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ABSTRACT OF THE DISSERTATION
Optical Imaging and VHH Screening for Brain Molecular MRI Contrast Agent Development
by
Shiran Su
Doctor of Philosophy in Biomedical Engineering
Washington University in St. Louis, 2022

Professor Dennis Babour, Chair

Alzheimer’s disease (AD) is one of the most important causes of dementia in the elderly. With
no effective therapies to cure or inhibit AD symptom progression, AD severely decreases
patients’ quality of life and creates an enormous burden on the health care system and society.
Currently, clinical AD diagnosis is based on cognition and the relative impact of impairments on
daily activities. However, multiple neurodegenerative and vascular pathologies can coexist and
produce cognitive and behavioral symptoms which could overlap with each other. This makes it
difficult to accurately identify pathology based solely on clinical symptoms. Imaging methods
including structural MRI which detects brain atrophy, and PET for assessing brain amyloid-beta
(Ap), tau, and glucose metabolism have been developed to aide AD diagnosis. However, PET
images have limited resolution and expose patients to radiation. Structural MRI lacks specificity
and does not allow visualization of the histological markers for AD, AP or Tau. There is an
unmet need for developing MRI molecular imaging methods which allow direct, non-invasive,
high-resolution detection and measurement of specific AD markers and many other pathologies

in the brains of living patients.
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This dissertation developed imaging methods and mathematical models to aid the development
of a novel family of brain MRI molecular contrast agents. This family of contrast agents has
several modules, including an ultra-small iron oxide nanoparticle (IONP) core for T1 MRI
contrast, a polyethylene glycol- based coating to prevent nonspecific fouling of the iron oxide
core, a single-domain antibody fragment from camelid (VHH, also referred to as Nanobody)
which targets the transferrin receptor (TfR) on brain endothelial cells for blood brain barrier
transcytosis, another VHH that targets the specific pathology of interest (in this case the AD
hallmark A in brain parenchyma), and a near-infrared (NIR) fluorescence dye for tracking in
mice. An efficient NIR imaging method was established to monitor VHH and VHH conjugated
IONP kinetics in mice using a hybrid approach: kinetics in blood were assessed by direct
sampling, and kinetics in kidney, liver, and brain were assessed by serial in vivo NIR imaging.
Based on the hybrid approach, a five-compartment pharmacokinetic model (PK) has been
constructed. This PK model fits the NIR imaging data well and could be used to understand and
predict contrast agent PK during the development phase. After understanding the biodistribution
and clearance of the VHHs and IONPs in vivo, a VHH screening system based on neurotensin
was developed to rapidly test for blood brain barrier transcytosis. This VHH screening system
identified a VHH with good blood-brain barrier crossing ability and the target engagement in
brain of this VHH was further analyzed using a mouse model of AD-related AB pathology. The
establishment of the feasibility of these methods lays a foundation for future development of the
brain MRI molecular contrast agents. In the future, the family of molecular contrast agents could
be used to assess many other neurological disorders and provide a direct assessment of target

engagement in response to candidate therapeutics.
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Chapter 1: Introduction

Neurological disorders affect millions of people worldwide, but at present our ability to assess
these disorders objectively and quantitatively is limited [1]. Improvements in the assessment of
neurological disorders would allow for disease progression monitoring and provide direct
assessment of candidate therapeutics [2-5]. The ultimate goal of this project is to develop a brain
MRI molecular contrast agent which is able to get across blood brain barrier (BBB) through
transferrin receptor mediated transcytosis and binds to the brain targets of the neurological
disorders such as tau, a-synuclein, etc. This contrast agent is consisted of four modules. The first
module is the extremely small 3nm iron oxide core to provide MRI T1 signal; the second module
is the PEG to prevent fouling of the nanoparticle and provide binding sites for the third module,
the singlet domain antibodies (VHHs) which bind to the TfR for BBB transcytosis then bind to
brain targets. The fourth module is the near infrared dye to study the PK of the contrast agent in
vivo. For the proof of concept, a contrast agent for diagnosis of Alzheimer’s disease (AD) has been

developed.

AD is one of the most important causes of dementia in the elderly [6]. About 6.2 million Americans
are living with AD, and it’s predicted that the number will increase to 13.8 million by 2050 [7].
With no effective therapies to cure or inhibit significant AD symptom progression[8], AD severely
decreases patients’ quality of life and creates an enormous burden on the health care system and

society [6, 9]. Currently, clinical AD diagnosis is based on cognition and the relative impact of



impairments on daily activities [10]. However, multiple neurodegenerative and vascular
pathologies can coexist and produce cognitive and behavioral symptoms which could overlap with
each other [11]. This makes it difficult to accurately identify pathology based solely on clinical
symptoms. The accuracy of clinical diagnosis of AD at the National Institute of Aging and National
Institute of Aging sponsored AD centers varies depending on the clinical and neuropathologic
criteria used [12]. The sensitivity of AD diagnosis ranges from 70.9% to 87.3%, whereas
specificity ranges from 44.3% to 70.8%, which need to be improved. Imaging methods including
MRI and PET have been developed to aid the diagnosis of AD [13, 14]. However, PET imaging
for AD provides limited resolution and requires radiation exposure. Structural MRI lacks
specificity and does not allow direct visualization of amyloid plaques 3 (AB) or tau, the histological
hallmarks of AD. There is an unmet need for developing methods like molecular contrast MRI

which have better resolution than PET and better specificity than structural MRI imaging.

In this study, iron oxide nanoparticles (IONPs) conjugated to VHHs and labeled with a near-
infrared (NIR) fluorescent dye were injected intravenously (IV) into mice. The pharmacokinetics
(PK) of VHHs alone and VHH conjugated IONPs were monitored using a high resolution NIR
scanner. Fluorescence signal change in mouse head, kidney, and liver were imaged over a period
of two days post injection to qualitatively and quantitatively understand the PK of the
nanoparticles. A five compartment PK model was constructed to describe the relationship between
in vivo PK and hydrodynamic size following single bolus IV injection. To efficiently and rapidly
screen VHHSs for transferrin receptor (TfR) mediated BBB transcytosis, mouse TfR-binding VHHs
were generated, and a neurotensin (NT) based modular screening system was established. This
screening system includes four modules. The first module is an anti-mTfR VHH for receptor

mediated transcytosis across the BBB; the second module is the neurotensin peptide for assessment
2



of target engagement in vivo through measurement of hypothermia. The third module is a dimer
of anti-Afp VHHs for disease-relevant brain target engagement. The fourth module is a

fluorescence dye for visualization of VHH constructs in situ.

This study found that increasing VHH and nanoparticle size results in a switch from kidney
dominant clearance to liver dominant clearance, which is consistent with past findings. The use of
mathematical PK models provides a quantitative method to study the relationship between PK
parameters and nanoparticle/VHH sizes and can be used to explore the in vivo pharmacokinetics
and distribution of other VHHs and nanoparticles for future studies. The modular VHH screening
system was used to identify a VHH variant with good BBB transcytosis ability. The identified
VHH variant was conjugated to a payload to evaluate the brain target engagement using post-
mortem confocal microscopy. This study established a foundation to understand the PK of IONPs
and to screen VHH variants. The near-infrared methods for PK assessment and the PK model will
be incorporated and modified for describing novel VHH-IONP in vivo PK characteristics to guide
the development of the brain MRI molecular contrast agent. The VHH screening system will be
adjusted and utilized to identify more appropriate VHHs for the future brain MRI molecular

contrast agents.

The work described in Chapter 3 has been published in International Journal of Molecular
Sciences, and that the work described in Chapter 4 has been submitted to Fluids and Barriers of

the CNS.

1.1 Iron Oxide Nanoparticles

Iron oxide nanoparticles have been widely used for medical applications including cancer

diagnosis and treatment [ 15, 16], treatment of iron deficiency anemia [15], enhanced blood pool
3



and tumor MRI imaging [17, 18], MRI molecular imaging [19-22] and magnetic resonance
angiography (MRA) [23]. Sillerud et al. synthesized a novel MRI contrast agent by conjugating
superparamagnetic oxide nanoparticles (SPIONs) with anti-amyloid-beta precursor protein
(APBPP) antibodies to specifically target amyloid-beta plaques [24]. Iron oxide nanoparticles have
also been functionalized with single-chain antibodies (scFv) against activated platelets for T1
and T2- weighted MRI of thrombi [19]. IONPs are considered relatively safe and do not induce
cytotoxicity below 100 pg/ml in vitro [25]. MRI Molecular contrast agents based on iron oxide
nanoparticles have good biocompatibility, at least in part because human blood and tissues are
naturally rich in iron [26, 27]. The FDA has approved an IONP, Ferumoxytol, for treatment of
iron-deficiency anemia in patients with chronic kidney disease [28]. Ferumoxytol is also used
off-label as a contrast agent for MR angiography in patients with impaired renal function as well
[29] and no major safety concerns have been reported. In a widely cited publication, Kim et al
[18] demonstrated that homogenous size iron oxide nanoparticle cores for MR imaging could be
synthesized at large scales. Their extremely small 3nm iron oxide nanoparticles (ESIONs) were
shown to have a high r1 relaxivity of 4.78 mM-1s-1 at 3T and low r2/r1 ratio of 6.12, which
maximizes the T1 contrast effect. ESIONs were tested using in vivo MRI. After tail vein
injection of ESION (2.5 mg Fe/kg), blood vessels were brightened on the T1 weighted MR
images, confirming that ESIONs can enhance T1 relaxation and be used as a T1 MRI contrast
agent. The iron oxide core of this prototype nanoparticle contrast agent was coated with
polyethylene glycol (PEG) [30]. PEG is a common coating material which is used to prevent
nanoparticle fouling in blood by reducing protein binding and used to prolong circulation times

by reducing clearance by the reticuloendothelial system (RES) [31]. To minimize the size of the



contrast agent and acquire T1 contrast, the extremely small iron oxide nanoparticles was

incorporated as part of this brain MRI molecular contrast agent.

1.2 Blood Brain Barrier

The blood-brain barrier (BBB) represents a significant obstacle in delivering diagnostic and
therapeutic agents to the central nervous system (CNS), preventing uptake of more than 98% of
potential neurotherapeutics to brain [32-35]. BBB crossing based on receptor mediated
transcytosis (RMT) is potentially especially promising. The use of protein shuttles has the
potential to facilitate the transport of therapeutic agents across the BBB using specific
endogenous receptor systems. Candidate receptor systems including transferrin receptors (TfR),
low-density lipoprotein receptors, insulin receptors and neuropeptide receptors are highly
expressed on the BBB where they mediate receptor-mediated transcytosis [34]. Among the
different receptors, TfR has been widely used for transporting macromolecules across the BBB
[36, 37]. Jefferies et al. identified a monoclonal antibody OX-26 specific for transferrin receptors
[38]. This antibody was tested and was confirmed to be able to facilitate TfR-mediated
transcytosis across BBB [39]. Yu et al. generated a bispecific antibody that binds to TfR for
transcytosis and also to the enzyme B-secretase for inhibiting AP production[40]. However, the
existing anti-TfR antibodies have relatively large size, especially when conjugated to additional
components for RMT or other payloads such as imaging contrast agents. Also, it is expensive to
engineer and synthesize monoclonal antibodies, which are typically produced in mammalian cell
culture. There is an unmet need for smaller, less expensive, and easier to engineer system for

BBB transcytosis.



1.3 Neurotensin

Current methods to evaluate BBB crossing require substantial resources and can be time-
consuming [40, 41]. An efficient way to screen for BBB crossing in vivo would be helpful since
in vitro models may not be fully predictive of in vivo results. Neurotensin is a 13 amino acid
peptide first identified by Carraway and Leeman in 1973 from bovine hypothalamic extracts
[42]. NT is expressed in CNS as well as in peripheral tissues, mostly in the gastrointestinal tract.
NT is involved in regulating appetite, nociception, and thermoregulation in the CNS, and alters
nutrient absorption, gastrointestinal motility, and secretion in the peripheral gastrointestinal tract
[43]. It was found that NT induces rapid and transient hypothermia in mice and rats when
injected to CNS [44, 45]. Meanwhile, intravenously injected NT does not typically cause
hypothermia [46]. On the other hand, when NT-conjugated mouse TfR (mT{R)-binding VHHs
were injected intravenously to mice, the NT-mTfR VHH conjugates induced hypothermia in
mice, presumably because they get across the BBB and bind to NT receptors in hypothalamus
[41, 47]. These properties of the NT system make it an apparently attractive assay platform for

rapid testing of VHH BBB transcytosis.

1.4 Single domain Antibodies

Camelids produce functional antibodies devoid of light chains called heavy chain-only
antibodies (HCADbs) [48, 49]. HCAbs recognize their cognate antigens by one single domain, the
variable domain (VHH). The VHH in isolation is very small compared with other antibodies.
The molecular weights of VHHs are typically ~15kDa, which is about 1/10 of the molecular
weight of a conventional IgG and about half the molecular weight of a single chain variable

fragment [49, 50]. Because of their small size, VHHs can also bind to epitopes not recognized by
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conventional antibodies and can have better tissue penetration capacities [51, 52]. Despite of the
small size, VHHs have affinities at the same order of magnitude as conventional IgGs, often in
the nanomolar or subnanomolar range [53]. Importantly, VHHs have been found that can
facilitate BBB penetration and allow brain target binding. The use of VHHs for BBB transcytosis
and target engagement is promising. Specifically, Stanimirovic et al. identified an insulin-like
growth factor 1 receptor binding VHH which crosses the BBB by receptor mediated transcytosis
[54, 55]. Danis et al. identified and optimized VHHs to mitigate brain accumulation of
pathological tau in a tauopathy mouse model [56]. Dupre et al., identified VHHs which could be
used to detect tau in transgenic mice brain tissues [57]. However, the extent to which VHHs that
engage in receptor mediated transcytosis using the TfR can carry diagnostic and therapeutic
payloads across the BBB still has not been assessed. It is important to identify VHHs that bind to

TfR and cross the BBB through RMT.

1.5 Pharmacokinetics

Pharmacokinetics (PK) is the study of drug absorption, distribution, metabolism and excretion
[58]. Pharmacokinetic and biodistribution characteristics are important parameters to consider
when designing and testing novel nanoparticles to achieve an appropriate level of nanoparticles
in the target tissue site. Nanoparticles with either extremely short or extremely long circulation
time are generally considered non-optimal; nanoparticles with extremely short circulation time
may not have enough time to penetrate target tissue sites, while nanoparticles with extremely
long circulation time could cause off-target tissue toxicity and reduce signal-to-noise ratio due to
background signal [59-62]. Thus, it is helpful to measure PK characteristics at an early phase in
the project development so that this information can be used to optimize contrast agent design.
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Chapter 2: Methods

2.1 Single domain antibody production and
characterization

2.1.1 Immunization of llama with mouse transferrin receptor
A single adult male llama (Lama glama) was immunized under contract agreement through

Triple J Farms (Kent Laboratories, Bellingham, WA) following the method previously
described [63]. Briefly, subcutaneous injections of 100 pg ectodomain (Cys89-Phe763)
mTfR (50741-M07H, SinoBiological) were performed with protein emulsified with complete
Freund’s adjuvant on day 0, followed by additional 100 pg immunizations emulsified with
incomplete Freund’s adjuvant on days 14, 28, and 42. On day 49, peripheral blood was
drawn for peripheral blood mononuclear cell (PBMC) isolation. Triple J Farms operates
under established National Institutes of Health Office of Laboratory Animal Welfare
Assurance certification number A4335-01 and United States Department of Agriculture
registration number 91-R-0054.

2.1.2 Generation of VHH immune phage display library

The generation of an immune phage display library and isolation of mTfR binding VHH
clones was performed using the methods previously described [63]. Briefly, total RNA
extracted from PBMCs was used for synthesis of first-strand complimentary DNA (cDNA)
using the SuperScript IV First-Strand Synthesis kit (#1891050, Invitrogen). The heavy-chain
variable domain was then amplified from the cDNA using Q5 high-fidelity DNA polymerase

(New England Biolabs) with the described primers (CALLOO1: 5'-



GTCCTGGCTGCTCTTCTACAAGG-3" and CALLO002: 5'-
GGTACGTGCTGTTGAACTGTTCC-3’). The heavy-chain specific amplicon was isolated
using electrophoresis with low-melting point agarose extraction with the QIAquick Gel
Extraction kit (Qiagen). A secondary amplification was performed using a modification of
the primers (VHH-Esp-For: 5'-
CCGGCCATGGCTGATGTGCAGCTGCAGGAGTCTGGRGGAGG-3" and VHH-Esp-
Rev: 5'-GTGCGGCCGCTGAGGAGACGGTGACCTGGG T-3') used by Pardon et al. to
facilitate cloning into the phagemid pHEN2 [64]. The amplified sequences were cleaved
with the restriction endonucleases Ncol and Notl (New England Biolabs) and subsequently
ligated into compatibly cleaved pHEN2 phagemid at a 3:1 (insert:phagemid) ratio overnight
at 160 1C followed by purification. The resulting ligation mixture was electroporated into TG-
1 phage-display competent cells (#60502-1, Lucigen) and plated onto 2xY T agar containing
100 pg/mL carbenicillin and 2% (w/v) glucose at 37°C overnight. The resulting library
contained > 107 independent clones. Phage was produced for screening using the M13KO7
helper phage (#18311019, Invitrogen) followed by precipitation by addition of one-fifth
volume 20% polyethylene glycol 6000 / 2.5 M sodium chloride solution on ice and
centrifugation to purify the phage particles.

2.1.3 Immunopanning and clone screening

Selection of mTfR specific VHH was performed using direct binding of phage to immobilize
mTfR. Standard radioimmunoassay (RIA) tubes were coated with 500 uL mTfR solution at 5
png/mL in sodium carbonate buffer, pH 9.6 overnight at 4°C. The coating solution was
removed, and the RIA tube filled with a 2% (w/v) non-specific blocking solution (bovine

serum albumin or nonfat dry milk) in 1x Phosphate Buffered Saline (PBS). Amplified phage
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(~1011 phage) was mixed with blocking solution to a final volume of 500 puL and then
transferred into the RIA tube to allow for association at room temperature and 600 rpm
mixing. The RIA tube was then washed 20 times with 1x PBS and then the bound phage
eluted with 100 mM triethylamine solution for 20 mins. The eluted phage solution was
neutralized with 1:10 volume 1 M Tris-HCI, pH 8.0. The eluted phage was amplified in TG-

1 cells and a second round of immunopanning was performed.

Following the second round of immunopanning, individual colonies were selected and
cultured in 96-well blocks containing 2xY T containing carbenicillin at 37°C with 300 rpm
shaking for 4-6 hours. Expression of VHH was induced by addition of isopropyl-beta-D-
thiogalactoside (IPTG) to a final concentration of 1 mM and incubation overnight at 3701C.
The culture blocks were centrifuged to pellet the cells and frozen at -80°C for 1 hour
following removal of the culture supernatant. The culture block was then equilibrated to
room temperature and 500 pL 1xPBS added to each well followed by shaking at 1500 rpm to
resuspend the cell pellets and allow for release of VHH from the cells. The culture block was
centrifuged for 20 min at 2000xg. Nunc Maxisorp plates were coated with mTfR at 1 ug/mL
as described above and blocked with 1% bovine serum albumin (BSA). The clarified VHH
supernatants were incubated on the mT{R plates for 1 hour at room temperature. The assay
plate was washed and peroxidase conjugated goat anti-alpaca VHH domain specific antibody
(#128-035-232, Jackson ImmunoResearch) at 0.8 pg/mL was transferred to the plate and
incubated for 1 hour at room temperature. Following a final wash, the assay was developed
by addition of tetramethylbenzidine (#T5569, Sigma-Aldrich) and absorbance was measured
at 650 nm on a Biotek Synergy 2 plate reader. Clones with absorbance values greater than

two standard deviations above background were considered of interest and subsequently
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sequenced.

