies [9] gene vectors
[10] and stem cells [11]. Unfortunately, high variability of BBB opening
territory and outcomes prevented a vast clinical adoption of this
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approach [12]. Recently, advances in real-time MRI facilitated visua-
lization and optimization of the local trans-catheter perfusion territory
[13] and this approach enabled predictable and reproducible OBBBO
[14]. Notably, OBBBO has been shown to have distinct advantage for
brain delivery and therapeutic efficacy of anti-angiogenic antibodies
(Bevacizumab) in animal models [15] and clinically [16].

These positive developments have revived an interest in IA drug
delivery approaches; however, the low spatial resolution of MRI is not
sufficient for studying mechanisms of OBBBO. To understand and ca-
pitalize on observed high bevacizumab uptake in the brain, it is highly
desirable to comprehensively and mechanistically investigate OBBBO
and drug extravasation at the microscopic level.

Two-photon microscopy (2 PM) is an intravital imaging technique
that allows imaging of tissue up to about one millimeter in depth [17].
Using 2 PM, it is achievable to reach sufficient temporal and spatial
resolution in the cerebral cortex to track an agent's penetration across
the BBB at the level of microvasculature. Due to limited depth of pe-
netration, 2 PM studies are restricted to superficial structures such as
cerebral cortex accessed with an implanted cranial window [18].
However, as we recently reported, OBBBO in mice with intracarotid
mannitol infused at the hemodynamically safe rate of ~0.15 ml/min is
primarily routed to deep brain structures without perfusion through
cerebral cortex [19]. Consequently, OBBBO does not consistently in-
volve cerebral cortex. That phenomenon is likely due to specifics of
blood supply and collateralization [20,21]. As such, OBBBO has been
out of reach for 2 PM. The main motivation for this study was to de-
velop an approach to enable neurologically-safe OBBBO in the cerebral
cortex. We hypothesized that the contralateral common carotid artery
(CCA) compensates for the lost blood supply from the catheterized ip-
silateral CCA. Therefore, we explored with real-time MRI whether
temporary occlusion of the contralateral CCA (cCCA) opened BBB in
ipsilateral cortex, and subsequently validated capability of visualization
of this process by intravital microscopy using rhodamine and fluores-
cently labeled bevacizumab. For quantitative assessment of brain up-
take, and to confirm whether pharmacologically relevant concentra-
tions are reached, bevacizumab was radiolabeled with zirconium-89
(89Zr-bevacizumab) for precise measurements of its biodistribution.

2. Materials and methods
2.1. Animals and endovascular catheterization

All procedures were performed in accordance with guidelines for
the care and use of laboratory animals and were approved by the Johns
Hopkins Animal Care and Use Committee. Male SCID mice (n = 38,
6-8 weeks old, 20-25 g, Jackson Laboratory) were used in this study.
The surgical procedures for gaining arterial access were performed as
described previously [19]. Briefly, anesthesia was induced with 5%
isoflurane and maintained with 1.5-2% isoflurane during surgery. The
CCA bifurcation was exposed using blunt dissection. The occipital ar-
tery branching off from the external carotid artery (ECA) was coagu-
lated. The ECA and the pterygopalatine artery (PPA) were temporarily
ligated with 4-0 silk sutures to route the entire flow into cerebral ar-
teries. A temporary tie was placed on the carotid bifurcation and the
proximal CCA was permanently ligated using 4-0 sutures. Before
making a small arteriotomy, a suture connecting a weight (25 g) was
secured around the contralateral CCA. Then a microcatheter (PE-8-100,
SAI Infusion Technologies) was flushed with 2% heparin (1000 units/
ml, heparin sodium, Upjohn), inserted into the ipsilateral CCA via the
arteriotomy and advanced into the internal carotid artery. The catheter
was secured by two purse-string suture ties around CCA.

2.2. Interventional MRI

The mice with IA catheter secured in place were positioned in a
Bruker 11.7 T MRI scanner. Baseline T2 (TR/TE = 2500/30 ms), T1
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(TR/TE 350/6.7 ms)-weighted and dynamic gradient echo echo-planar
imaging (GE-EPI, TR/TE 1250/9.7 ms, field of view (FOV) = 14 x 14
mm, matrix = 128 X 128, acquisition time = 60 s and 24 repetitions)
images of the brain were acquired. The microcatheter was connected to
a syringe mounted on an MRI compatible programmable syringe pump
(PHD 2000, Harvard Apparatus Inc.) for controlled solution adminis-
tration. Gadolinium (Gd; Prohance) dissolved in saline at 1:50 was in-
fused intra-arterially at the rate of 0.15 ml/min under dynamic GE-EPI
MRI for visualization of perfusion territory. For animals where the
cortex was not perfused (most cases), the weight around contralateral
CCA was engaged, occluding the vessel with dynamic imaging of IA
infusion to confirm cortical perfusion/supply.

Once cortical perfusion has been confirmed, 25% mannitol mixed
with Gd (50:1) was infused until enhancement indicating BBB breach
has been achieved (up to three bolus injections 1-2 min each; interval
between infusions is 30 s). For detailed assessment of the BBB status,
high resolution T1-weighted scan was collected after mannitol infusion.
Three and seven days after OBBBO, the safety of the procedure was
evaluated by MRI and then animals were sacrificed for further histo-
logical assessment.

2.3. Cranial window implantation

Cranial window procedures were performed as previously described
[22]. Briefly, mice were shaved and deeply anesthetized with 1.5-2%
isoflurane, and stabilized on a stereotactic frame. Before surgery, ani-
mals were administered with dexamethasone sodium phosphate
(0.02 ml at 4 mg/ml, Fresenius Kabi) by subcutaneous injection to
prevent cerebral edema. Then the skin and periosteum were removed to
expose the skull. A craniotomy (~ 3 mm diameter) was conducted over
the right parietal bone ~1.5 mm posterior to bregma and ~1.5 mm
lateral from midline. Saline was applied regularly to avoid heating
caused by drilling during skull-thinning procedure. At the end, the
central island of skull bone was gently lifted, removed, and covered
with a circular coverglass (3 mm diameter, #1 thickness, Harvard
Biosciences) sealed to the skull using glue. For the subsequent imaging
sessions, a custom-made head-bar with a circular opening was sealed to
the skull with dental cement, covering all the exposed skull, wound
margins and glass edges. Mice were allowed to recover for 7 days before
imaging.

2.4. Conjugation of bevacizumab and fluorescein

Bevacizumab was washed 3 times using ultrafiltration with
Millipore Amicon Ultra Centrifugal Filters 50 kDa MWCO (Milipore).
After washing, the antibody was resuspended in saline at the con-
centration of 10 mg/ml and pH was adjusted to 9.0 with 0.1 M Na,COs;.
NHS-Fluorescein (Thermo Fisher Scientific) was then dissolved in
DMSO at the concertation of 10 mg/ml was mixed with antibody at the
1:10 M ratio. Conjugation was carried for 1 h in 37 °C with 160 RPM
agitation. The bevacizumab and fluorescein (bevacizumab-FITC) com-
plexes were washed 3 times with saline on the 50 kDa centrifugal fil-
ters. Final protein concentration of bevacizumab-FITC and conjugation
efficiency were determined by absorbance at 280 nm and 495 nm
measured using a NanoDrop (Thermo Fisher Scientific).

2.5. Matrix-assisted laser desorption ionization-time-of-flight (MALDI-
TOF)

To determine the average number of fluorescein molecules con-
jugated with bevacizumab, MALDI-TOF spectra of unmodified antibody
and bevacizumab-FITC conjugate was recorded on a Voyager DE-STR
spectrophotometer using 2,5-dihydroxybenzoic acid (DHB) as a matrix.
First, protein samples were desalted using Zeba™ spin columns 7 kDa
MWCO (Thermo Fisher Scientific) and 10 pl elutions were mixed with
10 pl of matrix (10 mg/ml). Then 1 pl of this mixture was placed on the
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target plate in triplicate and dried. The mixture was dissolved in 50%
methanol (MeOH) and 0.1% trifluoroacetate (TFA) aqueous solution.
Number of shots and laser power was adjusted according to spectrum
quality (Supplementary Fig. 1).

2.6. Intravital Epi-fluorescence and 2 PM

Before microscopy, isoflurane anesthetized mice (n = 5) with cra-
nial window and with arterial access as described above were stabilized
in a custom-made frame immobilizing their head. The mice were po-
sitioned under an epi-fluorescent microscope and a 10 X magnification
objective was used for capturing images at frequency of 1-2 Hz. Saline
solution of 0.001 mM rhodamine (0.58 kDa) was injected using a syr-
inge infusion pump at the rate of 0.15 ml/min over 1 min via the ICA
microcatheter to visualize trans-catheter perfusion. When the cortex
was not perfused, the contralateral CCA was closed temporarily for 20 s
by engaging the weights.

For 2 PM to visualize OBBBO and drug penetration, mice were
placed under a multiphoton microscope (FV1000MPE, Olympus,
Tokyo, Japan). A 10X objective (UPlanSApo,0.40 NA and 3.1 mm
working distance) was centered over the cranial window and used to
collect time series images of 800 x 800 pixels (1.59 pum/pixel; 2 ps/
pixel; 100 frames) at an estimated depth of 150 um below the cortical
surface. Rhodamine (0.002 mM) mixed with bevacizumab-FITC
(0.01 mM) was injected prior to OBBBO to collect baseline data and
optimize cortical perfusion (temporary contralateral CCA closure).
Then, 25% mannitol mixed with rhodamine and bevacizumab-FITC was
delivered at the rate of 0.15 ml/min for 4 mins in total. A common
excitation wavelength of 800 nm was used to simultaneously image
both dyes during injection and dynamic imaging was continuously
performed for 14 mins.

2.7. Histology and immunohistochemistry

For histological evaluation on the safety of OBBBO in the cortex,
7 days after surgery, animals (n = 4) were anesthetized and perfused
transcardially with 5% sucrose, followed by 4% paraformaldehyde
(PFA). The brains were rapidly removed and post-fixed overnight in 4%
PFA at 4 °C. The brains were cryopreserved in 30% sucrose and 30-um
thick coronal sections were cryosectioned. Immunohistochemistry for
anti-GFAP (1:250, Dako) and anti-Ibal (1:250, Wako) was performed to
assess the neuroinflammation. The secondary antibody was goat anti-
rabbit (Alexa Fluor-488, 1:200, Molecular Probes). For detecting the
biodistribution of infused bevacizumab, the mice with OBBBO (n = 4)
and without OBBBO (n 3) were sacrificed 1 h after administration.
The brains were cryosectioned at 30 pm and the slices were stained
with goat anti-human secondary antibody (Alexa Fluor-488, 1:200,
Invitrogen). All the fluorescent images were acquired using an inverted
microscope (Zeiss, Axio Observer Z1).

2.8. Radiolabeling of bevacizumab

897r labeled bevacizumab was prepared as described recently
[15,23]. Briefly, 1 mCi of 897rC,0g was mixed with 20 pl of oxalic acid
(1 M) and 25 pl NayCO3 (2 M). After 3 min 200 pl of HEPES containing
1 mg of bevacizumab-deferoxamine conjugate wad added. Then, pH of
the solution was adjusted to 7 with 2 M Na,CO3, and the mixture was
incubated at room temperature for 45 min. Then 8°Zr-bevacizumab was
purified using Zeba™ Spin Desalting Column (7 kDa MWCO) pre-equi-
librated with sterile PBS. 8°Zr-bevacizumab was prepared with ~99%
radiochemical purity and 35 MBq/mg specific activity. For in vivo
studies, 8°Zr-bevacizumab was diluted with sterile saline at final con-
centration 20 pCi/ml.
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2.9. Brain uptake of %°Zr-bevacizumab

Three experimental groups were designed for evaluating %°Zr-bev-
acizumab biodistribution (n 4/each). Group 1: IA infusion with
contralateral CCA closure (Intact BBB/cCCA closure); Group 2: OBBBO
without contralateral CCA closure followed by IA infusion (OBBBO/
cCCA patent); Group 3: OBBBO with contralateral CCA closure followed
by IA infusion (OBBBO/cCCA closure). OBBBO was induced by 25%
mannitol as we described above. Then 0.74 MBq (~20 pCi, total dose of
22 pug) of 897r-bevacizumab reconstituted in 1 ml of saline was infused
IA over 5 min at the rate of 0.15 ml/min. Upon completion of infusion,
the mice were sacrificed, and brain was harvested and divided into
right/left hemispheres and further divided into cortex and remaining
part of the brain. Each sample was weighed, and the radioactivity was
measured using PerkinElmer 2480 Automatic Gamma Counter
(Waltham, MA, USA). To calculate the percent of injected dose per
gram of brain tissue (%ID/g) and the bevacizumab dose per gram of
brain tissue (ug/g), triplicate radioactive standards (0.01% of the in-
jected dose) were counted along with tissue samples.

