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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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89ZrNB(DFO), 2

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
89ZrNB(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 a - 0BBBOI/IA
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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

10 15 20 25 30
Time [min]

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 89ZNB(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 89ZrNB(DFO)2 at

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

%IDlcc

30

ID/cc

- OBBBOI/IA
-~ IA/BBBI

-~ [V/IOBBBO

0 5 10 15
Time [min]
OBBBOI/IA Sum of frames 5 to 10 min

IVv/iOBBBO

microglia present in cerebral palsy model. Interestingly, PET ~ %ID/cc 24 h after injection [15]. However, copper-64 un-
imaging of generation-4 hydroxy terminated dendrimer-  dergoes trans-chelation in vivo, in particular in the absence
radiolabeled with copper-64 in newborn rabbits with cerebral ~ of a strong Cu(Il) chelator forming thermodynamically stable
palsy indicated brain accumulation of radioactivity around 2.5 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

OBBBOI/IA 1 h pi

Fig. 6 PET-CT imaging and ex- a
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
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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

IA/BBBI 1 h pi IV/OBBBO 1 h pi

[l OBBBOI/IA
B IA/BBBI
[ Iv/OBBBO

Qﬁ Q‘b\ "c}e‘ bb?}
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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

@ Springer

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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