2.1.4 Amyloid beta specific VHH production.

Paraschiv et al. previously reported the isolation of amyloid beta binding VHH clones [65].
We selected the sequence for the named Nb3 clone for use in this study. The Nb3 amino acid
sequence was imported into SnapGene software (GSL Biotech LLC) and reverse translation
performed using preferred codon usage for expression in E. coli. Additional sequence,
including a (Gly-Gly-Gly-Ser); between VHH domains, was incorporated for cloning into
pHEN?2 as a tandem dimer as part of the heterotrimer clones synthesized with TfR binders.
To reduce the potential for recombination events, the DNA sequence was manually curated
to adjust the codon usage and reduce the frequency of repetitive sequence within the Nb3-
Nb3 dimer. The affinity of the Nb3-Nb3 dimer was measured using bio-layer intergerometry
as described below.

2.1.5 Bio-layer interferometry (BLI) assessment of VHH binding Kinetics.
The binding kinetics of the selected VHH clone against mTfR and AP was assessed by BLI.
For measurements of mT1fR kinetics, biotinylated VHH was diluted into assay buffer at 1
png/mL and immobilized onto streptavidin coated biosensors (#18-5019, Sartorius) to a
minimum response value of 1 nm on the Octet Red96 System (Sartorius). For measurements
of amyloid beta, beta-amyloid(1-40)-Lys(biotin-LC) (AS-23517, Anaspec), was diluted into
assay buffer at 1 pg/mL and immobilized onto streptavidin coated biosensors (#18-5019,
Sartorius) to a minimum response value of 1 nm on the Octet Red96 System (Sartorius).
Purified mTfR or VHH clones were diluted into assay buffer at the specified concentrations.
The immobilized antigen biosensors were allowed to associate at 37°C followed by

dissociation in the baseline buffer well location. All assays included a background correction

11



condition to allow for sensor normalization. The ForteBio Data Analysis suite was used to
normalize the association curves following background subtraction and Savitzky-Golay
filtering. Curve fitting was applied using global fitting of the sensor data and a steady state
analysis calculated to determine the association and dissociation constants. All assay steps
were prepared in Greiner 96-well plates (#655209) in a volume of 300 puL. Assay buffer was
defined as 0.1% BSA (w/v) in 1xPBS.

2.1.6 Synthesis and expression of VHH constructs.

Based on the methods described in Immunopanning and clone screening and BLI
assessment of VHH binding Kinetics sections, several neurotensin-fused VHH monomers
with different binding affinities to mouse transferrin receptor were synthesized for VHH
screening study. These constructs were termed “M1wt-NT”, “M1posu-NT”, “M1aa-NT”,
“M1Rr100dan-NT”. In addition, VHH monomers of a Nb3; a single polypeptide VHH
heterotrimer that consisted of NB3, a (GGGS)3 linker, NB3, a (GGGS);3 linker, and H1; and a
single polypeptide VHH heterotrimers that consisted of M1posh, a (Gly-Gly-Gly-Ser); linker,
Nb3, a (Gly-Gly-Gly-Ser)s linker, and Nb3; were produced using the method described in
Amyloid beta specific VHH production. These constructs were termed “VHH singlet”,
“VHH triplet”, and “M1poen-triplet”. The VHH naming convention for P96H and R100dH
are based on the Kabat nomenclature and refer to the specific amino acid residue
modification positions within the VHH sequence [66]. Another neurotensin fusion with a
VHH generated against human T{R, which does not bind mouse TR called “H1-NT,” was
used as control. All VHH constructs were designed using SnapGene Software and
synthesized (Twist Bioscience) with corresponding restriction endonuclease sites for direct

cloning into pHEN2. Sequence confirmed pHEN2 clones with the various constructs were
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transferred into BL21(DE3) competent E. coli cells (C25271, New England Biolabs).
Transformed cells were grown in terrific broth medium containing carbenicillin at 37°C and
300rpm shaking in baffled flasks. Once the culture density reached an optical density equal
to 0.6, IPTG was added to a final concentration of 1mM to induce protein expression. For
monomer VHH expression the post-induction incubation temperature was maintained at
37°C but reduced to 30°C for the miposn-triplet. Following overnight expression, cells were
pelleted by centrifugation and VHHs were extracted through osmotic shock and recovery of
the periplasmic fraction [63, 67]. Clarified periplasmic fraction was purified using HisPur™
Ni-NTA Resin (88222, Thermo Fisher Scientific) column chromatography. The eluted VHH
proteins were further purified by size-exclusion chromatography (SEC) over a Superdex75
10/300 column on an AKTA Pure (Cytiva). Protein purity was assessed by SDS-PAGE on a

10% Bis-Tris MES acrylamide gel and found to be >95% pure.

M posu-triplets and H1-triplets were fluorescently labeled with using Alexa Fluor™ 647
succinimidyl ester dye by incubating with the succinimidyl ester dye for 1 hour in 50mM
sodium carbonate buffer, pH 9.6 followed by purification with a SmL HiTrap desalting
column in-line with the AKTA Pure. The fluorescence dye labeled M 1posu-triplet and H1-

triplet were named “M 1 posu-triplet-647” and “H1-triplet-647”

VHH singlet and VHH triplet were labeled with a NIR dye called FNIR-Tag-NHS provided
by the Schnermann group [68]. Lysine groups on VHHs were labeled with FNIR dye
through standard NHS conjugation. For conjugation of FNIR dye to VHH, a 1:1.5 molar
ratio of VHH and FNIR dye were incubated together at room temperature for 2h. Following
conjugation, the VHH-dye conjugate was purified from unincorporated label using a SmL

HiTrap® desalting column.
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Total protein concentration was measured using the Epoch microplate spectrophotometer
(BioTek®) by measuring absorption at wavelength 280 nm and corrected using the
theoretical extinction coefficient.

2.1.7 Production of IONPs, ligand exchange, and conjugation of VHH

constructs
IONPs were generated by the thermal decomposition and ligand exchanged methods

described by Kim, et al. [18]. Two different approaches to ligand exchange were used,
involving 1) PEG-Azide-2k, MW 2000 Da (Nanosoft Polymers) and 2) a 1:1 ratio of PEG-
Azide-2k and PEG methyl ether, MW 750Da (Sigma Aldrich). We developed two types of
NPs. The first one was IONPpeG2000, which contained only PEG-Azide (MW 2000Da) on the
surface while the second type IONPprG2000/750 comprised of both PEG-Azide (MW 2000Da)
and methoxy-PEG-ether (MW 750Da). Solid state IONPprG2000 and IONPpeG2000/750 were
dissolved in 0.9% saline + 0.05% tween 80 solution and sonicated for 15 min followed by
filtration through a 0.22 um syringe filter. Then, a Superose™ 6 Increase 10/300 column
(Cytiva) was used for size exclusion chromatography (SEC). Fractions corresponding to the
eluted peak were collected. Hydrodynamic size of IONP were measured using the
Dynapro® Nanostar® cuvette-based Dynamic light scattering (DLS) instrument. FNIR dye
and Dibenzocyclooctyne-amine (DBCO) were conjugated to VHH triplets at 1:1.5 molar
ratio through standard NHS conjugation as described in synthesis and expression of VHH
constructs. Peak fractions of IONPs were concentrated and conjugated with FNIR dye and
DBCO labelled VHH triplets via copper-free click chemistry for 24hr at room temperature
[69, 70].

The click chemistry allowed reaction of DBCO conjugated VHH triplets to the azide groups
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at the terminus of the PEG2000, yielding covalent attachment of VHH triplet-DBCO to
PEG-Azide-2k ligand coated IONPs. After 24hr incubation, the click-reaction was resolved
through a Superose 6 Increase column for size exclusion separation of unreacted
constituents. Fractions at the peak of size exclusion were collected and their size was
measured using DLS. The peak fractions corresponding to VHH conjugated IONP were used
for in vivo pharmacokinetic studies.

2.1.8 Endotoxin removal

Removal of contaminating endotoxin was achieved using High-Capacity Endotoxin Removal
Resin (88270, Pierce) from the VHH preparations. A volume of 0.25ml endotoxin removal
resin was added to Iml of VHH sample. The VHH and resin were mixed for 2hr at room
temperature to allow for absorption of endotoxin. The mixture was centrifuged to pellet the
resin and the supernatant collected. A volume of 0.25ml fresh endotoxin removal resin was
added to the first-pass solution and mixed for another 2hr at room temperature. Following a
final centrifugation to pellet the resin, the solution was collected for endotoxin level testing.
Endotoxin levels were measured using the Chromagenic Endotoxin Quant kit (A39552,
Pierce) according to the manufacturers protocol to ensure a level of endotoxin <0.5
endotoxin units/mg of total protein.

2.1.9 Binding assessment of histidine mutations by ELISA

To determine the effect on histidine mutation introduction, an ELISA was performed with
the post VHH binding wash buffer at normal and reduced pH. Nunc Maxisorp plates were
coated with mT1fR at 1 ug/mL in 50mM sodium carbonate, pH 9.6 overnight at 4°C. The
plates were blocked with 1% BSA in 1xPBS buffer and then triplicate dilutions of each VHH

prepared in 0.5% BSA in 1xPBS buffer and transferred to the plate. Binding at room
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temperature for 2 hours was followed by three cycles of 5-minute washes with either 1xPBS,
pH 7.2 or 1xPBS, pH 5.5. Following the pH dependent wash step, the bound VHH was
detected with peroxidase conjugated goat anti-alpaca VHH domain specific antibody (#128-
035-232, Jackson ImmunoResearch) at 0.8 pg/mL incubated for 1 hour at room temperature.
Following a final wash, the assay was developed by addition of tetramethylbenzidine
(#T5569, Sigma-Aldrich), the reaction was terminated by addition of 50 uLL 1M hydrochloric

acid and absorbance was measured at 450 nm on a Biotek Synergy 2 plate reader.

2.2 Animals

All animal experiments were conducted under protocols approved by the National Institute
of Neurological Disorders and Stroke (NINDS)/ National Institute on Deafness and Other
Communication Disorders (NIDCD) Animal Care and Use Committee in the National
Institutes of Health (NIH) Clinical Center. C57BL/6J female mice were purchased from
Jackson labs at 6-7 weeks of age and used at 7-12 weeks of age. APPswe/PSEN1dE9
(MMRRC Strain #034832) positive transgenic mice were purchased from Jackson labs [71,
72], maintained on a hybrid (C57BL/6xC3H) background.

The dark color fur coat of the strain of mouse used impedes the penetration of NIR light;
therefore, the fur overlaying the regions of interest was removed by applying a topical
depilatory cream above the head, on the ventral and dorsal torso and tail of the mice one day
prior to IV injection. Delayed skin hyperpigmentation was observed starting 4 days after hair
removal.

Anesthetized mice were injected via tail vein with VHHs, VHH-NT fusions and IONP-VHH

conjugates. Experiments were performed at the same time each day.
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2.3 Intravenous Injection
Mice were anesthetized with 60% oxygen/ 40% medical air gas mixture containing 5%

isoflurane in an induction box. After a stable anesthesia plane was established, mice were
maintained at 1.5-2% isoflurane level. Artificial tears ointment was applied to prevent eye
injury due to drying. Mice were placed on an electrical heating pad to maintain body
temperature at 37C°. The VHHs, VHH-NTs and IONP-VHHs were injected to mice through
the tail vein using a 30 Gauge needle in a single bolus Mice were maintained under
anesthesia for approximately 2-3 minutes. Following the procedure, the mice were allowed
to recover on a heating pad until fully ambulatory and then returned to their home cage with

immediate access to food and water.

2.4 Temperature measurement
Infrared thermometry was used for temperature measurement using an infrared thermometer

(Model# 62 MAX+, Fluke). Abdominal fur was removed by application of topical depilatory
cream prior to temperature measurement for precise data collection. Baseline temperature
was measured three times before IV injection with a time interval of 30min between
measurements. Then, mouse temperatures were measured at the time intervals of 30min, 1hr,
1.5hr, 2hr, 2.5hr, 3hr, 3.5hr, 4hr, 4.5hr and Shr after injection. All temperature measurements
were performed by investigators blinded to the identity of the injected VHH sample. Mice
were briefly anesthetized (<20 seconds) with isoflurane for each temperature measurement.
In preliminary experiments we confirmed that this brief anesthesia did not affect

temperature.

2.5 Imaging and Image Analysis Method
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2.5.1 NIR imaging methods

Mice were anesthetized with 60% oxygen/40% medical air gas mixture with 5% isoflurane
for induction of anesthesia and 1.5% isoflurane level for maintenance. Mice were imaged
using the Pearl Trilogy Near-Infrared Fluorescent and Bioluminescent small animal imaging
system (Licor, Nebraska, USA). The specific parameters for NIR imaging were resolution =
170um, fluorescence channel at 800nm (excitation at 785 nm and emission at 820 nm) for
FNIR dye. NIR images were collected before and at time 2min, 1hr, 2hr, 4hr, 8hr, 1day,
2days post IV injection using Pearl. After end-point imaging, mice were euthanized by
transcardial perfusion using 1X phosphate-buffered saline with heparin under 5% isoflurane.
2.5.2 NIR Image and Data Processing

Equally sized regions of interest (ROI)s were manually drawn using the software Image
Studio (ver 5.2) from Li-Cor. Head and right kidney ROIs were drawn from the prone view
images while liver and front left paw ROIs were drawn from the supine view images. The
average fluorescence intensity of each ROI was calculated and generated by Image Studio
(ver 5.2).

2.5.3 Confocal microscopy of mice brains injected with triplet-647

Two hours post IV injection mice were sacrificed under isoflurane anesthesia by cardiac
perfusion with 1X PBS + Heparin (10 units Heparin per milliliter 1X PBS). Following
perfusion, mice were decapitated using a pair of sharp surgical shears and the brain was
carefully excised from the cranium. Brains were fixed in 4% PFA for 24hrs then equilibrated
in 30% sucrose for 48 hours. Then, mouse brains were sectioned at 50 pm thickness using a

freezing sliding microtome. Staining was performed to visualize amyloid plaques using the
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Congo Red derivative X34.[73] Tissue was rinsed with 1xPBS two times. Then, tissues were
incubated in 40%EtOH/60%PBS at pH10 containing 10 uM X34 (SML1954-5MG, Sigma)
for 10min. After X34 incubation, tissue was rinsed with milliQ water five times then
differentiated in 40%EtOH/60%PBS at pH10 for 2min. After differentiation, the tissue was
rinsed with miliQ water for 10min then mounted onto positively charged slides (EF15978Z,
Daigger®). The mounted tissue sections were allowed to dry overnight at room temperature

and cover slipped using fluoromount-G (00-4958-02, Invitrogen™),

To objectively evaluate the effect of intravenous injection of M1posu-Triplet-647 and H1-
Triplet-647 on APP/PS1 mice, brain sections at around 2.5mm posterior to bregma were
selected for confocal fluorescence imaging. The brain sections were equally divided into 10
parts in both horizontal (x) and vertical (y) directions. X and y coordinates were randomly
selected using by random numbers from 1 to 10. When (X, y) coordinates fell onto a cortical
area, stacks of images were taken which covered 16pum depth (z direction) starting from the
top of the brain section. When (x, y) coordinates fell outside of the cortex, the microscope
was moved to the next randomized (X, y) coordinates without taking images. Brain sections
were imaged using a Zeiss LSM 510 microscope. Stacks of images were acquired with eight
images per stack and 2pum optical thickness at 20x magnification using a Zeiss Plan-
Apochromat 20x/0.8NA lens. Images were acquired using laser wavelength at 633nm to
visualize the VHH triplets conjugated with 647 dye and 405 nm wavelength laser to visualize
the X-34 dye. For 647 channel images, laser at wavelength 633nm was used with a LP650
filter and laser power set to be at transmission 100%. For X34 channel images, laser at
wavelength 405nm was used with a BP420-480 filter and laser power set to be at

transmission 15%. The images were exported in Ism file format for image analysis using
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Imagel.

2.5.4 Fluorescent confocal microscopy - Naive brain as controls

Naive APP/PS1 positive mouse brain sections stained only with X-34 for fluorescence
confocal microscopy were used as a negative control. Naive APP/PS1 positive mouse brain
sections stained with both X34 and ex vivo M1posu-Triplet-647 for fluorescence confocal
microscopy were used as a positive control. For ex vivo miposu-Triplet-647 staining, naive
brains were sectioned and washed in 1XPBS. Sections were incubated in 3% normal donkey
serum for 30min to block non-specific binding. After blocking, tissue sections were
incubated overnight at 4C° in M 1poeu-Triplet-647 at a concentration of 10ug/ml in blocking
solution. Tissues were then washed in 1xPBS three times followed by X34 staining as
described.

2.5.5 Automated image analysis

To quantitatively analyze the confocal microscope images, thresholding and particle analysis
were performed to remove background signals and isolate target structures of interest. The
percent area of X34 stained amyloid plaques was quantified with thresholding at (0, 30)
followed by Particle analysis. To remove low signal background, 647 channel image
thresholding was set at 0-1000. Then the 647 channel images was analyzed with particle
analysis. The parameters for particle analysis were set to be 0-1000 pixels for size and 0.1-
1.0 for circularity. The parameters for thresholding and particle analysis were determined
through testing of different parameters to capture the qualitative morphology of amyloid
plaques as assessed by experienced investigators. Amyloid plaque levels were represented as
% area of X34 coverage and VHH triplet-647 entry into the brain parenchyma was

represented as % area of Alexa 647 dye coverage in the areas with X34 staining. Because
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there is mouse-to-mouse variability in plaque size and X34 staining intensity, we analyzed

the ratio of the Triplet-647 coverage to X34 coverage.

2.6 Statistical analysis

Unpaired student t-test were performed to evaluate the differences between the transcytosis
ability of M1posu-triplet-647 and H1-triplet-647 to amyloid plaques in APP/PS1 transgenic
mice brains. Graphs were created using Prism. Sample sizes were based on availability of

transgenic mice and previous experiments. No formal power calculations were performed.

2.7 Mathematical modeling
Mathematical models were built using MATLAB (The Mathworks, Inc.) to predict

distribution and pharmacokinetics based on nanoparticle size. The mathematical models
were built based on kinetic data from VHH singlet, VHH triplet, [ONPprG2000 VHH triplet,
and IONPpeG2000/750 VHH triplet data. Model fitting was done by minimization of the residual
sum of squares across all five compartments and the blood clearance rate using the particle
swarm algorithm [74, 75]. 1* values were calculated to evaluate the goodness of fit. This
model consists of 5 compartments: compartment 1 is the blood compartment, with a single
bolus input and exchange of nanoparticles/VHHs with compartment 2 (kidney
compartment), compartment 3 (liver compartment), and compartment 4 (head 1
compartment). Compartment 4 also exchanges with compartment 5 (head 2 compartment). In
this model, the two main paths for clearance are the kidney and liver compartments. Kidneys
and liver are the two main organs which are responsible for nanoparticle elimination [76].
The intake and clearance of nanoparticles from blood to kidneys/liver are the main

characteristics that differentiate the in vivo kinetics of different nanoparticles and VHHs.
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The signal from spleen was not analyzed because of low signal strength. This 5-compartment
model was modified based on a 4-compartment model with blood, liver and kidney
compartment as well but only one head compartment. Based on small sample corrected
Akaike information criterion (AICc) value [77] and model fitting, the 5S-compartment model
was selected over the 4-compartment model. Two compartments were used to better describe
the nanoparticles/VHHs in vivo distribution and kinetics in head to guide the timing of future

brain MRI studies.
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Chapter 3: Pharmacokinetics of Single
Domain Antibodies and Conjugated
Nanoparticles Using a Hybrid Near Infrared
Method

3.1 Abstract

Iron oxide nanoparticles and single domain antibodies from camelids (VHHs) have been
increasingly recognized for their potential uses for medical diagnosis and treatment. However,
there have been relatively few detailed characterizations of their pharmacokinetics (PK). The
aim of this study was to develop imaging methods and pharmacokinetic models to aid the
future development of a novel family of brain MRI molecular contrast agents. An efficient
near-infrared (NIR) imaging method was established to monitor VHH and VHH conjugated
nanoparticle kinetics in mice using a hybrid approach: kinetics in blood were assessed by
direct sampling, and kinetics in kidney, liver, and brain were assessed by serial in vivo NIR
imaging. These studies were performed under “basal” circumstances in which the VHH
constructs and VHH-conjugated nanoparticles do not substantially interact with targets nor
cross the blood brain barrier. Using this approach, we constructed a five-compartment PK
model that fits the data well for single VHHSs, engineered VHH trimers, and iron oxide
nanoparticles conjugated to VHH trimers. The establishment of the feasibility of these methods

lays a foundation for future PK studies of candidate brain MRI molecular contrast agents.