2.10. Data processing and statistical analysis

Data is expressed as mean = SD unless otherwise specified.
Quantitation of immunohistochemistry was based on relative fluores-
cence using Image J and analyzed using a student's paired t-test. The
ratio of ipsi — /contralateral fluorescence intensity was analyzed using a
student's unpaired t-test. The MRI analysis of the change in area of the
Gd perfusion territory and Gd-enhancement for each mouse was cal-
culated using a custom-written script in MATLAB and analyzed using a
paired t-test. The post-mortem.

89Zr-bevacizumab quantitation was analyzed using one-way
ANOVA followed by Bonferroni post-tests. A p-value < .05 was con-
sidered significant.

3. Results
3.1. Real-time MRI shows variability of cortical trans-catheter perfusion

Across the 26 mice we found that using infusion rate of 0.15 ml/
min, which has been proven as a maximum safe speed [19], we ob-
served variability in cortical involvement. Infusion of a contrast agent
(Gd or SPIO) visualized the perfusion territory of the brain as hy-
pointense regions on T2* MRI, which was sampled by GE-EPI scans at a
temporal resolution of 2 volumes per second. Such real-time MRI allows
precise spatiotemporal visualization of the parenchymal perfusion ter-
ritory. IA infusion of Gd via ICA with dynamic GE-EPI imaging revealed
T2* hypointensity in cerebral cortex (Fig. 1a) at a frequency of 23.07%.
The lack of cortical perfusion using this delivery route (Fig. 1b) was
observed much more frequently (76.93%). This phenomenon hints at
variability of clinical outcomes and is an obvious obstacle complicating
2 PM studies.

3.2. Temporary closure of contralateral CCA facilitates cortical perfusion
visualized under real-time MRI

Dynamic GE-EPI scans clearly visualized the biodistribution of IA
injected contrast. In animals lacking trans-catheter perfusion through
the cortex (drop of T2* signal) temporary closure of the contralateral
CCA redistributed the cerebral blood flow opening up the cortex for the
catheter infusion (Fig. 2a). The dynamic signal changes for two selected
ROIs are shown in Fig. 2b. There was a steep and early drop in the
signal intensity in the hippocampus (ROI2), at that time the signal in-
tensity in the cortex (ROI1) remained unchanged and dropped only
after temporary closure of the contralateral CCA.
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Fig. 1. The variability of cortical involvement during contrast agent infusion via ICA. (a, b) Representative T2* images during infusion of a contrast agent at a rate of
0.15 ml/min wherein the cortex was (a) or was not (b) perfused. (c) The constituent ratio of these phenomena.

3.3. Osmotic disruption of the BBB in cerebral cortex using real-time MRI
guidance

Immediately after confirming trans-catheter Gd perfusion in the
cortex with IA infusion of the contrast agent (Fig. 3a), IA mannitol was
infused using the same parameters. Effective OBBBO was reflected by
Gd enhancement on the T1-weighted scan in the region previously
highlighted by the contrast infusion (Fig. 3d). To determine the corre-
lation between the Gd perfusion (Fig. 3a) and Gd enhancement (Fig. 3b)
MRI, the histograms were drawn and fitted into two Gaussian dis-
tributions (Fig. 3b,e). The values that corresponded to the minimal
overlap between the two Gaussian functions were chosen to be the
threshold that separated the pixels with a significant signal change.
Using these thresholds, the areas with significant signal change were
determined (Fig. 3c,f). For the four mice studied, the Gd perfusion MRI
showed an average signal change area of 27.13 * 2.36%, while Gd
enhancement showed an average signal change area of
26.50 * 3.40%, which was not significantly different (P .663,
Fig. 3g). A strong correlation was shown between these two methods
(R? = 0.946, Fig. 3h). This indicated a successful OBBBO in cortex by

IA mannitol, as predicted by the perfusion pre-scan. Furthermore, the
histopathological validation using Evans blue, which is state of the art
technique for BBB assessment, displayed a pattern of extravasation that
was consistent with MRI (Fig. 3i).

3.4. Safety and long-term consequences of IA mannitol-induced OBBBO in
the cortex

Three and seven days after OBBBO, T2w MRI did not detect any
asymmetry or hyperintensity, suggesting a lack of edema or in-
flammation, T2*w scans were not indicative of microhemorrhages and
a lack of Gd-enhancement on Tlw images revealed an intact BBB
(Fig. 4a), overall suggesting that the procedure is safe and the BBB
breach was transient. Histology corroborated these observations with
GFAP and IBA-1 staining 7 days post OBBBO, in which there was no
evidence of astrocytic or microglial activation in the OBBBO region, as
determined by comparing the fluorescence intensity between the tar-
geted region and the corresponding area in the contralateral hemi-
sphere (P = .344, P = .073; Fig. 4b,c). Overall, both MRI and histologic
appearance confirmed that the procedure for cortical OBBBO induction

Fig. 2. Use of real-time MRI to visualize the effect of
contralateral CCA closure on cortical trans-catheter
perfusion. (a) Representative T2* images before
(0s), 20 s, 60 s and 120 s after infusion of Gd at the
rate of 0.15 ml/min. (b) Dynamic signal changes for
two ROIs marked in (a). Graph lines and ROIs are
shown in corresponding colors. Start represents the
beginning of IA Gd infusion. Stop represents the end
of the infusion.
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Fig. 3. Real-time MRI for predictable OBBBO with histological validation. (a, d) Representative T2* images of Gd perfusion. (b) Histogram analysis of pixel intensities
in (a), showing two Gaussian distributions (red lines). Blue arrow points to where a cut-off of —62.02% was applied to separate the two distributions. (c) Segmented
map shows the area where the relative signal change was smaller than —62.02%. (d) Gd enhancement map, (e) histogram analysis, and (f) segmented map (A\S
% > 60%) right after mannitol infusion ended. (g) Scatter graph and (h) correlation analysis of the OBBBO territory predicted by Gd perfusion and assessed using Gd
enhancement (n = 4). (i) The histological analyses show the region with extravasation of Evans blue. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

did not cause brain damage. Notably, excessive exposure to IA mannitol
i.e. continuous 4 min-infusion led to brain damage, the injury was
shown as T2 hyperintensity on day 3 (Supplementary Fig. 2).

3.5. Vascular trans-catheter perfusion in mouse cortex through a cranial
window

With the goal of developing a protocol enabling comprehensive
assessment of cortical BBB, including intravital microscopy, we im-
planted cranial windows and head posts (n 5) (Fig. 5a). After al-
lowing the animals to heal for one week, the mice were catheterized
intra-arterially and placed under epi-fluorescent microscopy. Rhoda-
mine was infused via the catheter to verify perfusion and display the
cortical vascular architecture. In an agreement with the observation
under MRI, cortical perfusion was observed rarely, as visualized during
IA infusion bolus of rhodamine (Fig. 5b). In those animals, the dynamic
signal changes showed steep increase for the duration of bolus infusion
consistently for cortical vessels (Fig. 5c¢). In the majority of animals,
however, sparse or none cerebral arteries and microvessels were per-
fused and temporary contralateral CCA closure was required to rapidly
increase and broaden perfusion territory in the cortex (Fig. 5d, Sup-
plementary Video 1). The dynamic assessment of that scenario is
quantitatively represented in Fig. Se.
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3.6. Intravital multiphoton microscopy for visualization of cortical OBBBO
and drug extravasation

The cerebral vasculature at ~100 pm depth into the cortex was
visualized with 2 PM upon IA injection of rhodamine. Once cortical
perfusion was achieved, infusion (2 min IA bolus) of a mixture of
mannitol, rhodamine and bevacizumab-FITC was initiated; however,
infiltration was not observed. Subsequently, another infusion (1 min
bolus) was performed, the BBB was breached, and a final infusion
(1 min bolus) was performed, for a total of 4 min of infusion time,
which resulted in a more robust penetration into the cortical par-
enchyma (Fig. 6a, Supplementary Video 2). The 0.58 kDa rhodamine
extravasated the cortex earlier compared to 153 kDa bevacizumab-
FITC. The fluorescence intensity changes in 7 selected ROIs located in
the parenchyma was measured to exhibit dynamics of BBB permeability
for rhodamine and bevacizumab-FITC. As anticipated, there was earlier
onset and higher intensity of extravasation for rhodamine upon BBBO
compared to bevacizumab-FITC. The half-time of rhodamine and bev-
acizumab-FITC reaching their maximum was 526.2 s and 618.6 s, re-
spectively (Fig. 6b).

3.7. Histological confirmation of bevacizumab extravasation

Cryosectioned brain tissue samples collected one hour after IA
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Fig. 4. MRI and histological assessment post-OBBBO. (a) 3 and 7 days after OBBBO, T2-w and T2* w images did not indicate brain damage. No Gd enhancement in T1
images was observed in the brain, revealing that the BBB was resealed. Fluorescent staining of the OBBBO region with GFAP (b) and IBA1 (c) showed comparable
intensity between the ipsilateral and the contralateral hemisphere (3 ROIs/hemisphere as represented in lower magnification), indicating no inflammation after
OBBBO. Scale bar = 100 pum.

delivery of bevacizumab with intact BBB (BBBI) showed modestly in- blood vessels and parenchyma (Fig. 7b). Additionally, OBBBO appeared

creased uptake of bevacizumab delivery to the target (ipsilateral side), to potentiate the vascular concentration of bevacizumab. As measured
however, it was localized to the blood vessels (Fig. 7a). For the IA de- by the fluorescence intensity, there was significantly higher uptake of
livery with OBBBO, accumulation of bevacizumab was observed in both bevacizumab in ipsilateral vs. contralateral hemisphere in both groups

Fig. 5. Visualization of cortical perfusion in epifluorescence microscopy. (a) The cranial window for microscopic imaging. (b) Representative fluorescent images
show the perfusion territory of rhodamine without contralateral CCA closure. (c) Dynamic signal changes of the ROI (circle) marked in (b). (d) Representative
fluorescent images show the change of perfusion territory in the cortex pre-and post- contralateral CCA closure. (e) Dynamic signal changes of the ROI (square)
marked in (d). Start represents the beginning of rhodamine infusion. ON represents the weight is engaged. Stop represents the end of the infusion.
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Fig. 6. Intravital 2 PM visualization of cortical
OBBBO and drug extravasation. (a) Representative
2 PM images showed the vessels permeability to
rhodamine and bevacizumab. The arrow points to
where BBB disruption started. (b) Quantitative
measurement of fluorescent signal intensities in the
selected extravascular regions marked in (a) over
15 min long dynamic imaging. The data was pre-
sented as mean *+ SEM from 7 ROIs. The grey
shading indicated the IA infusion periods. Scale
bar = 50 um.

Fig. 7. Histological assessment of bevacizumab biodistribution and extravasation. (a, b) Coronal fluorescent images of mouse cerebral cortex showed the distribution
of infused bevacizumab in animals with intact BBB and OBBBO. (c, d) Quantification of fluorescence intensity of bevacizumab between the ipsilateral and con-
tralateral hemisphere. (e) The ipsi—/contralateral ratio values were higher when the BBB was opened compared to that in animals with intact BBB. Measurements
are sampled from 3 ROIs/hemisphere as represented in lower magnification. Scale bar = 50 pm.

(P < .001, Fig. 7c, d), but the ipsi— /contralateral ratio was more effective compared to the intact BBB (BBBI).
pronounced (~2 fold higher) when the BBB was opened (P < .001,
Fig. 7e). These observations demonstrated that IA delivery of bev-
acizumab into the brain across an osmotically opened BBB is more
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Fig. 8. Brain uptake of °Zr-bevacizumab. Ex vivo biodistribution analysis showed brain uptake of ®°Zr-bevacizumab with significantly higher uptake in the ipsi-
lateral cortex in OBBBO/cCCA closure group (n = 4). *Statistically significant difference.