3.2 Introduction

Neurological disorders affect millions of people worldwide, but at present our ability to assess
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these disorders objectively and quantitatively is limited [1]. Improvements in the assessment of
neurological disorders would allow for disease progression monitoring and provide direct
assessment of candidate therapeutics [2-5]. The long-term goal of this project is to develop
MRI molecular contrast agents which will cross the blood brain barrier (BBB) and label
relevant extracellular and intracellular biomarkers in the brain parenchyma. In the process of
discovering and optimizing necessary components of these contrast agents, we have
synthesized nanoparticles which consist of an iron oxide nanoparticle (IONP) core conjugated

with Polyethylene glycol (PEG) plus camelid VHH antibody fragments for specific targeting.

IONPs have been widely used for medical applications including cancer diagnosis and
treatment [15, 16], treatment of iron deficiency anemia [15], enhanced blood pool and tumor
MRI imaging [17, 18], MRI molecular imaging [19-22] and magnetic resonance angiography
(MRA) [23]. Sillerud et al. synthesized a novel MRI contrast agent by conjugating
superparamagnetic oxide nanoparticles (SPIONs) with anti-amyloid-beta precursor protein
(ABPP) antibodies to specifically target amyloid-beta plaques [24]. Iron oxide nanoparticles
have also been functionalized with single-chain antibodies (scFv) against activated platelets for
T1 and T2- weighted MRI of thrombi [19]. IONPs are considered relatively safe and do not
induce cytotoxicity below 100 pg/ml in vitro [25]. MRI Molecular contrast agents based on
iron oxide nanoparticles have good biocompatibility, at least in part because human blood and
tissues are naturally rich in iron [26, 27]. The FDA has approved an IONP, Ferumoxytol, for
treatment of iron-deficiency anemia in patients with chronic kidney disease [28]. Ferumoxytol
is also used off-label as a contrast agent for MR angiography in patients with impaired renal
function as well [29] and no major safety concerns have been reported. In a widely cited

publication, Kim et al [18] demonstrated that homogenous size iron oxide nanoparticle cores
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for MR imaging could be synthesized at large scales. Their extremely small 3nm iron oxide
nanoparticles (ESIONs) were shown to have a high rl relaxivity of 4.78 mM-1s-1 at 3T and
low 12/r1 ratio of 6.12, which maximizes the T1 contrast effect. ESIONs were tested using in
vivo MRI. After tail vein injection of ESION (2.5 mg Fe/kg), blood vessels were brightened on
the T1 weighted MR images, confirming that ESIONs can enhance T1 relaxation and be used
as a T1 MRI contrast agent. The iron oxide core of this prototype nanoparticle contrast agent
was coated with PEG [30]. PEG is a common coating material which is used to prevent
nanoparticle fouling in blood by reducing protein binding, and used to prolong circulation

times by reducing clearance by the reticuloendothelial system (RES) [31].

Camelids, which include llamas, alpacas, and camels, produce functional antibodies devoid of
light chains called heavy chain-only antibodies (HCAbs) [63, 64]. The heavy chain of this kind
of antibody is folded into three domains: the N-terminal domain that is variable in sequence,
followed by a hinge region and two constant domains. HCAbs recognize their cognate antigen
by one single domain, the VHH. VHHs have a very small size compared to other antibodies or
functional antibody fragments. The molecular weight of a VHH is approximately 15kDa,
which is around 1/10 of a conventional IgG’s molecular weight, and about 50% of that of a
single chain variable fragment (ScFv) [49, 50]. VHHs have been used for in vivo imaging and
therapeutics [49, 50]. For example, Li et al. labeled anti-AB42 and anti-Tau VHHs with
Alexa488 fluorescent dye and visualized extracellular AP and intracellular neurofibrillary
tangles using 2-photon-microscopy [65]. Vandesquille et al. conjugated a VHH (R3VQ)
targeting A3 with gadolinium to allow MRI detection of AP in post-mortem mouse brain [66].
Rincon et al. used VHHs to lower AP levels with AAV-based delivery of anti-BACE1 VHH

into the CNS of a cerebral amyloidosis mouse model [67]. VHHs against SARS-CoV-2 which
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could bind spike protein receptor binding domain have been recently developed as potential
therapeutics for coronavirus outbreaks [68-71]. A humanized divalent VHH targeting von
Willebrand factor (Caplacizumab) has been recently approved by the FDA for treatment of
acquired thrombotic thrombocytopenic purpura [72, 73]. Importantly, VHHs show low
immunogenicity risk profile before humanization [74]. For human therapeutic purposes, VHHs
have been humanized to further lower the risk of immunogenicity [75]. For example, the safety

of Caplacizumab has generally been good [76].

Pharmacokinetics (PK) is the study of drug absorption, distribution, metabolism and excretion
[58]. Pharmacokinetic and biodistribution characteristics are important parameters to consider
when designing and testing novel nanoparticles to achieve an appropriate level of nanoparticles
in the target tissue site. Nanoparticles with either extremely short or extremely long circulation
time are generally considered non-optimal; nanoparticles with extremely short circulation time
may not have enough time to penetrate target tissue sites, while nanoparticles with extremely
long circulation time could cause off-target tissue toxicity and reduce signal-to-noise ratio due
to background signal [59-62]. Thus, it is helpful to measure PK characteristics at an early
phase in the project development so that this information can be used to optimize nanoparticle

design.

Multiple approaches have been used to acquire PK and biodistribution data from in vivo
experiments. Plasma and tissue sampling followed by inductively coupled plasma mass
spectrometry (ICP-MS) are often used for in vivo distribution and PK studies. In prominent
examples of this approach, Lankveld et al. assessed silver nanoparticles using ICP-MS to
determine the silver content in organs for their tissue distribution study [77]. Xue et al. also

used ICP-MS to study the tissue distribution of iron oxide nanoparticles in mice [78]. This
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approach, however, is invasive and requires sacrificing animals at multiple time points which
introduces inter-animal variations in data. Instead, various non-invasive imaging methods
including PET, SPECT/CT, and MRI have been used to help trace distribution and clearance
patterns [79-81]. While MRI may be an imaging modality of choice for diagnostic studies, it is
expensive, requires lengthy anesthesia times for animals, and has relatively poor time
resolution for use in PK studies. PET and SPECT are also relatively expensive imaging
methods and raise radiation safety concerns. Near infrared (NIR) imaging has been proposed
as an alternative method to study pharmacokinetics and tissue distribution to facilitate
nanoparticle development [59]. Compared with the aforementioned methods, NIR is a less
expensive, faster and safer method which can be used to investigate nanoparticles’ in vivo
behavior in appropriate small animal models[59]. Compartment models have been widely used
for oncology, disease diagnosis and imaging studies [82, 83]. This paper combined near
infrared imaging and multi-compartment model to study the pharmacokinetics of VHHs and

IONPs in vivo.

This study establishes a foundation to understand the PK of VHHs and IONPs. In this study,
IONPs conjugated to VHHs and labeled with a NIR fluorescent dye were injected
intravenously into mice. The PK of VHHs alone and VHH conjugated IONPs were monitored
using a high resolution NIR scanner. Fluorescence signal change in mouse head, kidney, and
liver were imaged over a period of two days post injection to qualitatively and quantitatively
understand the PK of our nanoparticles. A five compartment PK model was constructed to
describe the relationship between in vivo PK and hydrodynamic size following single bolus IV
injection. It was found that increasing VHH and nanoparticle size results in a switch from

kidney dominant clearance to liver dominant clearance, which is consistent with past findings.
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The use of mathematical PK models provides a quantitative method to study the relationship
between PK parameters and nanoparticle/VHH sizes and can be used to explore the in vivo
pharmacokinetics and distribution of other VHHs and nanoparticles for future studies. This PK
model will be incorporated and modified for describing novel VHH-IONP in vivo PK

characteristics during ongoing development of future brain MRI molecular contrast agents.

3.3 Materials and Methods

3.3.1 Synthesis of VHH
For this study, we synthesized VHH monomers of a nanobody called NB3 that did not bind

any targets in wild-type mice using methods similar to those described in Esparza. et al [68]. In
addition, we produced a single polypeptide VHH heterotrimer that consisted of NB3, a
(GGGS)3 linker, NB3, a (GGGS);3 linker, and another nanobody called H1 synthesized by
Esparza et al. that also does not bind any targets in wild-type mice. The sequence and
characteristics of these VHH constructs will be reported separately. These constructs were
termed “VHH singlet” and “VHH triplet.” Phagemid pHEN2 with VHH triplet or VHH singlet
were transferred into the BL21(DE3) competent E. coli cells (C25271, New England BioLabs)
(Figure 3.1). The competent cells were grown in terrific broth medium at 37°C. Isopropyl p-d-
1-thiogalactopyranoside (IPTG) at a final ImM concentration was added to induce VHH
expression when the OD600 reached 0.6. Following overnight expression, cells were pelleted
by centrifugation and VHHs were extracted through periplasm extraction [68, 84]. The
oxhistidine tagged VHHs were purified by Fast Protein Liquid Chromatography (FPLC) using
a HisTrap™ FF Ni-NTA column (Cytiva). To further purify VHHs, they were size fractionated

using a Superdex™ 75 10/300 GL column (Cytiva) with Phosphate Buffered Saline (PBS), pH
28



7.4 at flow rate of 1ml/min.
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Figure 3.1. Schematic representation of VHH singlet and VHH triplet in pHEN2 phagemid vector. VHH singlet and
VHH triplet DNA constructs were inserted into the pHEN2 phagemid vector for protein expression. For VHH
triplet, the individual VHHs were linked using (GGGS); linkers. This figure was generated using SnapGene

software (from Insightful Science; available at snapgene.com).
3.3.2 Conjugation of FNIR dye to VHH constructs

The NIR dye FNIR-Tag-NHS was provided by the Schnermann group [85]. Lysine groups on
VHHs were labeled with FNIR dye through standard NHS conjugation. For conjugation of
FNIR dye to VHH, a 1:1.5 molar ratio of VHH and FNIR dye were incubated together at room
temperature for 2h. Following conjugation, the VHH-dye conjugate was purified from
unincorporated label using a SmL HiTrap® desalting column. Total protein concentration was
measured using the Epoch microplate spectrophotometer (BioTek®) by measuring absorption

at wavelength 280 nm and corrected using the theoretical extinction coefficient.

Production of IONPs, ligand exchange, and conjugation of VHH constructs
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Figure 3.2. Synthesis of IONPprga000 VHH triplet. a. IONP cores were produced through thermal
decomposition, then ligand exchange was performed to coat IONP cores with PEG ligands. VHHs were labeled
with FNIR dye and attached to ligand exchanged IONPs through click reaction with terminal azide (N3). b-d.
Chemical reactions describing PO-PEG ligand synthesis, ligand exchange reaction which replaced oleic acid
with PO-PEG ligands on the surface of the iron oxide core to make the IONP water soluble and click chemistry
which conjugated VHH triplet to IONP. The ligand exchange and click reaction of di-substituted PO-PEG

ligand and tri-substituted PO-PEG ligand are not shown here.
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IONPs were generated by the thermal decomposition and ligand exchanged methods described
by Kim, et al. [18]. Briefly, iron oxide cores were synthesized by decomposition of iron oleate
in oleyl alcohol (Sigma Aldrich) and diphenyl ether (Sigma Aldrich) (Figure 3.2a). The iron
oxide cores were only soluble in organic solvents. To make the iron oxide cores water soluble,
PEG-derivatized phosphine oxide (PO-PEG) ligands were synthesized and exchanged with
oleic acid on the iron oxide core surface [30]. PO-PEG ligands were synthesized by mixing the
phosphoryl trichloride (POCIl3) with poly(ethylene glycol) methyl ether (mPEG) in anhydrous
dichloromethane modified based on Na et al. [30]. Then, ligand exchange was performed to
coat iron oxide cores with Poly(ethylene glycol) (PEG) resulting in IONPs soluble in aqueous
solutions (Figure 3.2c). Iron oxide core and the ligands were combined and dissolved in
toluene and chloroform (ACS grade) and the solution refluxed at 75°C for 4hr for the ligand
exchange reaction. When the reaction was complete, the solution was washed with
dichloromethane and hexane following centrifugation to remove unreacted substance. The
pellet contained IONP were dried under vacuum. IONPs were characterized using
Transmission Electron Microscopy (TEM) for core size measurement and infrared

spectroscopy (IR) was performed to confirm the success of ligand exchange by the presence of
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Figure 3.3. Characterization of IONPs. a. Transmission electron microscopy (TEM) image of a representative batch
of iron oxide cores with diameter measured at 3.32 +/- 1.17nm. The iron oxide core size was quantified using
ImagelJ. b. IR measurement of a representative batch of IONPpegao00. Azide peaks at 2110cm-1 before conjugation to
VHH triplet. After conjugation, the azide is destroyed, as in Figure S11d. c. IR measurement of a representative
batch of IONPprc2000/750. Azide peaks at 2110cm-1 before conjugation to VHH triplet. After conjugation, the azide is

destroyed, as in Figure 3.2d.

an azide specific spectral peak (Figure 3.3).

Two different approaches to ligand exchange were used, involving 1) PEG-Azide-2k, MW
2000 Da (Nanosoft Polymers) and 2) a 1:1 ratio of PEG-Azide-2k and PEG methyl ether, MW
750Da (Sigma Aldrich). We developed two types of NPs. The first one was IONPpeG2000,
which contained only PEG-Azide (MW 2000Da) on the surface while the second type

IONPpEG2000/750 comprised of both PEG-Azide (MW 2000Da) and methoxy-PEG-ether (MW

32



750Da). Solid state IONPpeG2000 and IONPPEG2000/750 were dissolved in 0.9% saline + 0.05%
tween 80 solution and sonicated for 15 min followed by filtration through a 0.22 pm syringe
filter. Then, a Superose™ 6 Increase 10/300 column (Cytiva) was used for size exclusion
chromatography (SEC). Fractions corresponding to the eluted peak were collected.
Hydrodynamic size of IONP were measured using the Dynapro® Nanostar® cuvette-based
Dynamic light scattering (DLS) instrument. FNIR dye and Dibenzocyclooctyne-amine
(DBCO) were conjugated to VHH triplets at 1:1.5 molar ratio through standard NHS
conjugation as described in Conjugation of FNIR dye to VHH constructs. Peak fractions of
IONPs were concentrated and conjugated with FNIR dye and DBCO labelled VHH triplets via

copper-free click chemistry for 24hr at room temperature [86, 87].

The click chemistry allowed reaction of DBCO conjugated VHH triplets to the azide groups at
the terminus of the PEG2000, yielding covalent attachment of VHH triplet-DBCO to PEG-
Azide-2k ligand coated IONPs (Figure 3.2d). After 24hr incubation, the click-reaction was
resolved through a Superose 6 Increase column for size exclusion separation of unreacted
constituents. Fractions at the peak of size exclusion were collected and their size was measured
using DLS. The peak fractions corresponding to VHH conjugated IONP were used for in vivo

pharmacokinetic studies (Figure 3.4).

33



a. VHH singlet VHH triplet
§ 20 E. 1501
i £ D
€15 t
g & 100
g 10 §
3 3
g 5 g 507
g g . . .
= 0 : - . : : VHH singlet VHH triplet
3 1 3 0 T T
8 9 10 11 12 13 8 9 10 11 12 13
fraction fraction
b. IONPec2000 VHH triplet IONPpeczo0so VHH triplet (batch 1) IONPpeazooorso VHH triplet (batch 2)
% 1500 % 1500 = 1500
~— — 1
= £ £
@ 1000 1000 5 1000
5
2 500 g 500 § s00
E L/ £ §ONG 3 Eoioi Y
zZ o 1 3 0= o
8 9 10 11 12 5 6 7 8 9101 5 6 7 8 9 1011
fraction fraction fraction TONPpr62000
VHH triplet
C. IONPpec2000 VHH triplet IONPpes20007s0 VHH triplet {batch 1) IONPpEcz000750 VHH triplet (batch 2)
60 100 200
i |
[ B [ 1504 || e
€401 | £ eod | | t il CRISE . S
3 3 [ - | 3
8 [ 8 [ A 3o |\ ,
204 | 407 | [
| 204 | 501 1A
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Radius (nm) Radius (nm) Radius (nm) TONPprGa000750 YHH
Before conjugation After conjugation triplet

Figure 3.4. FPLC fractions of VHHs and IONPs as well as DLS measurement of IONPs. a. VHH singlet and
VHH triplet fractions after passing through the Superdex 75GL size exclusion chromatography column. Elution
fraction 11 for VHH singlet and fraction 9 for VHH triplet were collected for in vivo PK experiments (highlighted
in pink). b. IONPpec2000 VHH triplet and IONPpec2000750 VHH triplet fractions after passing through the Superose
6 Increase size exclusion chromatography column. Schematic drawing of IONPpgG2000 VHH triplet with PEG2000
colored blue. Elution fraction 9 and 10 for IONPpeG2000 VHH triplet, elution fraction 5, 6, and 7 for
IONPpeG2000/750 VHH triplet (batchl), 6 and 7 for IONPpeGa000/750 VHH triplet (batch2) were collected for in vivo
PK experiments (highlighted in pink). c¢. DLS hydrodynamic size measurements of IONPpeg2000 and
IONPreG2000/750 before (blue) and after (red) conjugation with VHH triplet. Schematic drawing of IONPpeG2000/750
VHH triplet, with PEG2000 colored blue and PEG750 colored orange.

3.3.3 Animals

All animal experiments were conducted under protocols approved by the National Institute of
Neurological Disorders and Stroke (NINDS)/ National Institute on Deafness and Other
Communication Disorders (NIDCD) Animal Care and Use Committee in the National
Institutes of Health (NIH) Clinical Center. C57BL/6J female mice were purchased from
Jackson labs at 6-12-weeks of age and used at 7-12 weeks of age. 20 mice were randomized
into 4 groups with four to six mice in each group. Anesthetized mice were injected via tail vein
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with VHH singlet (5 mice), VHH triplet (4 mice), IONPpeG2000 VHH triplet (5 mice), or
IONPrEG2000/750 VHH triplet (6 mice) for PK studies. Experiments were performed at the same
time each day. The dark color fur coat of the strain of mouse used impedes the penetration of
NIR light; therefore, the fur overlaying the regions of interest was removed by applying a
topical depilatory cream above the head, on the ventral and dorsal torso and tail of the mice
one day prior to I'V injection. Delayed skin hyperpigmentation was observed starting 4 days

after hair removal.

3.3.4 Injection of nanoparticles
Mice were anesthetized with 60% oxygen/ 40% medical air gas mixture containing 5%

isoflurane in an induction box. After a stable anesthesia plane was established, mice were
maintained at 1.5-2% isoflurane level. Artificial tears ointment was applied to prevent eye
injury due to drying. Mice were placed on an electrical heating pad to maintain body
temperature. Nanoparticle conjugates and VHHs with different sizes (12uM VHH singlet,
4.75uM VHH triplet, IONPpeg2000 VHH triplet, IONPpeG2000/750 VHH triplet) were injected
intravenously through single bolus injection at 0.1ml volume into mice through tail vein using
30 Gauge needle. Mice were maintained under anesthesia for approximately 3 minutes.
Following the procedure, the mice were allowed to recover on a heating pad until fully
ambulatory and then returned to their home cage with immediate access to food and water.
3.3.5 Multidose experiment

VHH triplet was used for the multidose experiment. Five mice were injected, as described
above, with 0.1ml VHH triplet 3 times with 5 min interval between each dose. Mice were
maintained under anesthesia for approximately 3 minutes during intravenous injection and

imaging and allowed to recover between injections.
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3.3.6 NIR imaging methods

Mice were anesthetized with 60% oxygen/40% medical air gas mixture with 5% isoflurane for
induction of anesthesia and 1.5% isoflurane level for maintenance. Mice were imaged using
the Pearl Trilogy Near-Infrared Fluorescent and Bioluminescent small animal imaging system
(Licor, Nebraska, USA). The specific parameters for NIR imaging were resolution = 170um,

fluorescence channel at 800nm (excitation at 785 nm and emission at 820 nm) for FNIR dye.

Background images

acquisition
Time = 2hr
imaging i Time = 2day
Time = 2min Time = 8hr imaging
inging imaging |
IV Injection Time = 4hr Time = 1day Sacrifice
imaging imaging
Time = 1hr
imaging

Figure 3.5. The experimental timeline of IV injection of VHHs and IONPs in mice. Background images were
taken before injection, then NIR images were taken at 2min, 1hr, 2hr, 4hr, 8hr, 24 hours and 48 hours after
injection. Mice were sacrifice after imaging at 48hr post injection.

NIR images were collected before and at time 2min, 1hr, 2hr, 4hr, 8hr, 1day, 2days post IV
injection (Figure 3.5) using Pearl. After end-point imaging, mice were euthanized by
transcardial perfusion using 1X phosphate-buffered saline (PBS) with heparin under 5%

isoflurane.

3.3.7 Image and Data Processing
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Figure 3.6. Representative in vivo serial fluorescence images and ROI analysis of VHH singlet (a.) and
TIONPrEG2000/750 VHH triplet (b.). ROIs were drawn to track the fluorescence signal change of major ROIs including
kidney and head (prone position), left front paw and liver (supine image) over time. Scale bar represents NIR image
intensity measured by Pearl. a. In vivo serial fluorescence prone and supine position images before and 2min, lhr,
2hr, 4hr, 8hr, 1day and 2day after IV bolus injection of VHH singlet. b. In vivo serial fluorescence prone and supine
position images before and 2min, 1hr, 2hr, 4hr, 8hr, 1day and 2day after IV bolus injection of IONPpgg2000/750 VHH

triplet.
Equally sized regions of interest (ROI)s were manually drawn using the software Image Studio
(ver 5.2) from Li-Cor. Examples of ROIs are shown in Figure 3.6. Head and right kidney ROIs
were drawn from the prone view images while liver and front left paw ROIs were drawn from

the supine view images. The average fluorescence intensity of each ROI was calculated and

generated by Image Studio (ver 5.2).

3.3.8 Blood clearance measurement
Twelve mice (six for each VHH) were injected with VHHs (VHH singlet, VHH triplet) and
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five mice were injected with nanoparticle IONPprc2000 VHH triplet as described in the
Injection of nanoparticles section. After intravenous injection, mice were sacrificed at 1min,

Smin, 10min, 15min, 30min and 1hr for mice injected with VHHs and at Imin, Smin, 15min,

Blood clearance data
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Figure 3.7. In vivo fluorescence images of blood. Scale bar represents NIR image intensity measured by Pearl.

Mouse blood was collected at Imin, Smin, 10min, 15min, 30min and 1hr after IV injection of VHH singlet and

VHH triplet. Mouse blood was collected at 1min, Smin, 15min, 30min and 1hr after IV injection of IONPpgG2000
VHH triplet. ROIs were drawn for NIR signal analysis.

30min and lhr for mice injected with IONPpgg2000 VHH triplet. 0.1 to 0.2ml blood was

collected from the right atrium into heparin-coated 1.5ml microcentrifuge tubes. The

microcentrifuge tubes with blood were imaged using the Pearl system and ROIs were drawn

using the Image Studio software (Figure 3.7).
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3.3.9 Mathematical modeling
Mathematical models were built using MATLAB (The Mathworks, Inc.) to predict distribution

and pharmacokinetics based on nanoparticle size. The mathematical models were built based
on kinetic data from VHH singlet, VHH triplet, [ONPprc2000 VHH triplet, and IONPpeG2000/750
VHH triplet data. Model fitting was done by minimization of the residual sum of squares
across all five compartments and the blood clearance rate using the particle swarm algorithm
[88, 89]. 1? values were calculated to evaluate the goodness of fit. This model consists of 5
compartments: compartment 1 is the blood compartment, with a single bolus input and
exchange of nanoparticles/VHHs with compartment 2 (kidney compartment), compartment 3
(liver compartment), and compartment 4 (head 1 compartment). Compartment 4 also
exchanges with compartment 5 (head 2 compartment). In this model, the two main paths for
clearance are the kidney and liver compartments. Kidneys and liver are the two main organs
which are responsible for nanoparticle elimination [90]. The intake and clearance of
nanoparticles from blood to kidneys/liver are the main characteristics that differentiate the in
vivo kinetics of different nanoparticles and VHHs. The signal from spleen was not analyzed
because of low signal strength. This 5-compartment model was modified based on a 4-
compartment model with blood, liver and kidney compartment as well but only one head
compartment. Based on small sample corrected Akaike information criterion (AICc) value [91]
and model fitting, the 5-compartment model was selected over the 4-compartment model. Two
compartments were used to better describe the nanoparticles/VHHs in vivo distribution and

kinetics in head to guide the timing of future brain MRI studies.

3.4 Results

3.4.1 VHH and VHH-conjugated nanoparticle characterization
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VHH singlet and VHH triplet products had characteristics consistent with expectation.
Twenty-two 1ml elution fractions were collected from a Superdex 75 size exclusion
chromatography column. Peak fractions of purified VHH singlet and VHH triplet were
collected for FNIR conjugation. VHH singlet peaked at fraction 11 and VHH triplet peaked at
fraction 9 (Figure 3.4a). Based on the protein size standards, VHH singlet and VHH triplet
eluted from the columns as expected based on their calculated sizes of 12.7kDa and 36.1kDa

respectively.

Based on the DLS data, the IONPprG2000 particles had a hydrodynamic radius of 6.4-6.7nm
before and 7.0-7.6nm after conjugation with VHH triplet (Figure 3.4c). The 9th and 10th
fractions from a Superose 6 Increase SEC column (optimized for larger particles) were used
for IV injection and PK studies (Figure 3.4b). The IONPpeG2000/750 VHH triplet constructs had
hydrodynamic sizes of 8.3-9.1nm (batch 1) and 8.0-9.1nm (batch 2) before, and 11.9-13.9nm
(batch 1) and 12.2-14.5nm (batch 2) after conjugation with VHH triplet. The 5th, 6th and 7th
fractions from batch 1 and the 6th and 7th fractions from batch 2 from the Superose 6 Increase
column were used for IV injection and PK studies (Figure 3.4b).

3.4.2 In vivo pharmacokinetic study using NIR

We optimized methods for NIR-based pharmacokinetic studies, and then used these methods
to acquire consistent in vivo pharmacokinetic data in mice. The NIR fluorescence images
acquired using the Pearl system showed very low background fluorescence signal at 800 nm,

confirming that in the NIR, the intrinsic autofluorescence at this wavelength of light in the
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Figure 3.8. Representative image of background autofluorescence in a mouse imaged using the 700nm and 800nm
channel with the Pearl system. a. Mouse background image in the prone position at 700nm (red) and 800nm (green)
channel. b. Mouse background image in supine position at 700nm (red) and 800nm (green) channel.
Autofluorescence at 700 nm is substantially higher than at 800 nm.

animals was negligible. Autofluorescence at 700 nm was higher, so we focused on 800 nm

channel measurements for these experiments (Figure 3.8). It has been reported that the use of
different NIR dyes can affect biodistribution of NIR-labeled VHHs [92] and monoclonal antib
odies [93] . We tested IR-680RD dye (IRDye®), IR-800CW dye (IRDye®) and FNIR dye
conjugated nanoparticles and confirmed that the dyes can affect the apparent biodistribution
(Figure 3.9a). Mice had lower background autofluorescence at 800nm channel than the 700nm
channel, so IR-800CW dye and FNIR dye were preferred over IR-680RD dye (Figure 3.9a).
Comparing the IR-800CW dye and the FNIR dye, the signal quality and consistency was

higher for the FNIR dye (Figure 3.9b). The stability of FNIR dye was tested by conjugating
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Figure 3.9. Effect of different NIR dyes on in vivo PK. Color bar represents NIR image intensity measured using the
Pearl system. a. Representative data of mouse major ROI kinetics (Head, Kidney, Tail, Paw and Liver) and
representative NIR images of mice 1hr after injection of IONP-IR-680RD dye. b. Representative data of mouse
major ROI kinetics (Head, Kidney, Tail, Paw and Liver) and representative NIR images of mice 1hr after injection
of IONP-IR-800CW dye. c. Representative data of mouse major ROI kinetics (Head, Kidney, Tail, Paw and Liver)
and representative NIR images of mice 1hr after injection of IONP-FNIR dye.
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Figure 3.10. Stability of FNIR dye NIR signal. a. FNIR was conjugated to VHH singlet and the NIR signal was
measured over 14 days using the Pearl system (n = 3). The FNIR dye signal was measured in the 800nm channel
using the Pearl system. VHH singlet FNIR conjugate was kept in PBS at room temperature wrapped with aluminum
foil to protect from light. The concentration of the VHH singlet FNIR conjugates were 6.85uM. Error bars represent
standard deviations. b. FNIR was conjugated to VHH singlet and the size of VHH singlet-FNIR conjugate was
measured with the Superdex 75 size exclusion column. VHH singlet-FNIR peaked at fraction 11 on both day 0 and
day 14 after conjugation. The peak fractions on day 0 and day 14 were collected for NIR measurement as shown in
a.

FNIR dye with VHH singlet. FNIR dye presented very good NIR signal stability (Figure

3.10a) and the VHH singlet-FNIR conjugate was stable in size over 14 days (Figure 3.10b).

NIR images of in vivo mice injected with four different FNIR dye conjugates (2 VHHs and 2
IONPs) showed that the conjugates had different biodistributions in head, kidney and liver and
were cleared from mice at different rates (Figure 3.6). Regions of interest (ROIs) of major
organs including head, kidney and liver were drawn on the images acquired before, 2min, 1hr,
2hr, 4hr, 8hr, 1day and 2day after IV injection at both prone and supine positions of mice
(Figure 3.6a for VHH singlet, Figure 3.6b for IONPpeG2000/750 VHH triplet). The reliability of
ROI drawing method was calculated on 5 representative mice injected with VHH singlet
(Figure 3.11). ROIs were drawn on the images two times on two different days. The Pearson

correlation of the results from the two ROI drawings were very close to 1, indicating almost
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Figure 3.11. The test-retest reliability of ROI drawing. On a representative mouse injected with VHH singlet imaged
1hr after injection, major ROIs including head, kidney, liver and left front paw were drawn two times to assess the
test-retest reliability of ROI drawing. The Pearson correlations were calculated to be 0.9995, 1.000, 0.9999, 0.9999,
0.9999 for the 5 mice, indicating that the 1% and 2"ROI drawings give almost perfect reliability.

perfect reliability of the ROI drawing method. The fluorescence intensities of each organ were

measured for PK analysis. Kidney intensities were multiplied by two to represent both kidneys.

To analyze the relative NIR signal changes across mice injected with different FNIR dye

conjugates which had different absolute NIR intensities, the main ROI fluorescence signals

were normalized using left front paw signals at 2min post injection as internal controls values.

We found this approach to be more reliable than using intrinsic fluorescence of the injected

material or local tail fluorescence values. For VHH singlet, the pharmacokinetic plots of

kidney and liver showed that kidneys and liver had similar uptake, but kidneys had much
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Figure 3.12. Major ROIs in vivo fluorescence signal changes over time. NIR signal change over time of major ROIs
including blood, kidney, liver and head. a. VHH singlet (5 mice), b. VHH triplet (4 mice), c. IONPpeg2000 VHH
triplet (5 mice) and d. IONPprc2000750 VHH triplet (6 mice) were injected by IV bolus and the NIR signal change
were monitored in major ROIs.

slower fluorescence intensity decrease rate than liver, indicating that kidneys were the major

organ for VHH singlet clearance (Figure 3.12a). For VHH triplet, the pharmacokinetic plots of

kidney and liver showed that kidneys and liver had similar uptake and clearance rates,

indicating that kidneys and liver both contribute to the clearance (Figure 3.12b). For

IONPpeG2000 VHH triplet and IONPpeG2000/750 VHH triplet, the pharmacokinetic plots of kidney

and liver showed that liver had much larger uptake of nanoparticles than kidneys, indicating

that liver was the main organ for the IONP-VHH conjugate clearance (Figure 3.12c&d). There
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were only modest differences in kinetics between the two different PEG coatings that were
used to make the IONPs water soluble and serve as linkers for VHH conjugations. Particles
coated with PEG2000 vs. particles coated with a 1:1 ratio of PEG2000 to PEG750 had similar

kinetics with predominant liver uptake and biphasic clearance from the head compartment.

The relationship between dose and kinetics was also explored using VHH triplet as an example
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Figure 3.13. Dose-linearity testing: Fitting (red lines) of the 5-compartment model solutions to the VHH triplet (1x
dose) and VHH triplet (5x dose) measured data (blue symbols). The fitting-based kidney ratio and liver ratio are
37.18 and 33.11 for VHH triplet (5x dose) (n = 6), 25.74 and 40.80 for VHH triplet (1x dose) (n = 4). Kidney ratio
and liver ratio for VHH triplet (5x dose) and VHH triplet (1x dose) are on the same order and similar to each other.

Error bars represent standard deviations.
(Figure 3.13). In this experiment, a higher dose VHH triplet at a concentration of 24.23 uM
was intravenously injected into 6 mice and NIR images were taken at the same time points as
in other experiments. Lower dose (4.75uM) and higher dose (24.23uM, ~5x lower dose) VHH
triplet showed similar signal kinetics over all compartments. Higher dose and lower dose VHH

triplet had very similar calculated kidney ratio and liver ratio, indicating dose-linearity of

kinetics for VHH triplet.
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All mice injected with VHH singlet, VHH triplet, IONPprG2000VHH triplet and IONPprG2000/750
VHH triplet appeared healthy. No overt behavioral abnormalities were noted and veterinary
intervention was not required.

3.4.3 Blood clearance measured by NIR

A limitation of the NIR fluorescence imaging approach was that we were unable to
consistently assess the PK in blood. We initially tested the assumption that PK in peripheral
tissues such as paw and tail would reflect PK in blood, but this turned out not to be correct;
clearance from blood was substantially faster than peripheral tissues such as paw. Signal in
ROIs containing heart and tongue muscle were too low to use for consistent model fitting [80,
81] (Figure 3.6). Therefore, we adopted a hybrid approach, and measured PK in blood by
direct sampling of blood from mice separate groups of mice sacrificed at multiple time points.
Blood was sampled at 1min, Smin, 10min, 15min, 30min and 1hr after IV injection and
quantified using ROIs drawn on the NIR images of the ex vivo blood (Figure 3.7). Then, the
blood clearance curves were fitted using a single exponential equation (Figure 3.14). The NIR
fluorescence images of ex vivo blood indicated fast blood clearance rate of VHHs and slower
rate of VHH-IONP. Most of the materials were cleared out of the blood within the first 1hr
post injection. The fitted half-lives were 7.09min, 2.86min, and 1.94min for IONPprG2000 VHH

triplet, VHH triplet and VHH singlet respectively.
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Figure 3.14. Blood clearance data and single

exponential fitting. The NIR signals of VHH singlet, VHH triplet and

IONPpeG2000 VHH triplet in mouse blood after IV bolus injection. The NIR signals were measured at 1min, Smin,

10min, 15min, 30min and 1hr post injection

for VHH singlet and VHH triplet. The NIR signals were measured at

Imin, Smin, 15min, 30min and lhr post injection for IONPpeg2000 VHH triplet. The NIR blood signals were

x
normalized to signals at 1min post IV injection and fitted using the single exponential equation y = a * e =. the

time constant T best fit values were 2.80min,

3.4.4 Mathematical modeling

4.13min and 10.24min for VHH singlet, VHH triplet and IONPpeG2000
VHH triplet.

This mathematical PK model described the in vivo PK of FNIR-VHHs and FNIR-IONP-VHHs

by segmenting the body into five main compartments and the five compartments were related

through mass transfer (Figure 3.15).

X1, X2, X3, X4 and X5 were the amounts of conjugates

in blood, kidney, liver, head 1, and head 2 compartments. k12, k21, k13, k31, k14, k41 were

the forward and reverse first-order transfer rate constants for the intercompartment change

between blood compartment and kidney, liver, and head compartments. k45 and k54 were the

forward and reverse first-order transfer rate constants for intercompartment change between

head 1 and head 2 compartments. K10 was the first-order rate constant for clearance. The
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Figure 3.15. Schematic graph for the 5-compartment mathematical model. This schematic graph describes the in
vivo kinetics of VHHs/IONPs, including uptake, clearance and intercompartment exchanges. This model is
characterized by a system of five ordinary differential equations (ODEs). k12, k21, k13, k31, k14, k41 are the
forward and reverse first-order transfer rate constants for the intercompartment change between blood compartment
and kidney, liver, and head compartments. k45 and k54 are the forward and reverse first-order transfer rate constants
for intercompartment change between head 1 and head 2 compartments. k10 is the first-order rate constant for
clearance from blood.
initial condition of blood compartment was used to describe the bolus IV injection to the blood
compartment and set to be the normalized conjugate fluorescence intensity (normalized by left
front paw signal intensity). The initial conditions of kidney, liver, paw and head compartments
were set to be 0, based on the assumption that the nanoparticles/VHHs enter these organs only

through the blood. The five ordinary differential equations were established to describe the

mass transfer of VHHs/IONPs between the five compartments and their clearance.

axi
== ~(kia + kag + kyg + ko) Xy + ko1 Xy + k31 Xs + kas X,y (3.1)
ax2
? = _k21X2 + k12X1 (32)
dx3
? = _k31X3 + k13X1 (33)
ax4
ar —(kay + kas)Xy + k14X + ksuXs (3-4)
axs
? = —k54_X5 + k4_5X4 (35)
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Figure 3.16. Fitting of the 5-compartment model solutions to the experimentally measured fluorescence data. Fitting
of the model simulated solutions (red line) and the measured normalized NIR signals (blue dot) of major organs
after IV injection of VHH singlet (a.), VHH triplet (b.), IONPpec2000 VHH triplet (c.) and IONPpeG2000/750 VHH
triplet (d.). Error bars represent standard deviations.
The normalized averaged PK data were fitted using the 5-compartment model. Figure 3.16
shows the optimal model fitting for the two VHH constructs and the two VHH conjugated
IONPs. The fitting corresponded well with the normalized data. A 4-compartment model with

only one head compartment was tested first (Figure 3.17). However, with only one head

compartment, the fitting did not match the trend of head signal change as well (Figure
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Figure 3.17. Schematic graph and equations for the 4-compartment mathematical model. This schematic graph
describes the in vivo kinetics of VHHs/IONPs, including uptake, clearance and intercompartment exchanges. This
model is characterized by a system of four ordinary differential equations (ODEs). k12, k21, k13, k31, k14, k41 are
the forward and reverse first-order transfer rate constants for the intercompartment change between blood
compartment and kidney, liver, and head compartments. k10 is the first-order rate constant for clearance.