3.8. Brain uptake of 8°Zr-bevacizumab

To further quantitate brain uptake of injected antibody, 8°Zr-bev-
acizumab was evaluated using ex vivo biodistribution assay (Fig. 8,
Supplemental Tables 1, 2). We found the uptake of 8°Zr-bevacizumab in
the ipsilateral cortex reached 33.90 + 9.06%ID/g (7.46 * 1.99 ug/
g), which was significantly higher than that in the intact BBB/cCCA
closure group (3.56 *+ 1.06%ID/g; 0.78 + 0.23 pg/g) and OBBBO/
cCCA patent group (9.29 = 9.02%ID/g; 2.04 =+ 1.99 pg/g). No sta-
tistically significant difference was found between these two groups. In
the ipsilateral subcortical structures, the uptake of 8°Zr-bevacizumab
reached 13.59 = 5.19%ID/g (2.99 * 1.14 ug/g)and 17.09 * 7.22%
ID/g (3.76 * 1.59 pg/g) in the group of OBBBO/cCCA patent and
OBBBO/cCCA closure, respectively. While in the intact BBB/cCCA
closure group, we observed much lower uptake of 3.57 = 0.59%ID/g
(0.79 = 0.13 pg/g). In addition, after IA infusion, the uptake in the
ipsilateral hemisphere (both the cortex and subcortical structures) was
markedly higher than that in the contralateral hemisphere regardless of
BBB status.

4. Discussion

Intra-arterial hyperosmotic mannitol has been used for decades to
induce transient permeabilization of the BBB for enhancing drug de-
livery to the brain. However, due to the unpredictable and non-selective
opening, this approach provide variable outcomes [12,16], preventing
its broad clinical adaptation. Our previous studies have proved the
superiority of real-time MRI guidance, facilitating highly predictable
and spatially precise endovascular targeting of the brain to induce
OBBBO and deliver therapeutics [13,14,19,24]. There is growing de-
mand for this type of technology due to the rapidly growing field of
endovascular neurointerventions. Indeed, we have recently applied this
approach clinically in a patient with aggressive recurrent glioblastoma
multiforme [16]. Real-time MRI guidance of IA delivery was essential to
maximize tumor exposure with bevacizumab following mannitol infu-
sion, resulting in an encouraging therapeutic response [16]. Ad-
ditionally, our positron emission tomography (PET) imaging study de-
monstrated that IA route is far more effective in delivering monoclonal
antibodies into the brain compared to systemic administration and the
antibodies retained in the brain for at least 24 h [15]. However, the
relatively low spatial resolution PET data from that study precluded
assessment as to whether the accumulation was solely on the en-
dothelial level or the antibodies penetrated into the brain parenchyma.
Here, we focused on optimizing IA drug delivery in mice to facilitate
multi-scale dynamic imaging studies of OBBBO and determine the
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amount of infused drug uptake in targeted region.

OBBBO in mice has been previously reported and several studies
showed successful BBB breach in the entire hemisphere including the
cortex [10,25,26]; however, those published studies utilized a high IA
infusion rate exceeding the safe physiological perfusion rate for the
carotid artery, and it has been reported by us and others that excessive
infusion rate has a direct damaging effect on the BBB and the brain
[19,24,27,28]. We previously optimized the procedure for safe, tran-
sient opening of the BBB without neurological consequences but the
territory of BBB opening rarely included the cortex. This phenomenon is
likely due to redundancy in vascularization of the cortex supplied by
more than one major cerebral artery eventually leading to mixing and
dilution of IA mannitol [29,30]. In order to prevent this situation, here,
we temporarily occluded the contralateral CCA for the duration of
mannitol injection and that intervention was sufficient for the ipsi-
lateral cortex to be perfused from the catheter and therefore disrupt the
cortical BBB as shown by real-time MRI. This experimental platform
was then exploited for studying the mechanism of drug extravasation
using intravital microscopy. Dynamic imaging during IA infusion al-
lowed us to visualize and track the leakage of fluorescent dyes upon
OBBBO, showing that rhodamine extravasated earlier and led to higher
parenchymal accumulation than monoclonal antibody. This observa-
tion is consistent with a study of focused ultrasound (FUS)-induced
BBBO reported by Nhan. et al., which demonstrated fast leakage for
small sized molecules [31]. Indeed, FUS is emerging as a novel non-
invasive technology for BBB opening to enhance delivery of ther-
apeutics into the brain [32-35]. This approach, especially when per-
formed under MRI-guidance, has excellent spatial control; however, the
strategy needs to overcome the potential adverse of sterile in-
flammatory before being widely implemented in clinical trials [36].
Furthermore, FUS-induced BBBO in the brain parenchyma is usually
combined with systemic administration of therapeutics, making it dif-
ficult to reach sufficient drug concentration at the targeted site and
often resulting in toxic side effects. In contrast, IA approach combining
selective OBBBO immediately followed by localized delivery of a spe-
cific drug during the same procedure as a one-stop-shop affords ade-
quate therapeutic concentration at the desired destination while mini-
mizing systemic exposure.

Microscopic analysis in this study (both intravital and post mortem)
provided information about the timing of BBB breach as well as par-
enchymal penetration of injected antibodies, further explaining our
previous PET findings [15] and other literature reports [7,37,38]. After
IA delivery antibodies with an intact BBB were found to localize within
blood vessels, while parenchymal presence was negligible. This is
consistent with published literature showing extravasation of
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antibodies without BBBO is marginal [15,39-41]. Notably, OBBBO
paired with intravenous delivery of antibodies also results in poor brain
accumulation [15].

IA mannitol with coordinated closure of the contralateral CCA fa-
cilitated cortical OBBBO; however, for effective BBB disruption longer
exposure to mannitol (around 3 min) was required compared to sub-
cortical structures. This phenomenon may result from the mixing and
dilution of mannitol or differences in structure and function of cortical
capillaries. Our dynamic intravital microscopy supported the mixing
theory, where we observed the intermittent pulsatile flow pattern
during IA infusion of the contrast agent (Supplementary Video 2). The
structure and function of the microvessels may also contribute to dif-
ferences in vulnerability to mannitol. Tissue-engineered models of the
human BBB, which recapitulate shear stress, geometry, and physiolo-
gical permeability have recently emerged as a platform to study BBBO
[42]. Within 3D BBB microvessels, mannitol-induced BBBO was ob-
served to be heterogenous, occurring due to disruption of discrete cell-
cell junctions between adjacent iPSC-derived brain microvascular en-
dothelial cells [43].

The multi-scale imaging studies reported here are essential for de-
veloping precise, reproducible, and effective strategies for drug tar-
geting. Even in the case of direct intracerebral injection of small mo-
lecules, based on convection-enhanced delivery (CED), drug retention
in the brain is uncertain. A recent PET study surprisingly reported that
CED of low molecular weight molecules resulted in their rapid clear-
ance [44]. The mechanism of that rapid clearance is not well under-
stood but the BBB functionality includes active efflux transporting
molecules out of the CNS [45]. Meanwhile, this finding might also
explain the limited efficacy of therapies when BBB permeable small
molecules were used to treat CNS disorders, as they seem to be easily
transported into peripheral circulation, resulting in inadequate ther-
apeutic concentrations at the target. Hence, our developed platform for
intravital imaging in the cortex will be of great value to accurately
understand the drug behavior in the brain parenchyma with or without
BBBO, profoundly contributing to the development of drug delivery
strategies.

Monoclonal antibodies constitute a source of therapeutic agents
used increasingly in oncology and for many other disorders. However,
the high molecular weight (around 150 kDa) leads to their poor diffu-
sion across the BBB, resulting in limited therapeutic efficacy for the
diseases affecting CNS. Drug concentrations in the CNS are notoriously
low with an example of a clinical study showing that the concentration
of a monoclonal antibody (trastuzumab) in the cerebrospinal fluid
(CSF) was very low (0.21 mg/1 versus 70.32 mg/1 in the serum) [46]. In
another report monoclonal antibody (rituximab) in the CSF was de-
tected at around 1% of the blood concentration after the dose of 800 mg
administered intravenously [47]. In a preclinical study using mice
bearing an orthotopic diffuse intrinsic pontine glioma, Jansen et al.
[48] reported no visible accumulation of 8°Zr-bevazizumab on PET
imaging either in the brain nor in tumors. Ex vivo quantitative assess-
ment showed the uptake was below 1%ID/g. Such poor uptake requires
extremely high dose of systemic drug for achieving any therapeutic
effect. As shown in a study using U87 brain tumor model, the tumor
growth was inhibited only after the dose of bevacizumab reached
10 mg/kg [49]. Here, we demonstrated that IA delivery could increase
the uptake up to 3.6%ID/g. OBBBO further improve the uptake to
33.90%ID/g in the ipsilateral cortex and 17.09%ID/g for ipsilateral
subcortical structures. Although high uptake of bevacizumab in the
brain reached pharmacologically relevant concentration, this study
utilized intact animals and future experiments with brain tumor models
are needed to identify the therapeutic dose and analyze the treatment
effects. Notably, in contrast to parenchymal delivery requiring neuro-
surgical procedure, endovascular treatment can be easily performed
multiple times if required.

Overall, this study established reproducible cortical OBBBO in mice,
which enables multi-photon microscopy studies on OBBBO and drug
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targeting. This approach enabled the real-time monitoring of the ex-
travasation of IA injected antibodies and proved utility of this approach
for effective delivery of antibodies into the brain across osmotically
opened BBB. Such a platform will be critical for designing and guiding
treatment strategies for a variety of neurological disorders.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jconrel.2019.11.019.
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2. Introduction

2.1. The blood-brain barrier (BBB)

The blood-brain barrier (BBB) is a unique functional structure in the central
nervous system (CNS). It is mainly composed of a monolayer of highly specialized
brain endothelial cells closely sealed by tight junctions and surrounded by the
pericytes, astrocytic end-feet! (Fig. 1a). The BBB serves as a regulator for substances
influx and efflux to maintain a homeostatic brain function. As a highly selective
permeability barrier, the BBB is known to prevent the entry of harmful substances from
the peripheral circulation into the CNS, making it as an important defense for CNS
protection. However, the BBB is also a major obstacle for effective delivery of
therapeutics into CNS. In the presence of an intact BBB, molecules, and compounds
sized above 180 Da do not typically enter the CNS2. Therefore, chemotherapeutics
and therapeutic biologics such as trophic factors do not cross the BBB as their
molecular weights usually are between 200 and 1200 Da3. The poor penetration
prevents more than 98% of the existing pharmaceutical agents from entering the brain
tissue after intravascular delivery (Fig. 1b), resulting in limited treatment efficacy of
CNS diseases*>.
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Figure 1. The blood-brain barrier (BBB). a, The structure of the BBB and its major components. b,
The intact BBB prevents the passage of therapeutics from the circulating blood into the brain
parenchyma.

2.2. Hyperosmotic mannitol-induced BBB opening (BBBO)

To overcome the limited accessibility of therapeutics to the CNS, various methods
and drugs have been developed to induce transient permeabilization of the BBB and
intra-arterial (IA) mannitol-mediated osmotic opening most frequently has been used
in both preclinical and clinical studies®®. Brightman et al.® pioneered this approach
demonstrating in the 1970s IA injection of the hyperosmotic mannitol-induced opening
of endothelial tight junctions for the passage of agents into the brain (Fig. 2). In the
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following decades, IA mannitol has been the primary method used to open BBB,
followed by the infusion of therapeutic agents including chemotherapeutics, vectors,
and stem cells in preclinical models and clinical studies’® 1911, However, the current
strategy of osmotic BBB opening (BBBO) is highly variable and inconsistent*? due to
multiple factors including mannitol dose, injection speed but also vascular anatomy
and cerebral hemodynamics of individual patients or experimental animals's. As a
result, the published protocols show high variability (Table 1). For instance, in different
rodent studies, the infusion rate of mannitol into the carotid artery using rats ranged
from 2.6 ml/min'4 to as high as 7.2 ml/min®. Notwithstanding the wide variance of
these parameters, this spectrum greatly exceeds the physiological perfusion rate in the
internal carotid artery risking damage. Additionally, several studies awkwardly reported
intravenous (instead of intraarterial) injection of mannitol to break the BBB to facilitate
the brain accumulation of therapeutics including stem cells'6-18, Recently, in a rabbit
model, interventional MRI-guidance was also used to predict and optimize the territory
of BBBO through direct fine-tuning of the infusion speed, dose and the position of the
IA catheter'®. The study also gives a hint that real-time MRI is an attractive and
promising approach to address the high variability of BBBO in small animals.
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Figure 2. Hyperosmotic mannitol-induced BBB opening affords the access of therapeutics to

the brain parenchyma.
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Table 1 Hyperosmotic mannitol-induced BBBO in small animals