3.18&3.19). A second head compartment was added to better fit the head signal change
(Figure 3.16). Small sample corrected Akaike Information criteria (AICc) values were -35.90, -
16.85, -20.47, and -41.29 for 4 compartment fitting and -41.59, -22.62, -27.48, -39.09 for 5-
compartment model fitting of VHH singlet, VHH triplet, IONPPEG2000 VHH triplet and
IONPPEG2000/750 VHH triplet respectively. Because models with lower AIC values are
preferred, the 5S-compartment model was selected. No additional kidney or liver compartments
were added because the benefit in terms of fitting was limited, and not justified based on the

increased complexity of the model. Similarly, there was no additional benefit of adding kinetic

parameters representing direct clearance from kidney (k20) or liver (k30) in terms of model
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fitting and these rate constants could not be independently constrained by the acquired data.
Therefore, these kinetic parameters were not included in the final models. For
VHHs/nanoparticles which do not appreciably cross the BBB, PK of paw and head
compartments were similar (Figure 3.20), so the paw compartment was not included in the

model separately.
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Figure 3.18. Fitting of the 4-compartment model solutions to the experimentally measured fluorescence data. Fitting
of the model simulated solutions (red lines) and the measured normalized NIR signals (blue symbols) of major ROIs
after IV injection of VHH singlet (a.), VHH triplet (b.), IONPpgg2000 VHH triplet (c.) and IONPpeg2000/750 VHH
triplet (d.). The data is the same as that shown in Figure 3.16. Error bars represent standard deviations.
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a. Single dose measurement and fitting
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b. Model calculated vs measured multidose PK (5min
interval 3 doses)
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Figure 3.19. Prediction of multidose regimen using 4-compartment model using fitted parameters from single dose
experiment. a. NIR signal change over time after single IV bolus injection (n=3 mice, blue dot) and the fitting
solution (red line) calculated by the 4-compartment model. b. Experimentally measured fluorescence signal (n=5
mice, blue dot) and prediction of multidose signal (red line) based on the 4-compartment model single dose fit.
Three bolus IV injections with time interval of 5 min between doses was performed for the multidose experiment.
Error bars represent standard deviations.
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Figure 3.20. Representative PK data of head and front left paw after VHH triplet injection. The head and front left
paw show similar PK (n = 6). Error bars represent standard deviations.
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Table 3.1. 5-compartment model fitted parameters for VHH singlet, VHH triplet, IONPpgG2000 VHH triplet and

IONPrEG2000/750 VHH triplet.

k12 k21 k13 k31 k14 ka1 k45 k54 k10
VHH singlet 0.020 0.001 0.031 0.050 0.030 0.084 0.367 0.921 0.300

6 8 7 2 2 7 8 2 0
VHH triplet 0.017 0.000 0.022 0.000 0.023 0.062 0.002 0.001 0.200

3 7 5 6 2 5 7 0 0
IONPreG2000 0.015 0.001 0.046 0.001 0.006 0.005 7.51 0.987 0.030
VHH triplet 6 9 6 9 3 8 E-05 0 0
IONPrEG2000/ 0.015 0.003 0.083 0.002 0.007 0.006 0.001 0.005 0.015
750 VHH 5 2 6 4 2 3 1 0 0
triplet
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Table 3.2. 5-compartment model fitting r* values of blood, kidney, liver and head ROIs. Kidney and liver

uptake/clearance ratios are also calculated for each molecule.

r? blood r? kidney r? liver r? head Kidney Liver ratio
ratio

VHH singlet 0.98881 0.9718 0.9802 0.9942 11.2928 0.6317
VHH triplet 0.98027 0.9829 0.7086 0.9975 25.7424 40.8006
IONPrEG2000 0.9949 0.9918 0.9592 0.1556 8.3823 24.1638
VHH triplet

IONPrEG2000/750 0.9749 0.9831 0.9150 0.2268 4.8673 35.4626
VHH triplet

Table 3.1 shows the optimal sets of fitting parameters for the two VHHs and the two IONPs.
Table 3.2 shows the r* values and calculated kidney and liver uptake/clearance ratios, which

were calculated by the equations:

Kidney ratio = zﬁ (3.6)

21

. . K
Liver ratio = -2 (3.7)
k3q

Comparing the values of kidney ratio and liver ratio, the kidney intake/clearance ratio was
much larger than liver ratio for VHH singlet, the kidney and liver ratios were similar for VHH
triplet, and the liver ratio was much larger than kidney ratio for both VHH conjugated

nanoparticles. As expected, as the size increased from VHH singlet to IONPptG2000/750 VHH
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triplet, the fitted liver ratio increased compared with the kidney ratio, replacing the kidney
ratio’s dominant position. This is consistent with previous findings that when molecular size is
below the renal filtration, molecules are mostly filtered out of the body through the kidneys.
As molecular size increases and passes the renal filtration cutoff, liver plays a more substantial

role in clearance.

3.4.5 Multidose experiment and model fitting
As a test of the accuracy of the model, we used single dose-based kinetic parameters to predict

the kinetics after multiple doses. An experiment with both single dose and multidose IV
injection was performed using VHH triplet. Single dose PK measurements was performed by
intravenously injecting 0.1ml VHH triplet into 3 mice and an additional group of 5 mice
received 3 doses of the same 0.1ml VHH triplet with time interval of 5 min between doses.
The normalized averaged single dose mice data was fitted using the 5-compartment model.
The 5-compartment model fit the single dose data well, with 12 value of 0.9947, 0.9747,
0.5998, and 0.9995 for blood, kidney, liver, and head compartment respectively. Then the
predicted multidose kinetics were calculated based on the model with no additional free

parameters through superposition. Finally, the single dose model-based predicted multidose
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Figure 3.21. Prediction of multidose regimen using 5-compartment model fitted using parameters from single dose
experiment. a. NIR signal change over time after single IV bolus injection (n=3 mice, blue dot) and the fitting
solution (red line) calculated based on the 5-compartment model. b. Experimentally measured fluorescence signal
(n=5 mice, blue dot) and prediction of multidose signal (red line) based on the 5-compartment model single dose fit
with no free parameters. Three bolus IV injections with time interval of Smin between doses was performed for the
multidose experiment. Error bars represent standard deviations.
kinetics were compared with the measured multidose kinetics (Figure 3.21a). The model-based

predicted multidose kinetics closely followed the trend of the experimentally measured
multidose kinetics (Figure 3.21b). Thus, the multidose data was moderately well fit by the

model based on PK parameters derived from the single dose data, with r* values of 0.5529,

0.4701, and 0.1855 for kidney, liver, and head compartment.

3.5 Discussion
In summary, we found that the kinetics of VHHs and VHH-conjugated iron oxide

nanoparticles were clearly related to their size. The smallest sized VHH singlets were cleared
mostly by the kidneys. As the size increased, the liver became progressively more dominant in
the uptake and clearance of VHHs/nanoparticles. These findings are consistent with the

hypothesis that the NIR imaging for PK study can provide information about relative
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nanoparticle/VHH concentration changes in mouse tissues and are in line with previous
knowledge about renal filtration. It is known that the threshold of glomerular filtration for
macromolecules and nanoparticles is between 5 and 8nm with progressively decreasing
filtration as molecular size increases [94-96]. The PK model constructed in this study had 5
compartments, blood, kidney, liver, head, and head extracellular compartment. For model
fitting, blood compartment kinetic data were needed. However, NIR signal from the blood
compartment could not be directly measured using the Pearl system in vivo. Ex vivo
experiments were therefore performed to understand the blood NIR signal change after [V
injection of VHHs and to help with the model fitting. Thus, this approach should be considered
a hybrid, with direct sampling of blood, and serial NIR imaging-based sampling of other

compartments.

This study found that the relative value of uptake/clearance of liver and kidney ratios based on
the fitted PK parameters can be used as reference to understand the relationship between
VHH/nanoparticle sizes and in vivo behavior. Because we are most interested in
nanoparticle/VHH’s kinetics in head for future nanoparticle/VHH brain targeting experiments,
a second head compartment was added to the model. This model describes the
nanoparticle/VHH kinetics in head more accurately than a model with a single head
compartment. We demonstrated the robustness of the fitted PK model by testing linearity

(Figure 3.13) and multidose conditions (Figure 3.21).

The VHHs and nanoparticles characterized in this study are prototypes for the design of the
final contrast agents. Because we have not yet achieved BBB crossing, the binding of the
VHHs and nanoparticles to their targets in the brain is not described in this paper. Instead, to

facilitate development of the final contrast agents with optimal delivery capacity and biosafety,
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this study focused on understanding the relationship between in vivo pharmacokinetic (PK)

characteristics and size of these prototype VHHs and nanoparticles.

It was found that in the NIR range of around 650nm to 900nm wavelength, biological tissues
have the lowest absorption coefficient and minimum tissue autofluorescence [97, 98].
Fluorescence dyes with excitation/emission wavelength in the near-infrared range have deeper
penetration depth than visible light and provide higher signal to background ratio with
decreased background noise and modest autofluorescence [99-101]. The advantage of our
study is that it uses NIR to capture images from individual mice post IV injection over time.
The time-series images collected from individual mice reduce variations between mice and
improve data consistency. Also, the number of mice used was greatly reduced compared with
the conventional methods for PK data collection (e.g. ICP-MS measurement of iron content).
For a conventional ICP-MS based PK study, multiple animals need to be sacrificed to collect
data at each time point [77, 78]. In our NIR imaging-based PK experiment, 20 mice were used
to collect the main data: 5 mice for each of 4 VHH or VHH-nanoparticle constructs. To get the
same amount of data, a conventional PK study would have required 140 mice (5 mice x 4
constructs x 7 time points) in total. NIR imaging also has the advantages of fast imaging speed,
low cost, and modest regulatory oversight requirements compared to other imaging methods
used for PK studies such as PET, SPECT, and MRI. A limitation of NIR imaging approaches
in the past has been the quality of the dyes available. Compared with commercially available
dye IR-800CW, the FNIR we used has advantages including reduced aggregation and
dramatically increased NIR emission brightness [85]. FNIR dyes have been used to label
monoclonal antibodies to visualize the biodistribution and clearance following IV injection in

mice [93].
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Modeling pharmacokinetics with mathematical models helps with decision making in
nanoparticle development. Pharmacokinetic modeling has been widely used to guide drug and
nanoparticle development [102, 103]. Compartment models are designed to simplify the
complex processes related to drug distribution and elimination in the body [90]. In
compartment models, drug tissue concentration is assumed to be uniform within a given
hypothetical compartment. Tissues with similar PK characteristics are lumped into one
hypothetical compartment. Compartment models have been used to understand drugs and
nanoparticles in vivo PK [104-106]. Gadkar, K., et al. constructed a two-compartment model
to guide antibody selection for AP reduction [102]. Uno, Y., et al. constructed a three-
compartment model to estimate the interstitial concentration of talaporfin sodium [105]. Sim,
H., et al. established a two-compartment model to study the relationship between tumor growth
and drug uptake kinetics [107]. In this study, we established a multi-compartment model based
on NIR images which describes the PK of VHHs and nanoparticles in blood as well as other
tissue compartments. This multi-compartment model will be used to guide future nanoparticle

development and the compartments can be adjusted based on the study focus.

One limitation of this study is that the signal from NIR images does not reflect the absolute
concentrations in the compartments of interest. The presence of skin and soft tissues reduces
image quality by optical attenuation and scattering [100, 101]. We propose that fluorescence
signals provide information about the relative concentration kinetics in major ROIs, rather than
exact concentration values. In addition, NIR methods are less amenable to assessing smaller
compartments such as spleen or bone marrow. Clearly, NIR approaches are best suited for
relatively short-term studies in small animals such as mice with little intrinsic skin

pigmentation; in larger animals there is too much attenuation between the tissues of interest
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and the detectors. Longer term PK studies would be difficult because of the challenges of

maintaining hair removal for more than a few days without compromising health.

Another substantial limitation is that we only characterized PK in relation to construct size.
There are many other properties of IONPs including hydrophobicity, surface charge, coating or
conformation of nanoparticles/VHHs that could affect their PK and biodistribution [15, 17, 31,
78]. We found minimal differences between IONPs coated with PEG2000 vs a 1:1 ratio of
PEG2000 to PEG750. Thus, there does not seem to be a major effect of the length of PEG
coating in this case. Furthermore, the nanoparticles tested in this study are not our final
product, and the binding properties of next generation nanoparticles will certainly influence the

in vivo PK and will require modification of the model.

We acknowledge that we have not performed blood measurements for both [IONP-VHH
constructs; we collected blood data for the IONPpeg2000 VHH triplet but not the IONPpeG2000/750
VHH triplet. Based on the findings that organ PK was essentially the same for these two
IONP-VHH constructs, we used the blood data from IONPprc2000 VHH triplet to constrain PK
models for both constructs. This relies on the assumption that the blood clearance of the two

IONPs were similar. Both models fit well, so this assumption seems reasonable.

There were several additional limitations. The precise stoichiometric relationships of iron
oxide: PEG: VHH conjugates have not been determined. We plan to use thermogravimetric
analysis (TGA) to assess the nanoparticle stoichiometry in the future [108]. Also,
opsonization/fouling of the nanoparticles in blood was not assessed in this study [109, 110].
Our preliminary data (unpublished) indicate that similar PEG-coated IONPs remain stable in
size over 24 hours at 37C° in human plasma, suggesting minimal fouling. Furthermore, we

have not collected urine or feces, thus excretion was not directly measured. Finally, we have
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not systematically assessed toxicity. Toxicity of IONPs is concentration and exposure time
dependent [111, 112]. In general, iron oxide nanoparticles are considered very safe, but
potential risks of iron can be related to oxidative stress and potential risks of foreign proteins
can include immune responses [26, 113]. Cationic iron can increase the production of reactive
oxygen species (ROS) which may react and damage cell membrane and DNA. The
cytotoxicity of our IONPs will be explicitly assessed in the future. We have not performed
multidose experiments with long enough intervals between doses to assess for potential

immune-related toxicity of the llama VHH proteins.

For future experiments, we will study the PK and distribution of the nanoparticles with
adjusted components including VHHs targeting specific brain proteins and BBB components.
PK and clearance of updated nanoparticle designs will be measured using the NIR imaging
method and will be fitted using the PK compartment model developed in this paper. More
complex, possibly nonlinear, models including information about binding kinetics and binding
capacities will also be developed. Such experiments will incorporate genetically manipulated
mice expressing human brain proteins and BBB components. Thus, for experiments involving
complex genetically manipulated animals, methods that reduce the number of mice needed are
especially relevant. Differences between genetically manipulated mice and appropriately
matched controls will help reveal whether there are differences in in vivo kinetics and
clearance indicating target engagement of nanoparticles with biomarkers in brain. The
mathematical PK models will be used to design experiments involving injecting the optimized
nanoparticles into mice and imaging the signal change in brain using MRI at time points after
injection selected based on the PK modeling. Similarly, the radiological-pathological

correlations between in vivo imaging findings and ex vivo histology results will be studied at
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time points selected based on the model results.

3.6 Conclusions
This study investigated the PK of two VHHs and two VHH-conjugated iron oxide

nanoparticles for their in vivo biodistribution and clearance in mice. A near-infrared method
was established to monitor and record VHHs and VHH-IONPs kinetics in vivo. These results
build a foundation for efficient understanding of VHHs and VHH-IONPs biodistribution and

pharmacokinetics using near-infrared imaging.
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Chapter 4: Selection of Single Domain Anti-
Transferrin Receptor Antibodies for Blood-
Brain Barrier Transcytosis Using a
Neurotensin Based Assay and Histological
Assessment of Target Engagement in a
Mouse Model of Alzheimer’s Disease-Related
Amyloid-Beta Pathology

4.1 Abstract

Background: The blood-brain barrier (BBB) presents a major obstacle in developing specific
diagnostic imaging agents for many neurological disorders. In this study we aimed to generate
single domain anti-mouse transferrin receptor antibodies (anti-mTfR VHHs) to mediate BBB

transcytosis as components of novel MRI molecular contrast imaging agents.

Methods: Anti-mTfR VHHs were produced by immunizing a llama with mT{R, generation of
a VHH phage display library, immunopanning, and in vitro characterization of candidates. Site
directed mutagenesis was used to generate additional variants. VHH fusions with neurotensin
(NT) allowed rapid, hypothermia-based screening for VHH-mediated BBB transcytosis in
wild-type mice. One anti-mTfR VHH variant was fused with an anti-amyloid-beta (Af) VHH
dimer and labeled with fluorescent dye for direct assessment of in vivo target engagement in a

mouse model of AD-related AP plaque pathology.

Results: An anti-mTfR VHH called M and variants had binding affinities to mTfR of <InM to
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1.52nM. The affinity of the VHH binding to mTfR correlated with the efficiency of the VHH-
NT induced hypothermia effects after intravenous injection of 600 nmol/kg body weight,
ranging from undetectable for nonbinding mutants to -6°C for the best mutants. The anti-mTfR
VHH variant miposn with the strongest hypothermia effect was fused to the anti-Af VHH dimer
and labeled with Alexa647; the dye-labeled VHH fusion construct still bound both mTfR and
AP plaques. However, after intravenous injection at 600 nmol/kg body weight into APP/PS1
transgenic mice, there was no detectible labeling of plaques above control levels. Thus, NT-

induced hypothermia did not correlate with direct target engagement in cortex.

Conclusions: There was a surprising dissociation between NT-induced hypothermia,
presumably mediated by hypothalamus, and direct engagement with AB-plaques in cortex.
Alternative methods to assess anti-mTfR VHH BBB transcytosis will need to be developed for

anti-mTfR VHH screening and the development of novel MRI molecular contrast agents.

4.2 Background

Alzheimer’s disease (AD) is one of the most important causes of dementia in the elderly[6].
About 6.2 million Americans are living with AD, and it’s predicted that the number will
increase to 13.8 million by 2050 [7]. With no effective therapies to cure or inhibit significant
AD symptom progression[8], AD severely decreases patients’ quality of life and creates an
enormous burden on the health care system and society [6, 9]. Currently, clinical AD diagnosis
is based on cognition and the relative impact of impairments on daily activities [10]. However,
multiple neurodegenerative and vascular pathologies can coexist and produce cognitive and
behavioral symptoms which could overlap with each other [11]. This makes it difficult to
accurately identify pathology based solely on clinical symptoms. The accuracy of clinical

diagnosis of AD at the National Institute of Aging and National Institute of Aging sponsored
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AD centers varies depending on the clinical and neuropathologic criteria used [12]. The
sensitivity of AD diagnosis ranges from 70.9% to 87.3%, whereas specificity ranges from
44.3% to 70.8%, which need to be improved. AD has a very long prodrome stage before
clinically observable symptoms [114]. Early diagnosis is preferred to help with early
intervention and the development of preventive therapeutics to slow AD development [10].
Detection of patients in the preclinical stages of AD can also help to provide diagnostic
information, monitor disease progression, and even monitor the effect of newly developed
treatment methods. Imaging methods including MRI and PET have been developed to aid the
diagnosis of AD [13, 14]. However, PET imaging for AD provides limited resolution and
requires radiation exposure. Structural MRI lacks specificity and does not allow direct
visualization of AP or tau, the histological hallmarks of AD. There is an unmet need for
developing methods like molecular contrast MRI which have better resolution than PET and

better specificity than structural MRI imaging.

The blood-brain barrier (BBB) represents a significant obstacle in delivering diagnostic and
therapeutic agents to the central nervous system (CNS), preventing uptake of more than 98%
of potential neurotherapeutics to brain [32-35]. The BBB consists of endothelial cells held
together by tight junctions which hinder paracellular passage. Most molecules do not transfer
from blood to brain through the BBB, which protects the brain from toxicity and maintains
brain homeostasis. Several methods have been developed to improve the transport of
diagnostic and therapeutic agents into the CNS. For instance, the BBB may be temporarily
opened by administration of hypertonic agents or focused ultrasound. Alternatively, very high
doses of an agent can be given so that even if a small fraction enters the brain the desired effect

will be achieved. In some cases, direct injection of agents into the cerebrospinal fluid can be
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employed [35]. However, these methods are invasive and have a risk of causing infection,

toxicity, and neurological dysfunction [34, 35].

BBB crossing based on receptor mediated transcytosis (RMT) is potentially especially
promising. The use of protein shuttles has the potential to facilitate the transport of therapeutic
agents across the BBB using specific endogenous receptor systems. Candidate receptor
systems including transferrin receptors (TfR), low-density lipoprotein receptors, insulin
receptors and neuropeptide receptors are highly expressed on the BBB where they mediate
receptor-mediated transcytosis [34]. Among the different receptors, TfR has been widely used
for transporting macromolecules across the BBB [36, 37]. Based on the study of Yu et al.,
there is a nonlinear relationship between an antibody’s affinity for TfR and its uptake in brain.
At tracer doses, antibodies with higher affinity to TfR have higher uptake into the brain, while
at therapeutic doses, antibodies with lower affinity to brain have higher uptake into the brain
[40]. The effect of TR affinity on brain uptake has been confirmed by the study of Wiley et al
[115]. Transferrin conjugated gold nanoparticles with high avidity to TfR remain strongly
attached to brain endothelial cells and reduced accumulation in brain parenchyma compared
with nanoparticles with lower avidity to TfR [115]. Thus, to achieve optimal brain uptake, it is
important to optimize anti-TfR concentration and antibody affinity to TfR. Jefferies et al.
identified a monoclonal antibody OX-26 specific for transferrin receptors [38]. This antibody
was tested and was confirmed to be able to facilitate TfR-mediated transcytosis across BBB
[39]. Yu et al. generated a bispecific antibody that binds to TfR for transcytosis and also to the
enzyme [-secretase for inhibiting AP production[40]. However, the existing anti-TfR
antibodies have relatively large size, especially when conjugated to additional components for

RMT or other payloads such as imaging contrast agents. Also, it is expensive to engineer and
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synthesize monoclonal antibodies, which are typically produced in mammalian cell culture.
Thus, there is an unmet need for smaller, less expensive, and easier to engineer system for

BBB transcytosis.

Camelids produce functional antibodies devoid of light chains called heavy chain-only
antibodies (HCADbs) [48, 49]. HCAbs recognize their cognate antigens by one single domain,
the variable domain (VHH). The VHH in isolation is very small compared with other
antibodies. The molecular weights of VHHs are typically ~15kDa, which is about 1/10 of the
molecular weight of a conventional IgG and about half the molecular weight of a single chain
variable fragment (Scfv) [49, 50]. VHHs have affinities at the same order of magnitude as
conventional IgGs, often in the nanomolar or subnanomolar range [53]. Because of their small
size, VHHs can also bind to epitopes not recognized by conventional antibodies and can have
better tissue penetration capacities [51, 52]. Caplacizumab was the first VHH approved by
FDA for treatment of acquired thrombotic thrombocytopenic purpura in humans [116]. There
are several more VHHs which are in clinical trials, with safety profiles similar to other
antibody therapeutics in humans [117, 118]. Importantly, VHHs have been found that can
facilitate BBB penetration and allow brain target binding. The use of VHHs for BBB
transcytosis and target engagement is promising. Specifically, Stanimirovic et al. identified an
insulin-like growth factor 1 receptor binding VHH which crosses the BBB by receptor
mediated transcytosis [54, 55]. Danis et al. identified and optimized VHHs to mitigate brain
accumulation of pathological tau in a tauopathy mouse model [56]. Dupre et al., identified
VHHs which could be used to detect tau in transgenic mice brain tissues [57]. However, the
extent to which VHHs that engage in receptor mediated transcytosis using the TfR can carry

diagnostic and therapeutic payloads across the BBB still has not been assessed. Here we tested
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the hypothesis that VHHs that bind to TfR and cross the BBB through RMT in mice could be
coupled with additional VHHs that bind to amyloid plaques as a proof of concept for a

platform which could be generalized to other neurological diseases.

Current methods to evaluate BBB crossing require substantial resources and can be time-
consuming [40, 41]. An efficient way to screen for BBB crossing in vivo would be helpful
since in vitro models may not be fully predictive of in vivo results. Neurotensin (NT) is a 13
amino acid peptide first identified by Carraway and Leeman in 1973 from bovine
hypothalamic extracts [42]. NT is expressed in CNS as well as in peripheral tissues, mostly in
the gastrointestinal tract. NT is involved in regulating appetite, nociception, and
thermoregulation in the CNS, and alters nutrient absorption, gastrointestinal motility, and
secretion in the peripheral gastrointestinal tract [43]. It was found that NT induces rapid and
transient hypothermia in mice and rats when injected to CNS [44, 45]. The hypothermia was
likely to be due to effects in hypothalamus. Young & Kuhar found that NT receptors had
moderate to high densities in hypothalamus [119]. Injection of NT to medial, lateral preoptic
area and anterior parts of hypothalamus induced the hypothermia effect [119]. Meanwhile,
intravenously injected NT does not typically cause hypothermia [46]. On the other hand, when
NT-conjugated mouse TfR (mTfR)-binding VHHs were injected intravenously to mice, the
NT-mTfR VHH conjugates induced hypothermia in mice, presumably because they get across
the BBB and bind to NT receptors in hypothalamus [41, 47]. These properties of the NT
system make it an apparently attractive assay platform for rapid testing of VHH BBB

transcytosis.
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Figure. 4.1. Schematic of the modular system for VHH-mediated BBB transcytosis and target engagement. Module
1: anti-mTfR VHH for RMT across BBB. Module 2: neurotensin peptide (NT) for rapid assessment of in vivo target
engagement via measurement of hypothermia. Module 3: anti-Ap VHH dimer for disease-relevant target
engagement in brain parenchyma. Module 4: 647 dye for visualization of VHH constructs in situ. The anti-mTfR
VHH was combined with NT for anti-mTfR VHH screening through monitoring hypothermia effect. The anti-mTfR
VHH were combined with VHH dimer and NT or 647 to test the effect of anti-mTfR VHH together with other
components of the module. This schematic figure also shows the TfR mediated transcytosis across BBB. The anti-
mTfR VHH conjugates binds to TR on the endothelial cells which comprise a major portion of the BBB. Then the
TfR-VHH complex is endocytosed across the endothelial cells in the endosomes. VHHs dissociate from the TfR-
VHH complex with decreased pH level in endosome and are released on the brain side of the BBB. There were two
different targets in the brain parenchyma in this study, the NT receptor in hypothalamus and amyloid plaques in
cortex and hippocampus. (Figure generated using BioRender.com)

Here, we independently generated additional mTfR-binding VHHs and used a similar NT
based modular system to screen these VHHs for mTfR-mediated BBB transcytosis (Figure.
4.1). We hypothesized that this modular screening system can be used to identify and optimize

anti-mTfR VHHs for BBB transcytosis and brain target binding.
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This screening system includes four modules. The first module is an anti-mTfR VHH for
receptor mediated transcytosis across the BBB; the second module is the neurotensin peptide
for assessment of target engagement in vivo through measurement of hypothermia. The third
module is a dimer of anti -Af3 VHHs for disease-relevant brain target engagement. The fourth
module is a fluorescence dye for visualization of VHH constructs in situ. We tested different
VHH variants and found one variant which showed good BBB penetration based on this
screening system. The VHH variant with the best BBB transcytosis ability fused to a tandem
VHH dimer called Nb3-Nb3 which binds to amyloid plaques in brain parenchyma. This VHH
triplet was conjugated to a fluorescent dye and post-mortem confocal microscopy was

performed to directly evaluate brain target engagement.

4.3 Methods

4.3.1 Immunization of llama with mouse transferrin receptor
A single adult male llama (Lama glama) was immunized under contract agreement through

Triple J Farms (Kent Laboratories, Bellingham, WA) following the method previously
described [68]. Briefly, subcutaneous injections of 100 pg ectodomain (Cys89-Phe763) mTfR
(50741-M07H, SinoBiological) were performed with protein emulsified with complete
Freund’s adjuvant on day 0, followed by additional 100 pg immunizations emulsified with
incomplete Freund’s adjuvant on days 14, 28, and 42. On day 49, peripheral blood was drawn
for peripheral blood mononuclear cell (PBMC) isolation. Triple J Farms operates under
established National Institutes of Health Office of Laboratory Animal Welfare Assurance
certification number A4335-01 and United States Department of Agriculture registration

number 91-R-0054.
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4.3.2 Generation of VHH immune phage display library
The generation of an immune phage display library and isolation of mTfR binding VHH clones

was performed using the methods previously described [68]. Briefly, total RNA extracted from
PBMCs was used for synthesis of first-strand complimentary DNA (cDNA) using the
SuperScript IV First-Strand Synthesis kit (#1891050, Invitrogen). The heavy-chain variable
domain was then amplified from the cDNA using Q5 high-fidelity DNA polymerase (New
England Biolabs) with the described primers (CALLOO1: 5'-
GTCCTGGCTGCTCTTCTACAAGG-3" and CALLO002: 5'-
GGTACGTGCTGTTGAACTGTTCC-3’). The heavy-chain specific amplicon was isolated
using electrophoresis with low-melting point agarose extraction with the QIAquick Gel
Extraction kit (Qiagen). A secondary amplification was performed using a modification of the
primers (VHH-Esp-For: 5'-
CCGGCCATGGCTGATGTGCAGCTGCAGGAGTCTGGRGGAGG-3" and VHH-Esp-Rev:
5'-GTGCGGCCGCTGAGGAGACGGTGACCTGGG T-3') used by Pardon et al. to facilitate
cloning into the phagemid pHEN?2 [120]. The amplified sequences were cleaved with the
restriction endonucleases Ncol and Notl (New England Biolabs) and subsequently ligated into
compatibly cleaved pHEN2 phagemid at a 3:1 (insert:phagemid) ratio overnight at 16°C
followed by purification. The resulting ligation mixture was electroporated into TG-1 phage-
display competent cells (#60502-1, Lucigen) and plated onto 2xYT agar containing 100 pg/mL
carbenicillin and 2% (w/v) glucose at 37°C overnight. The resulting library contained > 107
independent clones. Phage was produced for screening using the M13KO7 helper phage
(#18311019, Invitrogen) followed by precipitation by addition of one-fifth volume 20%
polyethylene glycol 6000 / 2.5 M sodium chloride solution on ice and centrifugation to purify
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the phage particles.

4.3.3 Immunopanning and clone screening

Selection of mTfR specific VHH was performed using direct binding of phage to immobilize
mTfR. Standard radioimmunoassay (RIA) tubes were coated with 500 uL mTfR solution at 5
png/mL in sodium carbonate buffer, pH 9.6 overnight at 4°C. The coating solution was
removed, and the RIA tube filled with a 2% (w/v) non-specific blocking solution (bovine
serum albumin or nonfat dry milk) in 1x Phosphate Buffered Saline (PBS). Amplified phage
(~1011 phage) was mixed with blocking solution to a final volume of 500 pL and then
transferred into the RIA tube to allow for association at room temperature and 600 rpm mixing.
The RIA tube was then washed 20 times with 1x PBS and then the bound phage eluted with
100 mM triethylamine solution for 20 mins. The eluted phage solution was neutralized with
1:10 volume 1 M Tris-HCI, pH 8.0. The eluted phage was amplified in TG-1 cells and a
second round of immunopanning was performed.

Following the second round of immunopanning, individual colonies were selected and cultured
in 96-well blocks containing 2xYT containing carbenicillin at 37°C with 300 rpm shaking for
4-6 hours. Expression of VHH was induced by addition of isopropyl-beta-D-thiogalactoside
(IPTG) to a final concentration of 1 mM and incubation overnight at 37°C. The culture blocks
were centrifuged to pellet the cells and frozen at -80°C for 1 hour following removal of the
culture supernatant. The culture block was then equilibrated to room temperature and 500 uLL
1xPBS added to each well followed by shaking at 1500 rpm to resuspend the cell pellets and
allow for release of VHH from the cells. The culture block was centrifuged for 20 min at

2000xg. Nunc Maxisorp plates were coated with mTfR at 1 pg/mL as described above and
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blocked with 1% bovine serum albumin (BSA). The clarified VHH supernatants were
incubated on the mTfR plates for 1 hour at room temperature. The assay plate was washed and
peroxidase conjugated goat anti-alpaca VHH domain specific antibody (#128-035-232,
Jackson ImmunoResearch) at 0.8 pg/mL was transferred to the plate and incubated for 1 hour
at room temperature. Following a final wash, the assay was developed by addition of
tetramethylbenzidine (#T5569, Sigma-Aldrich) and absorbance was measured at 650 nm on a
Biotek Synergy 2 plate reader. Clones with absorbance values greater than two standard
deviations above background were considered of interest and subsequently sequenced.

4.3.4 Amyloid beta specific VHH production

Paraschiv et al. previously reported the isolation of amyloid beta binding VHH clones [121].
We selected the sequence for the named Nb3 clone for use in this study. The Nb3 amino acid
sequence was imported into SnapGene software (GSL Biotech LLC) and reverse translation
performed using preferred codon usage for expression in E. coli. Additional sequence,
including a (Gly-Gly-Gly-Ser); between VHH domains, was incorporated for cloning into
pHEN?2 as a tandem dimer as part of the heterotrimer clones synthesized with TfR binders. To
reduce the potential for recombination events, the DNA sequence was manually curated to
adjust the codon usage and reduce the frequency of repetitive sequence within the Nb3-Nb3
dimer. The affinity of the Nb3-Nb3 dimer was measured using bio-layer intergerometry as

described below.

4.3.5 Bio-layer interferometry (BLI) assessment of VHH binding Kinetics
The binding kinetics of the selected VHH clone against mTfR and AP was assessed by BLI.

For measurements of mT1fR kinetics, biotinylated VHH was diluted into assay buffer at 1

png/mL and immobilized onto streptavidin coated biosensors (#18-5019, Sartorius) to a
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minimum response value of 1 nm on the Octet Red96 System (Sartorius). For measurements of
amyloid beta, beta-amyloid(1-40)-Lys(biotin-LC) (AS-23517, Anaspec), was diluted into
assay buffer at 1 pg/mL and immobilized onto streptavidin coated biosensors (#18-5019,
Sartorius) to a minimum response value of 1 nm on the Octet Red96 System (Sartorius).
Purified mTfR or VHH clones were diluted into assay buffer at the specified concentrations.
The immobilized antigen biosensors were allowed to associate at 37C° followed by
dissociation in the baseline buffer well location. All assays included a background correction
condition to allow for sensor normalization. The ForteBio Data Analysis suite was used to
normalize the association curves following background subtraction and Savitzky-Golay
filtering. Curve fitting was applied using global fitting of the sensor data and a steady state
analysis calculated to determine the association and dissociation constants. All assay steps
were prepared in Greiner 96-well plates (#655209) in a volume of 300 puL. Assay buffer was

defined as 0.1% BSA (w/v) in 1xPBS.

4.3.6 Synthesis and expression of VHH constructs
Based on the methods described in Immunopanning and clone screening and BLI

assessment of VHH binding Kinetics sections, we synthesized several neurotensin-fused
VHH monomers with different binding affinities to mouse transferrin receptor. In addition, we
produced single polypeptide VHH heterotrimers that consisted of miposH, a (Gly-Gly-Gly-Ser)s
linker, Nb3, a (Gly-Gly-Gly-Ser); linker, and Nb3 using the method described in Amyloid
beta specific VHH production. The VHH dimer Nb3-Nb3 binds to amyloid plaques in brain
parenchymal of APP/PS1 mice. These constructs were termed “M1wt-NT”, “M1posu-NT”,
“MI1aa-NT”, “M1r100au-NT” and “M 1pgsn-triplet”. The VHH naming convention for P96H and

R100dH are based on the Kabat nomenclature and refer to the specific amino acid residue
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modification positions within the VHH sequence [122]. Another neurotensin fusion with a
VHH generated against human T{R, which does not bind mouse TR called “H1-NT,” was
used as control. All VHH constructs were designed using SnapGene Software and synthesized
(Twist Bioscience) with corresponding restriction endonuclease sites for direct cloning into
pHEN2. Sequence confirmed pHEN?2 clones with the various constructs were transferred into
BL21(DE3) competent E. coli cells (C25271, New England Biolabs). Transformed cells were
grown in terrific broth medium containing carbenicillin at 37°C and 300rpm shaking in baffled
flasks. Once the culture density reached an optical density equal to 0.6, IPTG was added to a
final concentration of ImM to induce protein expression. For monomer VHH expression the
post-induction incubation temperature was maintained at 37°C but reduced to 30C for the
MmiposH-triplet. Following overnight expression, cells were pelleted by centrifugation and VHHs
were extracted through osmotic shock and recovery of the periplasmic fraction [68, 84].
Clarified periplasmic fraction was purified using HisPur™ Ni-NTA Resin (88222, Thermo
Fisher Scientific) column chromatography. The eluted VHH proteins were further purified by
size-exclusion chromatography (SEC) over a Superdex75 10/300 column on an AKTA Pure
(Cytiva). Protein purity was assessed by SDS-PAGE on a 10% Bis-Tris MES acrylamide gel

and found to be >95% pure.

M1 posu-triplets and H1-triplets were fluorescently labeled with using Alexa Fluor™ 647
succinimidyl ester dye to allow fluorescence confocal microscopy of tissue sections. The
triplets were incubated with the succinimidyl ester dye for 1 hour in 50mM sodium carbonate
buffer, pH 9.6 and purified by desalting using a SmL HiTrap desalting column in-line with the
AKTA Pure. The binding fidelity of the VHH heterotriplet was assessed by ELISA against

mTfR. The fluorescence dye labeled M1posu-triplet and H1-triplet were named “M 1 pogu-triplet-
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647 and “H]1-triplet-647"

4.3.7 Endotoxin removal

Removal of contaminating endotoxin was achieved using High-Capacity Endotoxin Removal
Resin (88270, Pierce) from the VHH preparations. A volume of 0.25ml endotoxin removal
resin was added to Iml of VHH sample. The VHH and resin were mixed for 2hr at room
temperature to allow for absorption of endotoxin. The mixture was centrifuged to pellet the
resin and the supernatant collected. A volume of 0.25ml fresh endotoxin removal resin was
added to the first-pass solution and mixed for another 2hr at room temperature. Following a
final centrifugation to pellet the resin, the solution was collected for endotoxin level testing.
Endotoxin levels were measured using the Chromagenic Endotoxin Quant kit (A39552, Pierce)
according to the manufacturers protocol to ensure a level of endotoxin <0.5 endotoxin units/mg
of total protein.

4.3.8 Binding assessment of histidine mutations by ELISA

To determine the effect on histidine mutation introduction, an ELISA was performed with the
post VHH binding wash buffer at normal and reduced pH. Nunc Maxisorp plates were coated
with mT1fR at 1 ug/mL in 50mM sodium carbonate, pH 9.6 overnight at 4°C. The plates were
blocked with 1% BSA in 1xPBS buffer and then triplicate dilutions of each VHH prepared in
0.5% BSA in 1xPBS buffer and transferred to the plate. Binding at room temperature for 2
hours was followed by three cycles of 5-minute washes with either 1xPBS, pH 7.2 or 1xPBS,
pH 5.5. Following the pH dependent wash step, the bound VHH was detected with peroxidase
conjugated goat anti-alpaca VHH domain specific antibody (#128-035-232, Jackson
ImmunoResearch) at 0.8 pg/mL incubated for 1 hour at room temperature. Following a final

wash, the assay was developed by addition of tetramethylbenzidine (#T5569, Sigma-Aldrich),
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the reaction was terminated by addition of 50 uLL. 1M hydrochloric acid and absorbance was
measured at 450 nm on a Biotek Synergy 2 plate reader.