Animal species Injection route Injection rate Injection duration  Reference
(weight or age) or dose
Rat (200-240 g) Intra-arterial 7.2 ml/min 30s 19-22
Rat (350-450 g) Intra-arterial 7.2 ml/min 5 ml/kg 23
Rat (170-340 g) Intra-arterial 15 ml/kg/min 30s 14,24
Rat (~325 g) Intra-arterial 5.4 ml/min 25s 25-26
Rat (300-350 g) Intra-arterial 4.98 ml/min 30s 2
Rat (250-300 g) Intravenous N.D. 10 min 16
Mouse (22-24 g) Intra-arterial 1 ml/min 0.75 ml 10
Mouse (8-12 week) Intravenous N.D <2min 18
Mouse (N.D) Intravenous N.D 5 ml/kg 28

N.D. not determined

2.3. Intra-arterial delivery of therapeutics to the central nervous system (CNS)

There are various routes to deliver therapeutics to the CNS including oral or
intranasal administration, intravenous, intraarterial and intracerebral injection?®-32. The
advantages and limitations of each approach are described in Table 2. Among them,
IA delivery seems superior to other methods for CNS as it circumvents many
drawbacks. Although IA route has some risks such as microembolization or triggering
an immune response33, overall this minimally invasive technigue is mature, well-
established and safe345, Most importantly, it facilitates high drug concentrations in the
brain while minimizing systemic toxicity3¢-%’. It is worth noting that IA approach
combined with the image guidance could visualize and predict the delivery of
therapeutics to the brain. For example, studies have demonstrated the capability of
real-time MRI to visualize intra-arterially administrated stem cells within cerebral
vasculature at a high temporal resolution®®-3°, Such real-time imaging modality can also
predict the biodistribution of injected therapeutics using pre-infusion of a contrast agent
via IA catheter thereby determining whether they are delivered to the expected brain
region or misrouted3®-4%. While MRI is excellent for high spatial resolution anatomical
imaging and perfusion studies, its sensitivity is rather low and insufficient for monitoring
drug pharmacokinetics. Positron Emission Tomography (PET) imaging bridges that
gap, and that modality was instrumental for demonstrating biodistribution of
therapeutics after 1A route.
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Table 2. Common delivery routes of therapeutics to the CNS.

Delivery route Advantage Limitation

hepatic first pass effect

self-administration limited brain exposure
convenient risk of systemic toxicity
oral non-invasive low bioavailability
safe difficult to overcome the BBB
self-administration
relatively large absorption area short retention time
Intranasal non-invasive low permeability for hydrophilic drug
bypasses the BBB lack of potent drugs
safe
peripheral organs first pass effect
common risk of immune response
Intravenous convenient limited brain exposure
safe risk of systemic toxicity
difficult to overcome the BBB
invasive
spatially precise deposition risk of focal hemorrhage, headache,
Intracerebral high local drug concentration somnolence, subdural hematoma,

low systemic toxicity requires highly trained surgeons
dose restriction

less acceptable to patients

high local drug concentration

immediate onset of action risk of microembolism
. minimally invasive risk of immune response
Intra-arterial y _ _
targeted delivery requires trained
low systemic toxicity neurointerventionalist

safe techniques in the clinic

Advances in biotechnology enable efficient and cost-effective design of
macromolecules. Such scaffolds can be designed with high affinity and specificity for
safe engagement of certain molecular targets. Recently, there is growing interest in
nanobodies as therapeutic agents and dendrimers as drug nanocarriers. Nanobodies
are derived from naturally occurring heavy chain antibodies in camelids. They are one-

tenth (~15 kDa) of the size of monoclonal antibodies. The small size of nanobodies
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has several advantages such as easy in-vitro production, reduced immunogenicity,
high affinity to molecular targets, and improved permeability across biological
barriers*-42, Polyamidoamine (PAMAM) dendrimers are quickly emerging as a
versatile nanoplatform for selective drug delivery due to their unique physicochemical
properties, including small size, large number of reactive terminal groups that can be
readily modified with different functionalities, bulky interior void volume, and
biocompatibility*®. A generation-4 PAMAM dendrimer has a similar size to a nanobody
and has the further advantage of capacity for conjugation with various functionalities,
including ligands for molecular targets, imaging radio-, chemo-, and
immunotherapeutic agents**. Thus, the nanobody and PAMAM were used as part of
this dissertation to explore their penetration and clearance from the brain using PET.
2.4. Intravital imaging on studying mechanisms of BBBO and drug penetration
MRI is able to guide delivery and visualize drug distribution in the brain; however,
the low spatial resolution and sensitivity are not sufficient for studying
pharmacokinetics in vivo. To date, comprehensive and mechanistic investigations on
drug extravasation across osmotically opened BBBO at the microscopic level are
lacking. Two-photon microscopy (2PM) is an emerging intravital imaging technique that
allows for imaging tissues up to about one millimeter in depth®. Using 2PM, it is
achievable to reach sufficient temporal and spatial resolution in the cerebral cortex to
track agents‘ penetration across the BBB at the level of microvasculature. Due to
limited depth of penetration, 2PM studies are restricted to superficial structures such

as cerebral cortex accessed with an implanted cranial window“®.

2.5. Goals of the project
The overall goal of this project was to use intra-arterial route with manipulation of
the BBB permeability for effective delivery of therapeutics to the brain and explore the
mechanisms facilitating drug accumulation in the brain. The specific goals were as
follows:
i) to develop a predictable, reproducible and safe hyperosmotic mannitol-based
BBBO technique in mice.
i) to exploit the established experimental platform with 1A delivery of two major
classes of therapeutics to the brain and determine their pharmacokinetics.
iii) to optimize the hyperosmotic mannitol-based BBBO in the cortex of mouse.
iv) to investigate the osmotic BBBO as well as subsequent drug accumulation in the

brain at the microscopic level using intravital microscopy.
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3. Materials and Methods
3.1. Hyperosmotic mannitol-based BBBO
3.1.1. Animals and endovascular catheterization

All procedures were performed in accordance with guidelines for the care and use
of laboratory animals and were approved by the Johns Hopkins Animal Care and Use
Committee. Male SCID mice (n = 8, 6-8 weeks old, 20-25 g, Jackson Laboratory) were
used. Anesthesia was induced with 5% isoflurane and maintained with 1.5-2%
isoflurane during surgery. The common carotid artery (CCA) bifurcation was exposed
using blunt dissection. The occipital artery branching off from the external carotid artery
(ECA) was coagulated. The ECA and the pterygopalatine artery (PPA) were
temporarily ligated with 4-0 silk sutures to route the entire flow into cerebral arteries. A
temporary tie was placed on the carotid bifurcation and the proximal CCA was
permanently ligated using 4-0 sutures. Then a microcatheter (PE-8-100, SAI Infusion
Technologies) was flushed with 2% heparin (1000 units/ml, heparin sodium, Upjohn),
via a small arteriotomy and advanced into the internal carotid artery (ICA). The catheter
was secured by two purse-string suture ties around CCA. For goal iii-iv, before making
a small arteriotomy, a suture connecting a weight (25 g) was secured around the
contralateral CCA.
3.1.2. Interventional MRI

The mice with a secured intra-arterial catheter were positioned in a Bruker 11.7T
MRI scanner. Baseline T2 (TR/TE = 2,500/30ms) and T1 (TR/TE 350/6.7ms)-weighted
and dynamic Gradient echo-echo planar imaging (GE-EPI, TR/TE 1250/9.7ms, field of
view (FOV) = 14, matrix = 128, acquisition time = 60 s and 24 repetitions) images of
the brain were acquired. A superparamagnetic iron oxide (SPIO) nanoparticle
formulation (Feraheme, dissolved in saline at 1:30; 0.3mg Fe/ml) or gadolinium
(Gadoteridol, dissolved in saline at 1:50; 5.46 mg/mL) was infused intra-arterially at
rates between 0.05 and 0.20 ml/min under dynamic GE-EPI MRI to predict perfusion
territory and optimize that territory to the desired size and location. An infusion pump
(PHD 2000, Harvard Apparatus Inc.) was used to control the contrast administration.
The routine was to start injections from the lowest speed, and then increase it at
increments of 0.05 ml/min until an effective perfusion area was achieved. Then, 25%
mannitol was delivered via an IA route over 1 min at a speed determined by previous
contrast agent injection. T1l-weighted images were obtained post-gadolinium to
visualize BBB integrity.
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To achieve BBBO in cortex, for animals where the cortex was not perfused (most
cases), the weight around contralateral CCA was engaged, occluding the vessel with
dynamic imaging of IA infusion to confirm cortical perfusion/supply. Once cortical
perfusion has been confirmed, 25% mannitol was infused until BBB breach has been
achieved (up to three bolus injections 1-2 min each; interval between infusions is 30

s). T1-weighted images were obtained post-gadolinium to visualize BBB integrity.

3.1.3. Histological validation of BBBO

For histological evaluation of BBBO, 0.1 ml of 2% w/v Evans blue (EB) or
rhodamine red (1 mmol/l) were subsequently administrated intra-arterially at the same
rate as mannitol. The brains were harvested right after injection and without perfusion
to avoid the clearance of both imaging agents. For EB verification, frozen coronal brain
slabs (1-mm) were sliced on a cryostat. For the detection of rhodamine, the brain was
cryosectioned at 30 ym and fluorescent images of rhodamine biodistribution were
acquired.
3.1.4. MRl and immunohistochemistry in evaluating the safety of BBBO

Three and seven days after BBBO, the safety of the procedure was evaluated by
MRI. For further histological assessment, animals were transcardially perfused with 5%
sucrose and then with 4% paraformaldehyde (PFA). The brains were cryopreserved in
30% sucrose and cryosectioned at 30-um. Primary antibodies and dilutions were used
as follows: anti-GFAP (1:250, Dako); anti-IBA1 (1:250, Wako); and anti-NeuN (1:100,
Cell SignalingTechnology). The secondary antibody was goat anti-rabbit (Alexa Fluor-
488, 1:200, Molecular Probes). All the fluorescent images were acquired using an

inverted microscope (Zeiss, Axio Observer Z1).

3.2. Brain uptake of nanobody and dendrimer
3.2.1. Gelsolin nanobody

Gelsolin nanobody 11 (NB11), cloned in the pHENG6c vector, was purified from
WKG®6 cells. Briefly, competent WK6 cells were transformed with the plasmid and grown
at 37 °C in TB medium with 100 pg/ml ampicillin until the OD600 reached 0.60—0.80.
Then temperature was set to 20 °C and nanobody expression was induced by the
addition of 0.5 mM IPTG. After overnight induction, bacterial cultures were pelleted by
centrifugation at 11,000xg for 20 min at 4 °C. Cells were resuspended in a small
volume of phosphate-buffered saline (PBS), and 0.2 mg/ml lysozyme was added. Lysis

proceeded during 30 min rotation at room temperature. This suspension was then
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sonicated (Vibracell, Sonics and Materials, Newtown, CT, USA) and centrifuged again
(~29,000x%g) for 30 min at 4 °C to obtain the bacterial protein lysate. The His6-tagged
nanobody was purified by Immobilized metal ion affinity chromatography (IMAC) on a
Ni2* column and eluted with 500 mM imidazole. Finally, nanobody 11 was purified to
homogeneity by gel filtration chromatography on a Superdex 200 HR 10/30 column
(GE Healthcare, Diegem, Belgium), equilibrated in 20 mM Tris.HCI pH 7.5, 150 mM
NaCl, 1 mM DTT.
3.2.2. Synthesis of NB and deferoxamine

For conjugation of deferoxamine (DFO) with NB, storage buffer was replaced with
saline using ultrafiltration with Millipore Amicon Ultra Centrifugal Filters 3000 Da
molecular weight cut-off (MWCO, Millipore Sigma, cat #: UFC80030) and pH was
adjusted to 9 with a small amount of 2 M Na2COs solution. Then five-fold molar
equivalent of SCN-Bn-DFO dissolved in DMSO was added and conjugation was
carried out for 30 min at 37 °C in a thermomixer at 550 r.p.m. Resulting NB-DFO
conjugate was purified as described above, reconstituted in saline at 10 mg/ml and 0.1

ml aliquots were kept at —20 °C until further use.