4.3.9 Animals

All animal experiments were conducted under protocols approved by the National Institute of
Neurological Disorders and Stroke (NINDS)/ National Institute on Deafness and Other
Communication Disorders (NIDCD) Animal Care and Use Committee in the National
Institutes of Health (NIH) Clinical Center. C57BL/6J female mice were purchased from
Jackson labs at 6-7 weeks of age and used at 7-12 weeks of age. Fifteen mice were divided into
five groups with three mice in each group to test the five VHH-NT fusions. Anesthetized mice
were injected via tail vein with VHH-NT fusions: M1wt-NT, M1posu-NT, M1aa-NT,
MI1Rr100dan-NT and H1-NT for screening. Experiments were performed at the same time each
day. Three mice were injected with VHH triplet-NT to assess the ability of VHH triplet-NT to
get across the BBB. To confirm the result from the five VHH-NT fusions, a blinded replication
experiment was performed with additional fifteen mice randomized using a random number

generator into five groups with three mice in each group.

APPswe/PSEN1dE9 (MMRRC Strain #034832) positive transgenic mice were purchased from
Jackson labs [123, 124], maintained on a hybrid (C57BL/6xC3H) background, and raised
under protocols approved by the National Institute of Neurological Disorders and Stroke
(NINDS)/ National Institute on Deafness and Other Communication Disorders (NIDCD)
Animal Care and Use Committee in the National Institutes of Health (NIH) Clinical Center.
Ten transgenic mice ages between 13-15 months, eight males and two females, were randomly
assigned to two groups. Five mice were injected with M 1posu-triplet-647 and five mice were

injected with H1-triplet-647.
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Injection of VHH-NTs and VHH-triplet-647s

Mice were anesthetized with 60% oxygen/ 40% medical air gas mixture containing 5%
isoflurane in an induction box. After a stable anesthesia plane was established, mice were
maintained at 1.5-2% isoflurane level. Artificial tears ointment was applied to prevent eye
injury due to drying. Mice were placed on an electrical heating pad to maintain body
temperature at 37°C. The VHH-NTs, M1wt-NT, M1posu-NT, M1aa-NT, M1r10ogu-NT and H1-
NT were injected into wild-type C57BL/6J mice through the tail vein using a 30 Gauge needle
in a single bolus at a dose of 600nmol/kg body weight in 1xPBS. The VHH-triplet-647s,

M posu-triplet-647 and H1-triplet-647, were injected intravenously through single bolus
injection at a dose of 1000nmol/kg body weight. Mice were maintained under anesthesia for
approximately 2-3 minutes. Following the procedure, the mice were allowed to recover on a
heating pad until fully ambulatory and then returned to their home cage with immediate access
to food and water.

4.3.10 Temperature measurement

Infrared thermometry was used for temperature measurement using an infrared thermometer
(Model# 62 MAX+, Fluke). Abdominal fur was removed by application of topical depilatory
cream prior to temperature measurement for precise data collection. Baseline temperature was
measured three times before intravenous (IV) injection with a time interval of 30min between
measurements. Then, mouse temperatures were measured at the time intervals of 30min, 1hr,
1.5hr, 2hr, 2.5hr, 3hr, 3.5hr, 4hr, 4.5hr and Shr after injection. All temperature measurements
were performed by investigators blinded to the identity of the injected VHH sample. Mice
were briefly anesthetized (<20 seconds) with isoflurane for each temperature measurement. In

preliminary experiments we confirmed that this brief anesthesia did not affect temperature.
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4.3.11 Confocal microscopy of mice brains injected with triplet-647
Two hours post IV injection mice were sacrificed under isoflurane anesthesia by cardiac

perfusion with 1X PBS + Heparin (10 units Heparin per milliliter 1X PBS). Following
perfusion, mice were decapitated using a pair of sharp surgical shears and the brain was
carefully excised from the cranium. Brains were fixed in 4% PFA for 24hrs then equilibrated
in 30% sucrose for 48 hours. Then, mouse brains were sectioned at 50 pm thickness using a
freezing sliding microtome. Staining was performed to visualize amyloid plaques using the
Congo Red derivative X34.[125] Tissue was rinsed with 1XPBS two times. Then, tissues were
incubated in 40%EtOH/60%PBS at pH10 containing 10 uM X34 (SML1954-5MG, Sigma) for
10min. After X34 incubation, tissue was rinsed with milliQ water five times then differentiated
in 40%EtOH/60%PBS at pH10 for 2min. After differentiation, the tissue was rinsed with
miliQ water for 10min then mounted onto positively charged slides (EF15978Z, Daigger®).
The mounted tissue sections were allowed to dry overnight at room temperature and cover

slipped using fluoromount-G (00-4958-02, Invitrogen™).
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To objectively evaluate the effect of intravenous injection of miposu-Triplet-647 and H1-
Triplet-647 on APP/PS1 mice, brain sections at around 2.5mm posterior to bregma were
selected for confocal fluorescence imaging. The brain sections were equally divided into 10

parts in both horizontal (x) and vertical (y) directions (Figure. 4.2). X and y coordinates were
(% ¥)= (9, 0) ____(xy)=(0,0)

*

take
image

Discard coordinates

Figure 4.2. Schematic graph for the manual unbiased random selection method for confocal image acquisition. This
schematic graph shows the logic of picking coordinates for confocal images acquisition. The right hemisphere of the
brain was equally divided into ten parts in both x and y directions. (x, y) coordinates were randomly generated using
a random number generator. The microscope stage was moved to the target (x, y) coordinates using the stage
rulings. When (X, y) coordinates fell into the areas of cortex, images were taken and cropped to include only cortical
areas. When (x, y) coordinates fell out of the cortex the coordinates were discarded and no images were taken.
Source of the mouse brain: biorender.com

randomly selected using by random numbers from 1 to 10. When (X, y) coordinates fell onto a
cortical area, stacks of images were taken which covered 16um depth (z direction) starting
from the top of the brain section. When (x, y) coordinates fell outside of the cortex, the
microscope was moved to the next randomized (X, y) coordinates without taking images. Brain
sections were imaged using a Zeiss LSM 510 microscope. Stacks of images were acquired

with eight images per stack and 2um optical thickness at 20x magnification using a Zeiss Plan-
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Apochromat 20x/0.8NA lens. Images were acquired using laser wavelength at 633nm to
visualize the VHH triplets conjugated with 647 dye and 405 nm wavelength laser to visualize
the X-34 dye. For 647 channel images, laser at wavelength 633nm was used with a LP650
filter and laser power set to be at transmission 100%. For X34 channel images, laser at
wavelength 405nm was used with a BP420-480 filter and laser power set to be at transmission

15%. The images were exported in Ism file format for image analysis using ImagelJ.
Fluorescent confocal microscopy - Naive brain as controls

Naive APP/PS1 positive mouse brain sections stained only with X-34 for fluorescence
confocal microscopy were used as a negative control. Naive APP/PS1 positive mouse brain
sections stained with both X34 and ex vivo M1pgsu-Triplet-647 for fluorescence confocal
microscopy were used as a positive control. For ex vivo M1posu-Triplet-647 staining, naive
brains were sectioned and washed in 1XPBS. Sections were incubated in 3% normal donkey
serum for 30min to block non-specific binding. After blocking, tissue sections were incubated
overnight at 4C° in M 1pgen-Triplet-647 at a concentration of 10ug/ml in blocking solution.
Tissues were then washed in 1xPBS three times followed by X34 staining as described.
4.3.12 Automated image analysis

To quantitatively analyze the confocal microscope images, thresholding and particle analysis
were performed to remove background signals and isolate target structures of interest. The
percent area of X34 stained amyloid plaques was quantified with thresholding at (0, 30)
followed by Particle analysis. To remove low signal background, 647 channel image
thresholding was set at 0-1000. Then the 647 channel images was analyzed with particle
analysis. The parameters for particle analysis were set to be 0-1000 pixels for size and 0.1-1.0

for circularity. The parameters for thresholding and particle analysis were determined through
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testing of different parameters to capture the qualitative morphology of amyloid plaques as
assessed by experienced investigators. Amyloid plaque levels were represented as % area of
X34 coverage and VHH triplet-647 entry into the brain parenchyma was represented as % area
of Alexa 647 dye coverage in the areas with X34 staining. Because there is mouse-to-mouse
variability in plaque size and X34 staining intensity, we analyzed the ratio of the Triplet-647
coverage to X34 coverage.

4.3.13 Statistical analysis

Unpaired student t-test were performed to evaluate the differences between the transcytosis
ability of M1poeu-triplet-647 and H1-triplet-647 to amyloid plaques in APP/PS1 transgenic
mice brains. Graphs were created using Prism. Sample sizes were based on availability of

transgenic mice and previous experiments. No formal power calculations were performed.

4.4 Results

4.4.1 Endotoxin removal
VHHs contamination by endotoxins is a byproduct of expression in E. Coli cells [126].

Endotoxin can induce systemic inflammation and cause disruptive BBB changes [127]. It was

found that the excess endotoxin level in VHH-NT fusions can cause additional hypothermia
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Before and after endotoxin removal
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Figure 4.3. The hypothermia effect of M1wt-NT before and after endotoxin removal. Endotoxin removal from in
M1wr-NT preparations from E. coli decreased hypothermia effects at time 30min, 1hr and 1.5hr after IV injection of
the M1wr -NT (n= 3 per group). The maximum hypothermic effect of 600nmol/kg body weight of M1wr -NT was
approximately 2C° less after endotoxin removal.

(Figure. 4.3). To avoid potential hypothermia effects caused by endotoxin, endotoxin was

removed after purification. After endotoxin removal, the level of endotoxin level in VHHs was

less than 0.1 endotoxin unit/ml (EU/ml) within normal range [128].

4.4.2 Anti-mTfR VHH variant screening based on binding affinity
measurement
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Figure 4.4. Post purification assessment of the five VHH-NT fusions M 1w-NT, M1posa-NT, M1aa-NT, M1ri00du-
NT and H1-NT. The purity of the monomer VHH by (a.) SDS-PAGE gel and exemplar (b.) size-exclusion
chromatography over a Superdex75 column for M1wr-NT indicating >95% purity and homogeneity of the material.
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Figure 4.5. Post purification assessment of M 1posu-triplet-NT. The purity of the triplet VHH by (a.) SDS-PAGE gel
and exemplar (b.) size-exclusion chromatography over a Superdex75 column for M1posu-Triplet-NT indicating
>95% purity and homogeneity of the material.

VHH monomer-NT (M1-NT and HI-NT) and VHH-heterotrimer-NT (M 1posu-triplet-NT) had

characteristics consistent with expectation. Figure 4.4 and 4.5 showed the SDS-PAGE gel and

exemplar size-exclusion column results of the VHH monomer-NT and VHH-heterotrimer-NT
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after purification (Figure 4.4 and 4.5). VHH monomer-NTs had size around 14kDa (Figure

4.4) and VHH heterotrimer-NTs had size between 38-49kDa (Figure 4.5).

Histidine mutations could potentially impart pH dependence of binding [129]. Histidine
protonation at lower pH-values can increase dissociation rate of antibodies to their receptors.
Maeda et al. found that the dissociation rate was less rapid in the intracellular acidic
compartments once histidine was deleted from human epidermal growth factor [130]. In this

study, we generated different M1 variants based on the effect of histidine on VHH dissociation
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Figure 4.6. Histidine mutations impart a pH dependent dissociation effect in M1 VHH variants. M1 variants (a.)
Mlwr, (b.) Mlpos and (c.) M1riooan Were incubated on mTfR coated ELISA plates, followed by a stringent wash
with 1x PBS buffer at pH 7.2 or pH 5.5. Following pH dependent washing, the bound VHH was detected with an

anti-alpaca-peroxidase antibody and the reaction terminated by addition of 1M HCI. Error bars represent the
standard deviation of the mean values at each data point.

rate. Figure 4.6 shows the mT{fR ELISA on M1 variants: M1posn, M 1wt and M1riooqu (Figure
4.6). Comparing M1 variant binding to mTfR under normal physiological pH (pH = 7.2) and
acidic pH (pH = 5.5), lower pH did not alter the dissociation of M1wt to mT{R but

substantially impacted the dissociation of M 1poen to mTfR.
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Figure 4.7. Affinity binding curves of the five M1-NT variants: M1wt-NT (a.), M1posu-NT (b.), M1ri100au-NT (c.),
M1aa-NT (d.) and HI-NT (e.) binding affinity (Kp) to mTfR. Using biolayer interferometry on an Octet Red96
system, association and dissociation rates were determined by immobilizing biotinylated VHH onto streptavidin-
coated optical sensors. The M1-NT variant association and dissociation curves to mTfR were plotted and the affinity
of each to mTfR was calculated. (n.b. = no binding)

Then the affinity of M1 variants to mTfR was measured using Octet. Based on Octet
measurement, the affinity (Kp) of M1wt-NT, M1posu-NT, and M1ri100an-NT to mTfR were

<1nM, 1.12nM, 1.52nM. While the affinity (Kp) of M1aa-NT and H1-NT to mTfR was not
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detectable. Figure 4.7 shows the association and dissociation curves of the M1wt-NT, M1poeu-
NT, M1aa-NT, M1riooga-NT and HI-NT to mTfR. M1wr-NT, M1posu-NT, and M1ri00aa-NT

bond to mTfR well while M1aa-NT and HI-NT showed no binding.

4.4.3 M1 variant screening for BBB transcytosis using neurotensin fusion
and hypothermia assessment
To assess BBB transcytosis ability, several M1 variants were fused to NT and screened based

on the extent of hypothermia effects. Three M1 variant NT fusions, including M1wt-NT,

M1Rr100au-NT and M1posu-NT were injected to WT mice. NT alone was injected into WT mice
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Figure 4.8. The use of NT fusion to VHHs for VHH screening via hypothermia as an indication of CNS target
engagement. The M1 variants with different affinities to mTfR have different hypothermic effects. Among the three
M1 variants injected to mice at the same dose 600nmol/kg body weight (n = 3 per group), M1posu-NT produced the

most prominent hypothermia effect, with a maximum temperature drop of about 6°C and duration for about 4hrs.
at the same molarity as an initial negative control. At a dose of 600nmol/kg body weight, the
M1 variants with different binding affinities to mT{R show different hypothermia effects

(Figure 4.8). M1wt-NT reduced temperatures by approximately 2°C, with an effect that lasted

approximately 2 hours. M1posu-NT, at the same dose, decreased temperature by 6°C with

effects that lasted more than 4 hours, indicating that M1posu-NT appeared to improve CNS

penetration. NT alone did not show any hypothermia effect, indicating that peripherally
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administered NT alone does not appear to cross the BBB into the CNS. M1ri100an-NT gave less

than 2°C of hypothermia effect. Mouse body temperatures were stable at baseline.

To confirm and extend these findings, a blinded experiment was performed. The previous three

M1aa-NT and H1-NT

2
2 27
=
-
2 -6
5 8-
[t
< 104

12 T I I I
-100 0 100 200 300 400
time (min)
e H1-NT e M1AA-NT

Figure 4.9. Lack of hypothermic effect with mT{R non-binding VHH-NT fusions. M1aa-NT and HI-NT were
injected at doses of 1400nmol/kg body weight. M1aa-NT and HI-NT lack prominent hypothermia effects (n=3 per

group).

M1 variants, plus a fourth mutant M1aa-NT that has minimal TfR binding and a different
VHH that binds to human TR called H1 were tested by an investigator blinded to the identity
of the injected materials. M1aa-NT and H1-NT were tested at a higher molarity in a previous
experiment and showed no obvious hypothermia effects (Figure 4.9). The blinded experiment
results were consistent with the previous finding: M1posu-NT clearly reduced the temperature
the most, with a maximum drop of about 4°C. The other M1-NTs and HI-NT did not reduce
the temperature substantially (Figure 4.10). These results indicate that temperature

measurement experiments facilitated the identification of an anti-mTfR VHH variant which
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Figure 4.10. Hypothermic effect of M1 VHH-NT fusions in a randomized, blinded cohort. Five VHH-NT fusions
M1wr-NT, M1poen-NT, M1aa-NT, M1r100an-NT and H1-NT were blinded by an independent investigator. Each
blinded VHH-NT fusion was injected in a randomized fashion at a dose of 600nmol/kg body weight (n=3 per group)
and body temperature measured over the indicated time interval. Following complete data collection of the
temperature measurements, the results were unblinded. Consistent with previous finding, M1posu-NT gave the most
prominent hypothermia effect.

induced substantial CNS effects.

4.4.4 Mlposu-NT dose effect

To understand whether the amount of M 1posu-NT injected to mice affects the extent of
hypothermia effects, we injected M 1posu-NT to WT mice at four different doses: 67nmol/kg
body weight, 200nmol/kg body weight, 600nmol/kg body weight, and 1800nmol/kg body
weight. Twelve mice were used in this experiment, with three mice at each dose (Figure 4.11).
At the two lower doses, there was minimal hypothermia effects. With increased miposu-NT
concentration, the maximum temperature drop increased to about 8C° and also the duration of

hypothermia was extended to as long as 5 hours. Thus, these was an apparently monotonic
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Figure 4.11. M1poeu-NT dose effect in WT mice after IV injection. This figure shows the dose effect of M1pgey-NT
in WT mice after tail vein injection (n = 3 per group). The hypothermia effect was stronger and lasted longer time
with dose increased from 67nmol/kg body weight to 1800nmol/kg body weight.

dose-response relationship between intravenous M1posu-NT and hypothermia.

4.4.5 Temperature effect of M1posu-Triplet-NT

Based on the octet results and temperature measurement, M 1posy was chosen as the variant to
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Figure 4.12. Measurement of M 1pgey-Triplet-NT hypothermia effect. M 1posu-Triplet-NT was injected at dose of
600nmol/kg body weight (n = 3) and caused a temperature drop of about 4C°.

use to assess ability to cross the BBB after conjugating to a payload. As a proof of concept, we
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used the anti-Ap VHH dimer Nb3-Nb3 as the payload fused in a single polypeptide with

M poen and NT and named M 1posu-Triplet-NT, the M1posu-Triplet NT, was injected
intravenously into three WT mice. Body temperature was measured as described in the
Temperature measurement section. Figure 4.12. shows the temperature change after tail vein
injection of M1posu-Triplet-NT. There was about 4°C temperature drop after the intravenous
injection and the hypothermia effect peaked at about 1 hour post injection. This result
confirmed that after fusing to an anti-Ap VHH dimer payload, the M 1poeu-Triplet-NT was still

able to get across the BBB and exert a CNS effect.

4.4.6 Affinity measurement of VHH-Triplet
To confirm that fusion with Nb3-Nb3 did not affect the binding ability of M1poen and Nb3-

Nb3 dimer to their targets, the affinity of miposu-triplet to mT{R and to AP were measured to be

1.63nM and 9.98nM using Octet (Figure 4.13). The affinity of the M1poeu-triplet to mT{R was
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Figure 4.13. Affinity binding curves of M1posn-triplet-NT and H1-triplet-NT binding affinity (Kp) to mTfR and Af.
Using biolayer interferometry on a Octet Red96 system, association and dissociation rates were determined by
immobilizing biotinylated VHH (a, c¢) or biotinylated amyloid beta (b, d) onto streptavidin-coated optical sensors.
M posy-triplet-NT association and dissociation curve to (a) mTfR and (b) AB. The affinity of M1posu-triplet-NTwas
measured to be 1.63nM to mT{R and 9.98nM to AP. H1-triplet-NT association and dissociation curve to (¢) mTfR
and (d) AP. The affinity of H1-triplet-NT was measured to be 9.44nM to AP and no binding to mT{R. (n.b. =no
binding)
on the same order before and after the fusion. The affinity of H1-Triplet-647 to mTfR and AP

was also assessed using Octet and measured to be no binding to mT{R and 9.44nM to AP
(Figure 4.13). It was verified that the fusion of miposn and H1 to VHH dimer Nb3-Nb3 did not

change their binding affinities.
To ensure that the dye labeling did not affect miposu-triplet binding to mTfR, a mT{fR ELISA

on M1poeu-triplet before and after Alexa 647 dye labelling was performed. The binding curves
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Figure 4.14. mTfR ELISA on M1posu-Triplet before and after 647 labelling. VHH was incubated with mT{R

absorbed to ELISA plates and detected using an anti-alpaca-peroxidase antibody to determine the impact of

fluorophore conjugation. The near overlapping binding curves indicate a lack of effect following fluorophore
labelling. Error bars represent the standard deviation of the mean values at each data point.

before and after labeling overlapped with each other (Figure 4.14), indicating that the Alexa

647 dye labeling did not affect the binding.

4.4.7 Direct assessment of brain target engagement after intravenous
injection of VHHSs using confocal microscopy
VHH-Triplets were injected to APP/PS1 positive transgenic mice to directly assess brain target

(AP) engagement. Ten transgenic mice were randomized into two groups, with five mice in
each group. Five mice were injected with M 1posu-Triplet-647 and five mice were injected with
HI1-Triplet-647 as a negative control which does not bind to mTfR. Because the hypothermia
effect was most prominent in the first two hours post injection in previous experiments using
NT fusions, transgenic mice were sacrificed two hours post IV injection. Figure 4.15 shows
exemplar confocal images of brains injected with M 1posu-triplet-647 or H1-triplet-647. From

the exemplar images, it appeared that most of the 647 signals were similar to background, with
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Figure 4.15. Representative immunofluorescent confocal microscopy of mice brains 2 hours after intravenous
injection. 647 channel (a.) and X34 channel (b.) microscopy of mice brains injected with H1-Triplet-647. 647
channel (c.) and X34 channel (d.) microscopy of mice injected with M1poeu-Triplet-647.

some areas that had morphology consistent with amyloid plaque labeling. However,
surprisingly, the confocal imaging patterns were similar in both M1pgsu-triplet-647 and H1-
triplet-647 injected mice, suggesting a modest amount of non-specific BBB crossing and Af
plaque binding plus background autofluorescence, rather than the expected extensive mTfR-

mediated transcytosis and AP plaque binding.

To confirm that the lack of anti-AB plaque binding after IV injection by M1pgsu-triplet-647
was not caused by the inability of the Nb3-Nb3 to label A in the context of the M 1posu-triplet-
647 fusion construct, an ex vivo labeling experiment was performed. We labeled brain sections
from a naive APP/PS1 positive mouse with M1posu-Triplet-647 using modest concentrations
and no antigen retrieval. Figure 4.16 shows that the Nb3-Nb3 dimer part of M1posu-Triplet-647
was able to bind to amyloid plaques, with substantially enhanced fluorescence signals in areas

of plaques. Thus, the modest plaque labeling after intravenous injection with M1poeu-triplet-
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Figure 4.16. Representative immunofluorescent confocal microscopy of ex vivo APP/PS1 positive mouse brain
sections. 647 channel (a.) and X34 channel (b.) microscopy of the ex vivo brain sections labeled with M1pgsp-

Triplet-647. 647 channel (c.) and X34 channel (d.) microscopy of the ex vivo brain sections without M 1pgsy-Triplet-
647 labeling.

647 is not likely to be attributed to lack of plaque binding affinity. Autofluorescence was

relatively modest in the 647 channel in sections labeled with only X34 (Fig. 4.16c-d).

Because of the possibility of subconscious bias in selecting regions for imaging and to assess
for more subtle quantitative differences between M 1posn-triplet-647 and H1-triplet-647 plaque
labeling, we performed randomized, blinded, automated analyses of the brain sections to
objectively compare the confocal imaging results. Eleven or twelve confocal stacks of images
were acquired at randomly selected x, y coordinates in cortex (Figure 4.2). Confocal images of

brain sections were processed using ImageJ for quantitative assessment.



The % area of X34 coverage, % area of Triplet-647 coverage and the % area ratio of Triplet-
647/X34 coverage were averaged across the eleven to twelve images stacks acquired for each
mouse brain. The average values of % area of each mouse brain was plotted in Figure 4.17.

Comparing mouse brains injected with M 1poen-triplet-647 or H1-triplet-647, the average
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Figure 4.17. % area and % area ratio of X34 channel images and 647 channel images. a. The % area of X34
coverage in the X34 images. There was no significant difference for mice injected with H1-triplet-647 or M1poeu-
triplet-647; unpaired student t-test, p= 0.3341 b. The % area of Triplet-647 coverage in 647 channel images. There

was no significant difference for mice injected with H1-triplet-647 or M1posu-triplet-647; unpaired student t-test, p =
0.4815. c. The % area ratio of Triplet-647/X34 coverage. There was no significant difference for mice injected with
H1-triplet-647 or M1poeu-triplet-647; unpaired student t-test, p = 0.3788. 647 channel images and the ratio of 647
channel/X34 channel images.

values of % area of Triplet-647 coverage/% area X34 coverage had no significant difference
(Figure 4.17¢c). There was also no significant difference for % area X34 coverage or % area

Triplet-647 coverage (Figure 4.17a, b).

4.4.8 Alternative Confocal Image Processing — thresholding and intensity
measurement

98



Threshold at (0,
10)

Threshold at (0,

30)
& four dilations

Threshold at (0,
30)

Figure 4.18. Averaged mean fluorescence in the 647 channel of plaques containing regions. a. The threshold for X34
images was set to be at (0, 10) There was no significant difference between the mean signals from mice injected
with H1-triplet-647 and mice injected with M1posu-triplet-647; unpaired student t-test, p = 0.6404. b. The threshold
for X34 images was set to be at (0, 30), then the image was eroded for four times. There was no significant
difference between the mean signals from mice injected with H1-triplet-647 and mice injected with M1posy-triplet-
647; unpaired student t-test, p = 0.5527. c. The threshold for X34 images was set to be at (0, 30). There was no
significant difference between the mean signals from mice injected with H1-triplet-647 and mice injected with
M1 posi-triplet-647; unpaired student t-test, p = 0.4829.

To ensure the finding was not affected by the specific analysis method, confocal images of
brain sections were analyzed in several alternative ways using ImagelJ (Figure 4.18). First, X34
images were alternatively thresholded at (0, 10) and (0, 30) and were converted to binary
images. Because amyloid-beta pathology can extend beyond the boundaries of X34 positive

fibrillar plaque cores, the X34 images thresholded at (0, 30) were also processed with dilation

in Imagel to add pixels from the edges of plaques. These plaque and peri-plaque regions
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Figure 4.19. Quantitative analysis procedure for confocal images with thresholding followed by automated plaque
selection and mean 647 channel signal calculation. An APP/PS1 positive naive brain slice with ex vivo M1posp-
Triplet-647 labeling was used as the example. Column a. shows a representative confocal microscope image of
cortex X34 staining. Column b. shows the X34 labeled images after thresholding. Column c. shows automated

selection of regions of plaques based on the thresholded images. Column d. shows the application of selected areas

(from thresholded X34 images) to the 647 channel images.
identified on the X34 images were applied to the 647 channel images to calculate the mean 647
signal of these regions. The mean 647 signals were averaged across image stacks acquired for
each mouse brain The average values of mean 647 signals of each brain were plotted in Figure
4.19. There was no significant difference of the mean 647 signal between the two groups in
any of these analyses. These findings confirmed that there was no detectible receptor mediated

transcytosis of miposu-triplet-647 into the cortex, despite good evidence for a CNS effect for

the same construct when fused to neurotensin.

4.5 Discussion
In this study, a modular system was designed to efficiently test the ability of anti-mTfR VHHs

to cross the BBB using NT-induced hypothermia as a readout. Because only NT in the CNS
can induce hypothermia effects [41, 47, 119, 131], experimentally measured hypothermia was
used to infer the VHHSs’ ability to cross the BBB through transferrin receptor mediated

transcytosis followed by VHH-NT fusion binding to neurotensin receptors. Using this NT-
100



based screening system, this study successfully identified an anti-mTfR VHH variant, M 1poeH,
which has good binding properties to the mouse TfR and appeared to mediate BBB transport
efficiently. To attempt to validate the ability of this anti-mTfR VHH to carry cargos across
BBB, this anti-mTfR VHH was fused with an anti-A3 VHH dimer and fused to NT. The

M posu-Triplet-NT retained substantial hypothermia effects after intravenous injection,
confirming the BBB transcytosis ability of this triplet-NT fusion. However, the modular
system for VHH screening does not appear to translate effectively into target binding in the
cortex. To assess brain target engagement, M 1posu-triplet was conjugated to the fluorescent
Alexa 647 dye and the dye conjugates were injected intravenously into APP/PS1 positive
transgenic mice. A similar VHH triplet dye conjugate, H1-triplet which does not binding mT{R
was used as a control. Surprisingly, there was no significant difference of the amyloid plaque
binding between these two VHH triplet dye conjugates. This result was not likely due to failure
of plaque binding, because the VHH triplet dye conjugates bound plaques well in ex vivo
experiments. Thus, the likely explanation for our findings was that the VHH triplet dye
conjugates did not effectively cross the BBB in the cortex; the hypothermia effect induced by
NT did not correspond to target engagement in cortex. The finding indicates that the use of NT
as a rapid screening platform for anti-mTfR VHHs does not necessarily predict generalized

cargo delivery across the BBB.

The lack of correspondence between NT induced hypothermia after intravenous injection and
brain target engagement could be possibly explained by the concept that the BBB is not a
unitary phenomenon, and the permeability of BBB may be different from brain region to brain
region. The hypothalamus is the center for thermoregulation, and likely to be the site of action

of NT in the brain. The preoptic area of hypothalamus contains microcircuitry through which
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cutaneous and core thermal signals are integrated for thermoregulation and temperature
homeostasis [132, 133]. Studies have found that the interface between the median eminence
and the arcuate nucleus of the hypothalamus is somewhat leaky to molecules in the circulation
[134, 135]. Cheunsuang et al. confirmed the specialized nature of median eminence and medial
arcuate nucleus BBB by testing the distribution of hydroxystilbamidine and wheat germ
agglutinin after intravenous injection [134]. They found that hydroxystilbamidine was taken
into the median eminence and medial part of the arcuate nucleus, while the wheat germ
agglutinin diffusely distributed in the arcuate nucleus and median eminence following
intravenous injection. Furthermore, Morita and Miyata reported the accessibility of low
molecular weight blood-derived molecules to the parenchyma in the median eminence and
arcuate nucleus [136]. The hypothermia effect caused by NT binding to NT receptor is likely
to be mediated in the hypothalamus [119]. Young et al. explored the distribution of NT
receptors in rat brains and found moderate to high density of NT receptors in hypothalamus.
The hypothermia effect was induced when NT was injected to medial, lateral preoptic and
anterior area of the hypothalamus. Thus, the dissociation between robust NT-mediated
hypothermia effects vs. negligible binding to amyloid plaques in cortex after IV injection could
be explained by a relatively leaky hypothalamic BBB. Future studies will be required to

directly test this possibility.

4.5.1 Limitations
There are several limitations of this study. First, although the M1posu-NT induced substantial

hypothermia, the kinetics of this anti-mTfR VHH variant have not been fully optimized. Figure
4.7 shows that the dissociation rate of the M1pgen from mT{R was 1.33X10-4 which could be
still too low. Based on Hultqvist et al., after the VHH binds to the TfR and the complex is
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internalized, the VHH needs to dissociate from the TfR to get released efficiently into the brain
parenchyma [137]. When the dissociation rate is too slow, VHHs may not unbind from the TfR
and not get released into the brain parenchyma. Second, it is possible that dye modification
with Alexa 647 affected BBB transcytosis even though it did not affect mTfR binding affinity
in vitro (Figure 4.14). Alternative labeling strategies will need to be tested in future
experiments. Reduction in autofluorescence due to lipofuscin [138] may also improve the
sensitivity of fluorescent dye-based detection methods. Third, the APP/PS1 mice used in the
study can also develop astrogliosis [139]. It is possible that the astrogliosis around the plaques
could impair BBB transcytosis. Fourth, we do not know the mT{R binding epitope of M1,
though it does not appear to interfere with transferrin binding (not shown). Also, it is formally
possible, though unlikely, that older APP/PS1 transgenic mice have a less permeable BBB than
young WT mice; we have not directly tested hypothermia effects in older APP/PS1 mice. A
minor limitation is that the temperature measurement was conducted using an infrared
thermometer. Although belly fur was removed to decrease variation and increase the accuracy
and precision of temperature measurement, the use of infrared thermometer to measure belly
temperature still introduces inter- and intra- user error. Also, the mice need to be anesthetized
for acquisition of a steady temperature using the thermometer. Although we kept the anesthesia
time short (about 20 sec) each time to minimize the influence of anesthesia on mouse body
temperature. The use of anesthesia still introduced extra variations. Other temperature
measurement methods such as the use of implanted thermometers which provide real-time
temperature readings and eliminate interference with mice should be considered for future
experiments. Finally, we acknowledge that only one brain section posterior to bregma was

analyzed for each mouse. More brain sections for each mouse which cover additional brain
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areas, including hypothalamus, will need to be imaged and analyzed in the future.

4.5.2 Future directions
There are many important future directions for this line of investigation. We are in the process

of screening other VHH variants for anti-mTfR and anti hTfR-mediated BBB transcytosis.
Because the NT induced hypothermia effect does not correspond to target engagement of
targets in other brain areas like cortex, an alternative, efficient approach to assess BBB
transcytosis is needed. To allow high throughput testing and prediction of therapeutic and
diagnostic agent delivery to the CNS, in vitro BBB models have been used. Cecchelli et al.
developed a human in vitro BBB model using cord blood-derived hematopoietic stem cells
[140]. This model shows good correlation between in vitro predicted ratio of unbound drug
concentration in brain and in vivo ratio reported in humans. Shayan et al. made a murine in
vitro BBB model using murine brain microvascular endothelial cells which also shows good
correlation of compound permeability compared with in vivo values [141]. However, these in
vitro models do not always reflect the in vivo BBB function. Garberg et al. evaluated multiple
different in vitro models in comparison with an in vivo mouse brain uptake assay to understand
the in vitro models’ potential to predict in vivo transport of compounds across BBB [142].
Low correlations between in vitro and in vivo data were obtained with a total of twenty-two
compounds. Because of the complexity of the in vivo environment, in vitro BBB models were
not recommended to be used in isolation to assess target engagement in brain [143]. There are
many other methods to assess BBB transcytosis. For example, Stocki et al. tested the BBB
transcytosis of a variable domain of new antigen receptors (VNAR) TXB2 by fractionating
capillaries from the brain parenchyma and measured the concentration in capillaries and brain
parenchyma [41]. Yu et al. assessed the uptake of an anti-T{R antibody by homogenizing the
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brain target areas and measuring the antibody concentration with ELISA [40]. A new screening
platform will need to be established and tested in the future to facilitate of the discovery of

optimal anti-mTfR VHHs.

There were no apparent safety concerns raised during the experiments reported here, but the
safety profile of the VHHs will be formally assessed in the future to make sure that the binding
of VHHs to the mTfR does not interfere with physiological iron uptake and that the foreign

protein constructs do not cause major immunological responses or other toxicities.

In addition, extension of VHH fusion protein half-life in the circulation may improve BBB
transcytosis. The half-life of single VHHs and VHH triplets was measured to be 2-3 minutes in
the mouse after IV injection [144]. The lack of differences in brain signal may be caused by
the fast clearance of the VHHSs, which did not allow enough VHHs to bind to the TfR on the
brain endothelial cells. Conjugation of the VHHSs to albumin binding domains,
immunoglobulin Fc domains or PEG to prolong VHH’ halt-lives will be tested in the future
[145-147].

While not directly related to the main aims of the project involving development of brain MRI
molecular contrast agents, the mechanisms underlying potential differences in BBB function in
the hypothalamus vs. cortex are worthy of further investigation. To begin, target engagement
of the Triplet-647 in hypothalamus will need to be assessed. The hypothalamus area of the
brain sections will be imaged with confocal microscope and analyzed using ImagelJ. Then, the
MmiposH could be conjugated to nanobodies against another widely distributed endogenous target
such as the ATP-gated ion channel P2X7, which is widely distributed throughout the brain
[148]. M1posn-anti P2X7 VHH fusion would then be intravenously injected to mice and its

target engagement in cortex and hypothalamus would be assessed and compared. Furthermore,
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different sizes of dextrans could be intravenously injected to the mice to understand the BBB

penetration capacity in hypothalamus and other brain regions [136].

The ultimate goal of this study is to develop a family of molecular MRI contrast agents for
diagnosis and assessment of neurodegenerative diseases. Misdiagnosis of neurodegenerative
diseases is common because of their heterogeneous nature [149]. Early diagnosis of
neurodegenerative diseases could help with early treatments and delay hospitalization, and
accurate identification of target populations could help with the development of new
treatments [ 149, 150]. MRI has been widely used for imaging neurodegenerative diseases;
however, structural MRI provides indirect and nonspecific measurements. Neurodegenerative
diseases are characterized by abnormal accumulation of misfolded proteins including a-
synuclein, tau, TDP-43 and Huntingtin in the CNS. Novel families of MRI contrast agents with
VHH and IONPs would allow visualization of pathologically specific biomarkers in the living
human brain: each VHH would bind to the misfolded proteins while the IONPs provide T1
MRI signals. We have characterized the in vivo pharmacokinetics of the contrast agent and
optimized the MRI sequence for MR T1 imaging [144, 151], but have not optimized BBB
transcytosis of contrast agents. IONPs have been widely in a research context as MRI
molecular contrast agents but are not typically used in clinical practice. Liu et al., developed an
oligomer-specific scFv antibody W20 conjugated superparamagnetic iron oxide nanoparticles
which specifically bound to oligomers in transgenic mouse models of Parkinson’s disease or
Huntington’s disease and provided MRI signals [152]. Sillerud et al. synthesized an anti-ABPP
conjugated superparamagnetic iron oxide nanoparticle for MRI detection of amyloid plaques in
AD [24]. However, none of these contrast agents have provided optimal BBB penetration to

allow high quality in vivo imaging. The ability of molecular contrast agents to cross the BBB
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and bind to brain targets in sufficient quantity to give conspicuous MRI signals will need be

tested with in vivo MR imaging in the future.

4.6 Conclusions

This study used a NT based modular system to screen anti-mTfR VHHs for transferrin receptor
mediated transcytosis across BBB. A M1 variant, miposH, was identified with good
performance in inducing hypothermia, an effect which requires crossing the BBB. This M1
variant was fused to the anti-Af3 VHH dimer and labeled with Alexa 647. Surprisingly,
however, the dye labelled VHH did not show detectible labeling of amyloid plaques compared
with controls after intravenous injection into transgenic mice. Other methods assessing VHH
BBB transcytosis will need to be developed for screening VHHSs to facilitate the development

of MRI molecular contrast agents.
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Chapter 5: Future Directions

VHHSs’ binding affinities will need to be optimized in the future. As mentioned in chapter 4,
the association and dissociate rate constants of the VHHs to mTfR will need to be adjusted to
achieve optimal BBB transcytosis. Also, the NT based VHH screening system will need to be
further explored to understand its lack of correspondence with fluorescence microscopy
results. Meanwhile, an alternative, efficient approach to assess VHHs’ BBB transcytosis could

be developed to facilitate VHHs screening.

After identifying an appropriate anti-mTfR VHH for BBB transcytosis, the VHH will be
conjugated to iron oxide nanoparticle and the contrast agent brain target engagement will be
assessed using MRI. The NIR imaging and PK model will be used to optimize the contrast
agent’s kinetic in vivo and to find time points post intravenous injection for MR imaging.
Also, radiological-pathological correlation study will be performed to understand the

specificity of this contrast agent.

In the meantime, the VHH module of the contrast agent can be adjusted for other neurological
diseases such as chronic traumatic encephalopathy, Parkinson’s disease, prion diseases, etc.
These neurological diseases could be identified using pathological hallmarks lesions such as

tau, a-synuclein and protease-resistant prion protein [153, 154].
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