3.2.3. Synthesis of PAMAM dendrimers and DFO
G4(NHz2)s4 dendrimer (0.030 g, 2.11 x 107 mol) was dissolved in 3 ml deionized

water resulting in pH = 9.2 and 5 mol equivalent of SCN-Bn-DFO (0.008 g, 1.05 x 107°
mol) reconstituted in 0.2 ml of DMSO was added. The reaction proceeded for 30 min
at 37 °C in a thermomixer at 550 r.p.m., and a small amount of reaction mixture was
subjected to MALDI-TOF mass spectrometry to confirm conjugation of DFO with
dendrimer. Next, 0.2 ml (2.99 x 1072 mol) of glycidol was added and reaction was
carried for additional overnight to cap remaining primary amines with butane-1,2-diol
(Bdiol). Resulting G4(DFO)s(Bdiol)110 dendrimer was purified using deionized water
and ultrafiltration with Millipore Amicon Ultra Centrifugal Filters 10,000 Da MWCO,
lyophilized, yielding 0.035 g of the conjugate, which was stored at =20 °C until

further use.

3.2.4. Matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF)

To determine average number of DFO molecules conjugated with nanobody and
dendrimer and assess its capping efficiency with butane-1,2-dio, MALDI-TOF spectra
were recorded on a Voyager DE-STR spectrophotometer, using 2,5-dihydroxybenzoic
acid (DHB) as a matrix, which was dissolved in 50% MeOH and 0.1% TFA aqueous
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solution at concentration of 20 mg/ml. NB and NB(DFO)2 samples were desalted using
Zeba™ spin columns 7 K MWCO (cat. # 89882, Thermo Fisher Scientific). Samples of
G4(NHz2)64, G4(NH2)61,(DFO)3, and G4(DFO)s3(Bdiol)110 dendrimers were prepared in
deionized water. 10 ul of samples were mixed with 10 ul of matrix, and 1 pl of resulting
mixture was placed on the target plate (in triplicate) and evaporated. Number of shots

and laser power was adjusted according to spectrum quality.

3.2.5. Radiolabeling of NB and dendrimer

Radiolabeling of NB(DFO)2 and G4(DFO)3(Bdiol)110 with Zirconium-89 (8%Zr) was
performed using reported procedure?’. 89ZrNB(DFO)2 was fabricated with ~99%
radiochemical purity and 129.5 + 10 MBg/mg specific activity. 82rG4(DFO)s(Bdiol)110
was prepared with ~99% radiochemical purity and 120 £ 8 MBg/mg specific activity.
For further studies, 89ZrNB(DFO)2 and 8ZrG4(DFO)s(Bdiol)110 were diluted with sterile

saline.

3.2.6. PET-CT imaging of IA and IV delivery of radiolabelled NB and dendrimer
6—-8-week-old male C3HeB/FeJ mice (Jackson, n = 4 per group, total n = 28) were
used in PET-CT studies. Under general anesthesia, a catheter was placed in the ICA,
as we have reported above, and mice were transferred to the PET-CT scanner. BBB
opening was performed with 25% mannitol infused for 1 min at a speed of 0.15 ml/min.
~8.5 MBq (~230 uCi) of 8ZrNB(DFO)2 or 8ZrG4 (DFO)s (Bdiol)110 reconstituted in 1
ml of saline was infused IA or IV over 5 min at 0.15 ml/min flow rate. There were four
experimental groups: 1) IA infusion with BBB intact (IA/BBBI), 2) BBBO followed by 1A
infusion (BBBO/IA), 3) BBBO followed by intravenous infusion (BBBO/IV) and 4)
intravenous infusion followed by BBBO (IV/BBBO) for 8ZrNB(DFO)2. Three groups-1)
IA infusion with BBB intact (IA/BBBI), 2) BBBO followed by IA infusion (BBBO/IA), and
3) intravenous infusion followed by BBBO (IV/BBBO)—were evaluated for
897rG4(DFO)s(Bdiol)110. Accumulation of 8ZrNB(DFO)2 or 8ZrG4(DFO)s(Bdiol)110 in
the brain was initially evaluated with dynamic 30-min-long PET scans divided into 30
s frames, followed by whole body PET/CT imaging acquired around 1 h and 24 h post-
infusion (pi), in two bed positions and 7 min per bed on an ARGUS small animal
PET/CT scanner (Sedecal, Madrid, Spain). A CT scan (512 projections) was performed
before whole-body PET imaging at 1 h (mice remained in the scanner after dynamic
scan was completed) and 24 h pi, to enable co-registration. PET data were

reconstructed using the two-dimensional ordered subsets-expectation maximization
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algorithm (2D-OSEM) and corrected for dead time and radioactive decay. Presented
whole-body images were generated using Amira® (FEI, Hillsboro, OR, USA) and
dynamic scans (brain and heart radioactivity accumulation) and radioactivity
distribution in different brain regions were analyzed with PMOD 4.3 (PMOD
Technologies LLC, Zirich, Switzerland). The peak concentration of radioactivity over
5 min around the end of IA infusion of 8ZrNB(DFO)2 and 89ZrG4(DFO)s(Bdiol)110 was
extracted, and compared with the last 5 min of the dynamic scans to calculate the rate
of early clearance of administrated radiotracers from the brain. Then the radioactivity
detected in the CNS at 1 h and 24 h after infusion was used to assess their later brain
clearance. The effect of BBBO on nanobody or dendrimer brain accumulation following
their IV infusion was evaluated by comparing level of radioactivity 5 min before and 5

min after mannitol administration.

3.2.7. Ex-vivo biodistribution of NB and dendrimer

Upon completion of PET-CT at 24 h pi of 8ZrNB(DFO)2 or 89ZrG4(DFO)3(Bdiol)11o0,
mice were sacrificed; blood, brain (divided into right and left hemispheres), and
selected organs were harvested and weighed. The radioactivity in collected samples
was measured on a PerkinElmer 2480 Automatic Gamma Counter (Waltham, MA,
USA) 4 days after sample collection to avoid detector saturation due to high
radioactivity accumulation in brain and kidneys. To calculate the percent of injected
dose per gram of tissue (%ID/q), triplicate radioactive standards (0.01% of the injected
dose) were counted along with tissue samples.
3.3. Intravital imaging on drug delivery in mouse cortex
3.3.1. Cranial window implantation

Cranial window procedures were performed as previously described*e. Briefly,

mice were shaved and deeply anesthetized with 1.5-2% isoflurane and stabilized on
a stereotactic frame. Before surgery, animals were administered with dexamethasone
sodium phosphate (0.02 ml at 4 mg/ml, Fresenius Kabi) by subcutaneous injection to
prevent cerebral edema. Then the skin and periosteum were removed to expose the
skull. A craniotomy (~ 3 mm diameter) was conducted over the right parietal bone ~1.5
mm posterior to bregma and ~1.5 mm lateral from midline. Saline was applied regularly
to avoid heating caused by drilling during skull-thinning procedure. At the end, the
central island of skull bone was gently lifted, removed, and covered with a circular
coverglass (3 mm diameter, #1 thickness, Harvard Biosciences) sealed to the skull

using glue. For the subsequent imaging sessions, a custom-made head-bar with a
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circular opening was sealed to the skull with dental cement, covering all the exposed
skull, wound margins and glass edges. Mice were allowed to recover for 7 days before

imaging.

3.3.2. Conjugation of bevacizumab and fluorescein

Bevacizumab was washed 3 times using ultrafiltration with Millipore Amicon Ultra
Centrifugal Filters 50 kDa MWCO (Milipore). After washing, the antibody was
resuspended in saline at the concentration of 10 mg/ml and pH was adjusted to 9.0
with 0.1 M Na2COs. NHS-Fluorescein (Thermo Fisher Scientific) was then dissolved in
DMSO at the concertation of 10 mg/ml was mixed with antibody at the 1:10 M ratio.
Conjugation was carried for 1 h in 37 °C with 160 r.p.m agitation. The bevacizumab
and fluorescein (bevacizumab-FITC) complexes were washed 3 times with saline on
the 50 kDa centrifugal filters. Final protein concentration of bevacizumab-FITC and
conjugation efficiency were determined by absorbance at 280 nm and 495 nm
measured using a NanoDrop (Thermo Fisher Scientific). The MALDI-TOF was
performed as described for NB and dendrimers.

3.3.3. Intravital Epi-fluorescence and Two-photon microscopy

Before microscopy, isoflurane anesthetized mice (n = 5) with cranial window and
with arterial access as described above were stabilized in a custom-made frame
immobilizing their head. The mice were positioned under an epi-fluorescent
microscope and a 10x magnification objective was used for capturing images at
frequency of 1-2 Hz. Saline solution of 0.001 mM rhodamine (0.58 kDa) was injected
using a syringe infusion pump at the rate of 0.15 ml/min over 1 min via the ICA
microcatheter to visualize trans-catheter perfusion. When the cortex was not perfused,
the contralateral CCA was closed temporarily for 20 s by engaging the weights.

For Two-photon microscopy (2 PM) to visualize BBBO and drug penetration, mice
were placed under a multiphoton microscope (FV1000MPE, Olympus, Tokyo, Japan).
A 10x objective (UPlanSApo0,0.40 NA and 3.1 mm working distance) was centered
over the cranial window and used to collect time series images of 800 x 800 pixels
(1.59 um/pixel; 2 ps/pixel; 100 frames) at an estimated depth of 150 um below the
cortical surface. Rhodamine (0.002 mM) mixed with bevacizumab-FITC (0.01 mM) was
injected prior to BBBO to collect baseline data and optimize cortical perfusion
(temporary contralateral CCA closure). Then, 25% mannitol mixed with rhodamine and

bevacizumab-FITC was delivered at the rate of 0.15 ml/min for 4 mins in total. A
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common excitation wavelength of 800 nm was used to simultaneously image both dyes

during injection and dynamic imaging was continuously performed for 14 mins.

3.3.4. Histology and immunohistochemistry

For histological evaluation on the safety of BBBO in the cortex, 7 days after
surgery, animals (n = 4) were anesthetized and perfused transcardially with 5%
sucrose, followed by 4% PFA. The brains were rapidly removed and post-fixed
overnight in 4% PFA at 4 °C. The brains were cryopreserved in 30% sucrose and 30-
pum thick coronal sections were cryosectioned. immunohistochemistry for anti-GFAP
(1:250, Dako) and anti-IBA1 (1:250, Wako) was performed to assess the
neuroinflammation. The secondary antibody was goat antirabbit (Alexa Fluor-488,
1:200, Molecular Probes). For detecting the biodistribution of infused bevacizumab,
the mice with BBBO (n = 4) and without BBBO (n = 3) were sacrificed 1 h after
administration. The brains were cryosectioned at 30 um and the slices were stained
with goat anti-human secondary antibody (Alexa Fluor-488, 1:200, Invitrogen). All the
fluorescent images were acquired using an inverted microscope (Zeiss, Axio Observer
Z1).

3.4. Data processing and statistical analysis

Data is expressed as mean + SD unless otherwise specified. Quantitation of
immunohistochemistry was based on relative fluorescence using Image J and
analyzed using a Mann-Whitney U-test (in goal i) or a student's paired t-test (in goal iii-
iv). The ratio of ipsi—/contralateral fluorescence intensity was analyzed using a
student's unpaired t-test (in goal iii-iv). The MRI analysis of the change in area of the
contrast perfusion territory and Gd-enhancement for each mouse was calculated using
a custom-written script in MATLAB and analyzed using a Mann-Whitney U-test (in goal
i) or a paired t-test (in goal iii-iv). For the statistical analysis in goal ii, PROC MIXED
(SAS 9.4) was used with the lowest means square (LMS) test for comparison between
groups. The statements repeated and random were used for repeated measures and

to express random effects, respectively.
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4. Results
4.1. MRI guidance enabled a reproducible hyperosmolar BBBO in mice
4.1.1. Real-time MRI for prediction of trans-catheter perfusion territory using
MR contrast

The infusion of MR contrast (SPIO or Gd) results in a drop of T2* hypointensity on
MRI, which immediately clears once the infusion is stopped. This T2* hypointensity in
the brain can be sampled by GE-EPI at a temporal resolution of 2 images each second,
which allows precise temporo-spatial visualization of the parenchymal perfusion
territory. Initially, our transcatheter SPIO contrast delivery was set at 0.05 ml/min, and
in those animals in which no drop of T2* intensity was observed, we increased the
speed at increments 0.05 ml/min, until the contrast agent appeared on real-time MRI.
There was no need to increase the speed over 0.15 ml/min, which resulted in
satisfactory and reproducible brain perfusion, as visualized by a characteristic
reduction in signal intensity for the duration of the injection bolus (Fig. 3 a,b). Notably,
increasing the infusion speed to 0.2 ml/min resulted in delayed brain injury, as reflected
by an abnormal signal on T2-weighted images and pathological changes on histology
(data not shown). In addition, the injection rate for a satisfactory perfusion territory may

vary among mice, necessitating the titration of the injection speed for each animal.
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Figure 3. Use of real-time MRI to ensure an infusion speed via IA injection to predict perfusion
territory in a mouse brain. a, Injecting an MRI contrast at 0.15 ml/min results in efficient cerebral
perfusion, as marked by a decrease in pixel intensity (red square = ROI, quantified in b), with no big
difference in pixel intensity at untreated hemisphere as a baseline (blue square = ROI, quantified in b).

Signal intensity is normalized by setting the maximal value of ROIs as 1.
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4.1.2. Real-time MRI for precise and local BBBO using mannitol

Immediately after the optimal infusion rate was determined for a particular mouse
using SPIO, IA mannitol was infused at that rate for 1 min. To clearly present the MRI
images, the signal change maps of SPIO-perfusion and Gd-contrast enhancement
(Gd-CE) were calculated first (Fig. 4 a,d). As a consequence, such an approach
resulted in an effective BBBO as reflected by Gd enhancement on the T1-weighted
scan, which showed hyperintensity in the region previously highlighted by the contrast
infusion (Fig. 4 a,d). The correlation between the SP10-perfusion (Fig. 4 a) and Gd-
CE (Fig. 4 d) MRI was determined. The histograms were drawn and fitted into two
Gaussian distributions (Fig. 4 b,e). The values that corresponded to the minimal
overlap between the two Gaussian functions were chosen to be the threshold that
separated the pixels with a significant signal change. Using these determined
thresholds, the areas with a significant signal change were determined (Fig. 4 c,f). For
the four mice studied, the SPIO perfusion MRI showed an average signal change area
of 26.00 £ 5.60%, while Gd-CE showed an average signal change area of 26.52 +
5.33%, which was not significantly different (P= 0.829, Fig. 4g). A good correlation was
shown between these two methods (r = 0.937, R? = 0.879, Fig. 4h). This indicated a
successful BBBO by IA mannitol, as predicted by the perfusion pre-scan. Furthermore,
the histopathological validation using EB, which is a gold standard for BBB assessment
and rhodamine, which was used as a surrogate marker of therapeutic agents,
demonstrated a pattern of extravasation that was consistent with MRI (Fig. 4i-k).
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Figure 4. Prediction of mannitol induced BBBO territory. a, Signal change map after contrast
perfusion. b, Histogram analysis of pixel intensities in a, showing two Gaussian distributions (red lines).
The blue arrow indicates the point where a cut-off of -53.9% was used to separate the two distributions.
¢, Segmented map presents the area where the relative signal change was smaller than -53.9%. d,
Signal change map, e, histogram analysis, and segmented map in f (AS% > 31.4) at 5 min after i.p.
injection of Gd. g, Bar graph, and h, Correlation analysis of the BBBO territory predicted by the contrast
perfusion and that assessed using Gd (n = 4). The histological analyses show the region with

extravasation of EB (k) and rhodamine (I, m).
4.1.3. Safety and long-term consequences of IA mannitol-induced BBBO

To assess the safety of our BBBO protocol, mice were assessed for neurological
and MRI sequelae. Three days after BBBO, MRI showed neither T2 abnormalities nor
T1 Gd-enhancement (Fig. 5a), indicating that the procedure was safe and the BBB
breach was transient, and did not cause permanent brain damage. Histology confirmed
these observations with GFAP and IBA-1 staining 7 days post BBBO, in which there
was ho elevated astrocytic or microglia activation in the BBBO region, as measured by
fluorescence intensity. There was no statistically significant difference in fluorescence
intensity between the targeted region and the contralateral hemisphere (P = 0.571, P

= 0.093; Fig. 5b,c). Similarly, there was no evidence of neuronal damage based on
NeuN staining (P = 0.331, Fig. 5d).
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Figure 5. MRI and histological assessment post-BBBO. a, T2-weighted, pre-Gd, and post-Gd
images 3 days after BBBO showed no sign of brain damage. No Gd-CE could be observed in the brain,
suggesting that the BBB was resealed. Fluorescent staining of the BBBO region with GFAP (b), Ibal
(c), and NeuN (d) revealed comparable intensity between the ipsilateral and the contralateral
hemisphere (2 ROls/hemisphere as represented in lower magnification, n = 4) indicating no

inflammation and no neuronal loss after BBBO.

45



4.2. Intra-arterial delivery resulted in a distinct brain uptake of a nanobody and
similarly-sized PAMAM dendrimers with and without BBBO
4.2.1. Synthesis of 8Zr-radiolabeled nanobody and PAMAM dendrimer
Synthesis of 89ZrNB(DFO)2

Preparation of 8ZrNB(DFO)2 involved conjugation of on average two DFO
molecules as measured by MALDI-TOF spectrometry (data not shown) and

subsequent radiolabeling with 8Zr as presented in Fig. 6.
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Figure 6. Conjugation of nanobody with DFO and radiolabeling with 8Zr
Synthesis of 89ZrG4(DFO)s(Bdiol)110
As presented in the Fig.7, G4(NH2)ea was conjugated with on average three
molecules of DFO and remaining primary amines were substituted with 110 butane-
1,2-diol moieties, assessed by increase of the molecular weight observed in MALDI-
TOF spectrometry (data not shown). Resulting G4(DFO)s(Bdiol)110 dendrimer was

subsequently radiolabeled with 8Zr and used for further studies.
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Figure 7. Conjugation of G4(NH)ss dendrimer with DFO, followed by capping of primary amines

with butane-1,2-diol moieties and radiolabeling with 8Zr.
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4.2.2. Brain uptake of 8Zr-radiolabeled nanobody and PAMAM dendrimer and
their biodistributions
Brain uptake of 892rNB(DFO)2 and its biodistribution

Nearly linear uptake of radioactivity in the ipsilateral hemisphere was observed
during IA infusions of 8ZrNB(DFO)2 regardless status of BBB with no accumulation in
the contralateral hemisphere (Fig. 8). The IA/BBBI infusion resulted in 89ZrNB(DFO)2
accumulation in the ipsilateral hemisphere with a peak concentration of 25.79 + 15.79
%ID/cc (percentage of injected dose per cubic centimeter of tissue, %ID/cc) and BBBO
further enhanced its uptake to 60.66 + 35.41 %ID/cc (P < 0.05). Only background
radioactivity in the CNS was observed after IV infusion (1.93 = 0.31 %ID/cc), which
actually decreased after BBBO (1.59 + 0.26 %ID/cc, P < 0.05). There was very slow
early clearance of radioactivity from the ipsilateral hemisphere observed over a period
of 30 minutes, which was non-significant for IA/BBBI (22.46 £ 15.05, P = NS), but it
was statistically different for BBBO/IA infusion (53.66 = 30.73, P < 0.05). The
background radioactivity after IV/BBBO was not changed at the end of infusion (1.29
+ 0.25, P = NS).
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Figure 8. PET imaging and dynamics of #ZrNB(DFO). uptake in ipsilateral hemisphere.
Representative axial, sagittal and coronal PET images recorded 1 h after injection, illustrating brain
uptake of 89ZrNB(DFO)2 upon: a, BBBO followed by immediate IA infusion of 8.5 MBq of 8ZrNB(DFO)2
reconstituted in 1 mL of saline at 0.15 mL/min, b, IA infusion with BBBI and c, 1V infusion followed by
BBBO at the 5 min after infusion was completed, showing the highest accumulation of radioactivity in
ipsilateral hemisphere upon BBBO/IA, d, curves demonstrating dynamics of 8ZrNB(DFO). uptake in the
ipsilateral hemisphere upon BBBO/IA (red line), IA/BBBI (blue line), and IV/BBBO (gray line, arrow
shows time of BBBO) indicating highest uptake of 8ZrNB(DFO): in animals treated with BBBO and IA
infusion, each time point is presented as mean and SEM, n=4. %ID/cc = percentage of injected dose

per cubic centimeter of tissue.

The whole body PET-CT imaging performed 1 h after infusion revealed similar
pattern of radioactivity uptake in the brain as at the end of dynamic PET scan, which
then decreased nearly by 50% at 24 h after infusion (P < 0.05, Fig.9). In all evaluated
cohorts high uptake of radioactivity was also observed in kidney indicating fast renal
clearance (Fig.8,9). High accumulation of 8ZrNB(DFO)z in the ipsilateral hemisphere
upon BBBOI/IA infusion resulted in its statistically relevant lower concentration in
kidneys at 1 h after infusion (26.72 + 4.19) in comparison to IA/BBBI (43.36 + 3.83)
and IV/BBBO (39.61 * 7.51 %lID/cc). The clearance of 8ZrNB(DFO)2 from brain over
24 h resulted in increase of radioactivity in kidneys to 35.38 £ 5.11 %ID/cc in BBBO/IA
group, while no difference was observed for remaining experimental groups (41.84 +
5.47 and 40.34% + 7.91 %ID/cc for IA/BBBI and BBBO/IV, respectively). For IV/BBBO
infusion 12.48 + 2.32 %ID/cc of 8ZrNB(DFO)2 could also be detected in the lungs 1 h
after infusion. In agreement with PET-CT imaging post mortem biodistribution analysis
(Fig.9b) revealed significantly higher accumulation of 8ZrNB(DFO):2 in the ipsilateral
hemisphere in BBBO/IA (17.8 =+ 5.99 %ID/g) compared to IA/BBBI (6.15 + 3.53 %ID/qg)
and 1V/BBBO (0.09 + 0.03 %ID/g) infusions with negligible radioactivity uptake in the
contralateral hemispheres in all mice 24 h after infusion. Among peripheral organs the
highest accumulation of 8ZrNB(DFO)2 was detected in kidneys followed by spleen,

liver and lungs.
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Figure 9. PET-CT imaging and ex vivo biodistribution of 8ZrNB(DFO), at 24 h after infusion.
Whole body volume rendered PET-CT images recorded 1 h and 24 h post infusion of ~8.5 MBq (~230
UCi) of 89ZrNB(DFO)2, demonstrating its biodistribution upon: a, BBBO followed by immediate 1A
infusion, b, IA infusion with BBBI and c, IV infusion followed by BBBO 5 min after infusion was
completed. d, Ex vivo biodistribution of 8ZrNB(DFO)2 at 24 h after infusion in the same groups (insert -
PET-based quantification of 89ZrNB(DFO)2 uptake in ipsilateral hemisphere), showing in agreement with
PET imaging higher uptake of 8ZrNB(DFO): in ipsilateral hemisphere compared to contralateral
hemisphere in BBBO/IA group and its higher brain accumulation in comparison with 1A/BBBI and

IV/BBBO cohorts. %ID/g = percent of injected dose per gram of brain tissue.
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Brain uptake of 8ZrG4(DFO)3(Bdiol)110 and its biodistribution

There was no difference in the peak concentration of 89ZrG4(DFO)s(Bdiol)110 in
the ipsilateral hemisphere for IA/BBBI (3.29 + 1.31%ID/cc) and BBBO/IA (3.20 + 1.47
%ID/cc) infusions (P = NS) as indicated by the time activity curves and PET images
obtained by summing frames collected between 5 and 10 min of dynamic scans
(Fig.10). IV/BBBO infusion resulted with background radioactivity uptake of 1.22+0.29
%ID/cc in the CNS, with decrease of radioactivity after BBBO to 1.1 + 0.25 (P < 0.05).
The fast and statistically significant clearance of 89ZrG4(DFO)z(Bdiol)110 from the brain
was observed regardless BBB status and it reached at the end of dynamic PET scan:
1.68+0.8, 1.05+0.22, 0.83+.018 %lD/cc for BBBOI/IA, 1A/BBBI and BBBO/IV,
respectively. However, the clearance after BBBO/IA was somewhat slower compared
to IA/BBBI (P < 0.05). IA/BBBI actually dropped to the same low level as IV/BBBO (P
= NS) at the end of dynamic scans. However, the whole-body PET-CT imaging
performed 1 h after infusion showed only background radioactivity in the brain
regardless route of 89ZrG4(DFO)s(Bdiol)110 delivery with no statistically significant
differences among groups (Fig.11). Significant amount of radioactivity could be
detected in kidneys and bladder, followed by liver at 1 h after infusion, indicating fast
renal clearance with minor hepatic involvement. At 24 h after infusion no radioactivity
in the brain of all evaluated mice was observed. In agreement with PET-CT imaging
postmortem biodistribution demonstrated negligible accumulation of
897rG4(DFO)s(Bdiol)110 in both hemispheres (P = NS) for and exclusive presence of

radioactivity in kidneys and liver for all assessed delivery routes (Fig.11).
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Figure 10. Time activity curves of 89ZrG4(DFO)s(Bdiol)110 uptake in ipsilateral hemisphere and
corresponding PET imaging. a, Curves demonstrating dynamics of 89ZrG4(DFO)s(Bdiol)1io
accumulation in the ipsilateral hemisphere upon BBBO/IA (red line), IA/BBBI (blue line), and IV/BBBO
(gray line, arrows show when BBB was opened) indicating significantly lower uptake compared to
89ZrG4(DFO)3(Bdiol)110 and no benefits of BBBO application, each time point is presented as mean and
SEM, n=4; b, Representative orthogonal PET images obtained by summing frames between 5 and 10
min acquired during 30 min long dynamic scans; ¢, Representative axial PET images with scales
adjusted to demonstrate whole body distribution of radioactivity (left panel) and absence of

89ZrG4(DFO)3(Bdiol)110 in the brain (right panel) 1 h after infusion. Results demonstrate negligible

retention of 8ZrG4(DFO)s(Bdiol)110 in the brain regardless BBB status and route of administration.
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Figure 11. PET-CT imaging and ex vivo biodistribution of 8ZrG4(DFO)s(Bdiol)110. @, representative
whole body volume rendered PET-CT images recorded 1 h and 24 h post infusion of
89ZrG4(DFO)s(Bdiol)110 for BBBO/AI, Al/BBBI and IV/BBBO infusions; b, ex vivo biodistribution of
89ZrG4(DFO)s(Bdiol)110 at 24 h after infusion in the same mice (insert-scale was adjusted to show brain
accumulation of 89ZrG4(DFO)s(Bdiol)110, indication lack of 89ZrG4(DFO)s(Bdiol)110 retention on the brain

regardless method of administration and its renal clearance with minor hepatic uptake.
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4.3. Intravital microscopy visualized the BBBO and drug targeting in mouse
cortex
4.3.1. Hyperosmolar BBBO in cerebral cortex under MRI guidance
4.3.1.1. Temporary closure of contralateral CCA facilitates cortical perfusion
Across the 26 mice we found that using infusion rate of 0.15 ml/min, we
observed variability in cortical involvement. As a result, 1A infusion of a contrast agent
via ICA with dynamic GE-EPI imaging revealed T2* hypointensity in cerebral cortex at
a frequency of 23.07%. The lack of cortical perfusion using this delivery route was
observed much more frequently (76.93%). We found temporary closure of the
contralateral CCA redistributed the cerebral blood flow opening up the cortex for the
catheter infusion in animals lacking trans-catheter perfusion through the cortex (drop
of T2* signal) (Fig. 12a). The dynamic signal changes for two selected ROIs are shown
in Fig. 12b. There was a steep and early drop in the signal intensity in the hippocampus
(ROI2), at that time the signal intensity in the cortex (ROI1) remained unchanged and

dropped only after temporary closure of the contralateral CCA.
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Figure 12. Use of real-time MRI to visualize the effect of contralateral CCA closure on cortical
trans-catheter perfusion. a, Representative T2* images before (0s), 20 s, 60 s and 120 s after infusion
of Gd at the rate of 0.15 ml/min. b, Dynamic signal changes for two ROIs marked in (a). Graph lines and
ROIls are shown in corresponding colors. Start represents the beginning of 1A Gd infusion. Stop

represents the end of the infusion.
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4.3.1.2. Osmotic disruption of the BBB in cerebral cortex using real-time MRI
guidance

Immediately after confirming trans-catheter Gd perfusion in the cortex with IA
infusion of the contrast agent (Fig. 13a), IA mannitol was infused using the same
parameters. Effective BBBO was reflected by Gd enhancement on the T1-weighted
scan in the region previously highlighted by the contrast infusion (Fig. 13d). The
correlation between the Gd perfusion (Fig. 13a) and Gd enhancement (Fig. 13b) MRI
was determined using the same method we described above. Briefly, the histograms
were drawn and fitted into two Gaussian distributions (Fig. 13b,e). The values were
calculated and chosen to be the threshold that separated the pixels with a significant
signal change. Using these thresholds, the areas with significant signal change were
determined (Fig. 13c,f). For the four mice studied, the Gd perfusion MRI showed an
average signal change area of 27.13 + 2.36%, while Gd enhancement showed an
average signal change area of 26.50 + 3.40%, which was not significantly different (P
= 0.663, Fig. 13g). A strong correlation was shown between these two methods (R? =
0.946, Fig. 13h). This indicated a successful BBBO in cortex by IA mannitol, as
predicted by the perfusion pre-scan. Furthermore, the histopathological validation
using EB, which is state of the art technique for BBB assessment, displayed a pattern
of extravasation that was consistent with MRI (Fig. 13i).
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Figure 13. Real-time MRI for predictable BBBO with histological validation. a, d, Representative
T2* images of Gd perfusion. b, Histogram analysis of pixel intensities in (a), showing two Gaussian
distributions (red lines). Blue arrow points to where a cut-off of -62.02% was applied to separate the
two distributions. ¢, Segmented map shows the area where the relative signal change was smaller than
-62.02%. d, Gd enhancement map, e, histogram analysis, and f, segmented map (A S%>60%) right

after mannitol infusion ended. g, Scatter graph and h, correlation analysis of the BBBO territory
predicted by Gd perfusion and assessed using Gd enhancement (n = 4). i, The histological analyses
show the region with extravasation of EB.

4.3.1.3. Safety and long-term consequences of IA mannitol-induced BBBO in
the cortex

Three and seven days after BBBO, T2w MRI did not detect any asymmetry or
hyperintensity, suggesting a lack of edema or inflammation, T2*w scans were not
indicative of microhemorrhages and a lack of Gd-enhancement on Tlw images
revealed an intact BBB (Fig.14a), overall suggesting that the procedure is safe and the
BBB breach was transient. Histology corroborated these observations with GFAP and
IBA-1 staining 7 days post BBBO, in which there was no evidence of astrocytic or
microglial activation in the BBBO region, as determined by comparing the fluorescence
intensity between the targeted region and the corresponding area in the contralateral
hemisphere (P = 0.344, P = 0.073; Fig. 14b,c). Overall, both MRI and histologic

appearance confirmed that the procedure did not cause brain damage.
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Figure 14. MRI and histological assessment post-BBBO. a, 3 and 7 days after BBBO, T2-w and T2*
w images did not indicate brain damage. No Gd enhancement in T1 images was observed in the brain,
revealing that the BBB was resealed. Fluorescent staining of the BBBO region with GFAP (b) and IBA1
(c) showed comparable intensity between the ipsilateral and the contralateral hemisphere (3
ROls/hemisphere as represented in lower magnification), indicating no inflammation after BBBO. Scale
bar =100 ym.
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4.3.2. Vascular trans-catheter perfusion in mouse cortex through a cranial
window

With the goal of developing a protocol enabling comprehensive assessment of
cortical BBB, including intravital microscopy, we implanted cranial windows and head
posts (n =5) (Fig. 15a). After allowing the animals to heal for one week, the mice were
catheterized intra-arterially and placed under epi-fluorescent microscopy. Rhodamine
was infused via the catheter to verify perfusion and display the cortical vascular
architecture. In an agreement with the observation under MRI, cortical perfusion was
observed rarely, as visualized during IA infusion bolus of rhodamine (Fig. 15b). In
those animals, the dynamic signal changes showed steep increase for the duration of
bolus infusion consistently for cortical vessels (Fig. 15c¢). In the majority of animals,
however, sparse or none cerebral arteries and microvessels were perfused and
temporary contralateral CCA closure was required to rapidly increase and broaden
perfusion territory in the cortex. The dynamic assessment of that scenario is

guantitatively represented in Fig. 15e.
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Figure 15. Visualization of cortical perfusion in epifluorescence microscopy. a, The cranial window
for microscopic imaging. b, Representative fluorescent images show the perfusion territory of rhodamine
without contralateral CCA closure. ¢, Dynamic signal changes of the ROI (circle) marked in (b). d,
Representative fluorescent images show the change of perfusion territory in the cortex pre-and post-
contralateral CCA closure. e, Dynamic signal changes of the ROI (square) marked in (d). Start
represents the beginning of rhodamine infusion. ON represents the weight is engaged. Stop represents

the end of the infusion.
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4.3.3. Intravital multiphoton microscopy for visualization of cortical BBBO and
drug extravasation

The cerebral vasculature at ~100 um depth into the cortex was visualized with
2PM upon IA injection of rhodamine. Once cortical perfusion was achieved, infusion (2
min 1A bolus) of a mixture of mannitol, rhodamine and bevacizumab-FITC was initiated,;
however, infiltration was not observed. Subsequently, another infusion (1 min bolus)
was performed, the BBB was breached, and a final infusion (1 min bolus) was
performed, for a total of 4 minutes of infusion time, which resulted in a more robust
penetration into the cortical parenchyma (Fig. 16a). The 0.58 kDa rhodamine
extravasated the cortex earlier compared to 153 kDa bevacizumab-FITC. The
fluorescence intensity changes located in the parenchyma was measured to exhibit
dynamics of BBB permeability for rhodamine and bevacizumab-FITC. As anticipated,
there was earlier onset and higher intensity of extravasation for rnodamine upon BBBO
compared to bevacizumab-FITC. The half-time of rhodamine and bevacizumab-FITC
reaching their maximum was 526.2 s and 618.6 s, respectively (Fig. 16b).
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Figure 16. Intravital 2PM visualization of cortical BBBO and drug extravasation. a, Representative
2PM images showed the vessels permeability to rhodamine and bevacizumab. The arrow points to
where BBB disruption started. b, Quantitative measurement of fluorescent signal intensities in the
selected extravascular regions marked in (a) over 15 min long dynamic imaging. The data was
presented as mean + SEM from 7 ROIs. The grey shading indicated the IA infusion periods. Scale bar

=50 ym.
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4.3.4. Histological confirmation of bevacizumab extravasation

Cryosectioned brain tissue samples collected one hour after IA delivery of
bevacizumab with intact BBB (BBBI) showed modestly increased uptake of
bevacizumab delivery to the target (ipsilateral side), however, it was localized to the
blood vessels (Fig. 17a). For the IA delivery with BBBO, accumulation of bevacizumab
was observed in both blood vessels and parenchyma (Fig. 17b). Additionally, BBBO
appeared to potentiate the vascular concentration of bevacizumab. As measured by
the fluorescence intensity, there was significantly higher uptake of bevacizumab in
ipsilateral vs. contralateral hemisphere in both groups (P<0.001, Fig. 17c, d), but the
ipsi-/contralateral ratio was more pronounced (~2 fold higher) when the BBB was
opened (P<0.001, Fig. 17e). These observations demonstrated that IA delivery of
bevacizumab into the brain across an osmotically opened BBB is more effective
compared to the intact BBB (BBBI).
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Figure 17. Histological assessment of bevacizumab biodistribution and extravasation. a, b,
Coronal fluorescent images of mouse cerebral cortex showed the distribution of infused bevacizumab
in animals with intact BBB and BBBO. c, d, Quantification of fluorescence intensity of bevacizumab
between the ipsilateral and contralateral hemisphere. e, The ipsi-/contralateral ratio values were higher
when the BBB was opened compared to that in animals with intact BBB. Measurements are sampled

from 3 ROIs/hemisphere as represented in lower magnification. Scale bar = 50 ym.
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5. Discussion
5.1. Real-time MRI enables a safe and reproducible local BBBO

The overall goal of BBBO is to maximize CNS targeting of the therapeutic agent
while minimizing systemic toxicity. Various methods and drugs have been developed
to induce transient permeabilization of the BBB, with IA mannitol-mediated osmotic
disruption being the most frequently used procedure in both preclinical and clinical
studies®®. Although osmotic BBBO has been an established method for decades, the
parameters for inducing BBBO are highly variable and inconsistent. Indeed, we have
shown that IA infusion into the rat internal carotid artery at rates exceeding 0.9 ml/min
is damaging and results in scattered white matter hyperintensities*®. Here, we also
found severe damage when the speed reached 0.2 ml/min indicating fine balance
effective BBBO and damage. We also believe that PPA obstruction is necessary to
route the entire contrast agent and mannitol volume to the cerebral arteries®C. Thus,
we exploited dynamic susceptibility contrast MRI for perfusion prediction prior to
BBBO. We escalated the rate from a low speed, increasing in 0.05 ml/min increments
until the desired perfusion territory was reached. The extravasation of rhodamine and
Evans blue corroborated the efficacy of BBBO, therefore suggesting that IA mannitol-
mediated local BBBO is predictable and can be targeted to a specific region. The IA
route for BBBO also allows immediate IA delivery of a specific drug during the same
procedure, thus providing a “one-stop-shop” and improving the probability to achieve

an adequate therapeutic concentration.

5.2. IA delivery results a distinct brain uptake regardless of BBB status for
nanobodies but not for PAMAM dendrimers

After we developed the BBBO model in mice, a monoclonal antibody
(bevacizumab radiolabeled with 89Zr) was tested using the plateform®l. We observed
a linear increase in the concentration of bevacizumab via IA route compared with IV
route. Furthermore, the osmotic BBBO strongly enhanced uptake of antibodies. While
antibodies are quickly emerging as therapeutics, their disadvantages such as large
size, production logistics and immunogenicity motivate search for alternatives. Thus
we have studied the brain uptake of nanobody (Gelsolin nanobody 11) and a drug
nanocarrier (PAMAM dendrimers). As a result, we found that the IA route was more
effective in delivering nanobodies to the brain than systemic administration, regardless
of the BBB status. Preceding BBBO potentiated brain accumulation of the nanobodies
by ~2.5-fold. Brain uptake of 8ZrNB(DFO)2 reached 60.66+35.41 %ID/cc, which is
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higher compared to brain accumulation of 23.58+4.58 %lD/cc for 8Zr radiolabeled-
bevacizumab (8°ZrBVDFO)>L. While half of the 89ZrNB(DFO). was cleared from the
brain over 24 h, clearance of 8ZrBVDFO was slower. In both studies, bevacizumab
and the nanobody did not have specific targets in mouse brains. In contras to antibody
and nanobody, brain retention of generation-4 hydroxy terminated PAMAM dendrimer
was marginal. The peak concentration of 8ZrG4(DFO)3(Bdiol)110 in the brain was only
3 %lDl/cc after IA delivery regardless of BBB status, decreasing to background levels
within 1 h. Intravenous infusion of 8ZrNB(DFO). and 8°ZrG4(DFO)3(Bdiol)110 resulted
in only background tracer retention regardless of BBB status. The results are in
agreement with previous reports showing negligible penetration of PAMAM dendrimers
through intact BBB upon IV administration, regardless of their size and terminal
functionalities, including hydroxy, carboxyl and polyethylene glycol groups®?5. A very
low brain uptake of ~0.07 %ID/g in neonatal rabbits with cerebral palsy and 0.003
%ID/g healthy control pups for the same dendrimer at 24 h after injection was also
reported®®. In agreement with our results, demonstrated marginal BBB permeability
and brain retention of generation-4 hydroxy terminated PAMAM dendrimers even with
a compromised BBB or activated microglia present in cerebral palsy model.
Interestingly, PET imaging of generation-4 hydroxy terminated dendrimer-
radiolabeled with copper-64 in newborn rabbits with cerebral palsy indicated brain
accumulation of radioactivity around 2.5 %ID/cc 24 h after injection®. However,
copper-64 undergoes trans-chelation in vivo, in particular in the absence of a strong
Cu(ll) chelator forming thermodynamically stable complexes®’.

Our 8ZrNB(DFO)2 and 89ZrG4(DFO)s(Bdiol)110 were not targeted to specific
molecular species within the BBB or the brain. Also, no disease model was induced,
enabling testing as a baseline therapeutic delivery platform for CNS drug delivery. In
this context, the nanobodies seem attractive for IA infusion, while a lot of caution should
be taken regarding utility of PAMAM dendrimers as drug delivery vehicles for brain
diseases, especially when they are administered systemically. Therefore, in case of
PAMAM dendrimers the challenge for appropriate surface modification to achieve
appreciate brain uptake and retention remains open. While here we tested generation-
4 hydroxy terminated PAMAM dendrimers constructed by capping the primary amines
with butane-1,2-diol, the same dendrimers with different surface modifications can
potentially exhibit higher brain retention and our study may serve as a benchmark for
guantitative performance of dendrimer-based diagnostics and therapeutics in the CNS
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diseases. In contrast, IA route is very effective in delivery of nanobodies and their
relatively fast clearance comparing to antibody could potentially be mitigated by
applying nanobodies aimed for specific brain target. While, IV administration is highly
ineffective for delivery of nanobodies to the brain, it was recently reported that
intranasal route might be an alternative®®. However, no quantitative assessment of
intranasal brain delivery of nanobodies has been reported yet. There is a progress in
design of nanobodies against brain disorders®®, and our IA infusion might be a right
approach to use them effectively in the clinic. Especially, after the anti-tumoral activity
of neutralizing antibodies was shown in a mouse model of melanoma, the potentially
neutralizing nanobodies could also be created against brain targets®®.
5.3. Intravital imaging confirmed the drug penetration post BBBO

Although PET can provide quantitative data for drug uptake in the brain, the
relatively low spatial resolution precluded assessment as to whether the accumulation
was solely on the endothelial level or the therapeutics penetrated into the brain
parenchyma. The last goal in this project is to optimize IA drug delivery in mice to
facilitate multi-scale dynamic imaging studies of BBBO. BBBO in mice has been
previously reported and several studies showed successful BBB breach in the entire
hemisphere including the cortex!® 14 61: however, those published studies utilized a
high IA infusion rate exceeding the safe physiological perfusion rate for the carotid
artery, and it has been reported by us and others that excessive infusion rate has a
direct damaging effect on the BBB and the brain® 4% 6263 Qur previously optimized
procedure for safe, transient opening of the BBB without neurological consequences
but the territory of BBB opening rarely included the cortex. This phenomenon is likely
due to redundancy in vascularization of the cortex supplied by more than one major
cerebral artery eventually leading to mixing and dilution of IA mannitol®4-65, In order to
prevent this situation, here, we temporarily occluded the contralateral CCA for the
duration of mannitol injection and that intervention was sufficient for the ipsilateral
cortex to be perfused from the catheter and therefore disrupt the cortical BBB as shown
by real-time MRI. This experimental platform was then exploited for studying the
mechanism of drug extravasation using intravital microscopy. Dynamic imaging during
IA infusion allowed us to visualize and track the leakage of fluorescent dyes upon
BBBO, showing that rhodamine extravasated earlier and led to higher parenchymal
accumulation than monoclonal antibody. This observation is consistent with a study of

focused ultrasound (FUS)-induced BBBO reported by Nhan. et al, which demonstrated
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fast leakage for small sized molecules®®. Indeed, FUS is emerging as a novel non-
invasive technology for BBB opening to enhance delivery of therapeutics into the
brain®”-7°, This approach, especially when performed under MRI-guidance, has
excellent spatial control; however, the strategy needs to overcome the potential
adverse of sterile inflammatory before being widely implemented in clinical trials™*.
Furthermore, FUS-induced BBBO in the brain parenchyma is usually combined with
systemic administration of therapeutics, making it difficult to reach sufficient drug
concentration at the targeted site and often resulting in toxic side effects. In contrast,
IA approach combining selective BBBO immediately followed by localized delivery of
a specific drug during the same procedure as a one-stop-shop affords adequate
therapeutic concentration at the desired destination while minimizing systemic
exposure.

Microscopic analysis in this study (both intravital and post mortem) provided
information about the timing of BBB breach as well as parenchymal penetration of
injected antibodies, further explaining our previous PET findings®! and other literature
reports’274, After IA delivery antibodies with an intact BBB were found to localize within
blood vessels, while parenchymal presence was negligible. This is consistent with
published literature showing extravasation of antibodies without BBBO is marginal®®
577 Notably, BBBO paired with intravenous delivery of antibodies also results in poor
brain accumulation®.

IA mannitol with coordinated closure of the contralateral CCA facilitated cortical
BBBO; however, for effective BBB disruption longer exposure to mannitol (around 3
minutes) was required compared to subcortical structures. This phenomenon may
result from the mixing and dilution of mannitol or differences in structure and function
of cortical capillaries. Our dynamic intravital microscopy supported the mixing theory,
where we observed the intermittent pulsatile flow pattern during IA infusion of the
contrast agent. The structure and function of the microvessels may also contribute to
differences in vulnerability to mannitol. Tissue-engineered models of the human BBB,
which recapitulate shear stress, geometry, and physiological permeability have
recently emerged as a platform to study BBBO'®. Within 3D BBB microvessels,
mannitol-induced BBBO was observed to be heterogenous, occurring due to disruption
of discrete cell-cell junctions between adjacent IPSC-derived brain microvascular
endothelial cells”®. The multi-scale imaging studies are essential for developing
precise, reproducible, and effective strategies for drug targeting. Even in the case of
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direct intracerebral injection of small molecules, based on convection-enhanced
delivery (CED), drug retention in the brain is uncertain. A recent PET study surprisingly
reported that CED of low molecular weight molecules resulted in their rapid clearance
8, The mechanism of that rapid clearance is not well understood but the BBB
functionality includes active efflux transporting molecules out of the CNS8L. Meanwhile,
this finding might also explain the limited efficacy of therapies when BBB permeable
small molecules were used to treat CNS disorders, as they seem to be easily
transported into peripheral circulation, resulting in inadequate therapeutic
concentrations at the target. Hence, the developed platform for intravital imaging in the
cortex will be of great value to accurately understand the drug behavior in the brain
parenchyma with or without BBBO, profoundly contributing to the development of drug
delivery strategies.

Thus, the last study in the project established reproducible cortical BBBO in mice,
which enables multi-photon microscopy studies on BBBO and drug targeting. This
approach enabled the real-time monitoring of the extravasation of IA injected
antibodies. Such a platform will be critical for designing and guiding treatment
strategies for a variety of neurological disorders.
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6. Summary

The proposed project was a collaboration between the Johns Hopkins University
and the University of Hamburg. We first developed a predictable, reproducible and safe
mannitol-based BBBO technique in mice under real-time MRI guidance. This
experimental platform was then exploited for targeted IA delivery of antibodies,
nanobodies and PAMAM dendrimers to the brain. PET imaging revealed a significant
advantage in brain accumulation for antibodies and nanobodies after 1A delivery in
contrast to no uptake when these agents were delivered using IV route. The effect was
further potentiated by prior BBBO for IA route but again no accumulation has been
observed after IV administration. Retention of both agents in the brain 24 h post IA
infusion was very good. Pharmacokinetics of dendrimers was on the other hand less
favorable. Even after IA injection dendrimers not only poorly accumulated in the brain
during infusion but also completely cleared within 1 h of administration regardless of
the BBB status. Dynamic imaging on a microscopy level during IA infusion visualized
the moment of antibody leakage upon BBBO and the antibody indeed penetrated the
brain parenchyma rather than being captured at the level of capillary vessels.

Das Projekt war eine Zusammenarbeit zwischen der Johns Hopkins University und
der Universitat Hamburg. Zunéchst entwickelten wir eine vorhersehbare,
reproduzierbare und sichere Technik zur Er6ffnung der Blut-Hirn-Schranke mittels
Mannitol in Mausen unter Echtzeit-MRT Steuerung. Diese experimentelle Plattform
wurde dann fur die gezielte intraarterielle Gabe von Antikdrpern, Nanobodies und
PAMAM-Dendrimeren in das Gehirn genutzt. In der PET Bildgebung zeigte sich nach
intraarterieller Injektion eine signifikante Akkumulation von Antikérper und Nanobodies
im Gehirn, wahrend es nach einer intravendsen Gabe zu keiner Aufnahme im Gehirn
kam. Ein vorheriges Offnen der Blut-Hirn-Schranke mittels Mannitol verstarkte
zusatzlich die Aufnahme nach intraarterieller Gabe. Nach intravenéser Verabreichung
war jedoch weiterhin keine Akkumulation zu beobachten. Die Retention von
Antikérpern und Nanobodies im Gehirn war 24 Stunden nach der intraarteriellen
Infusion sehr gut. Die Pharmakokinetik der Dendrimere war dagegen weniger gunstig.
Die Dimere reicherten sich nach der intraarteriellen Injektion schlecht im Gehirn an und
waren unabhéngig vom Status der Blut-Hirn-Schranke eine Stunde nach der
Verabreichung im Gehirn nicht mehr nachweisbar. Die dynamische Bildgebung auf
mikroskopischer Ebene wahrend der intraarteriellen Infusion visualisierte den Moment
des Austritts von Antikérpern nach Offnung der Blut-Hirn-Schranke. Der Antikorper

blieb nicht in den Kapillargefal3en, sondern drang in das Gehirnparenchym ein.
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