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ABSTRACT

Using molecular imaging in vivo, biomolecular and cellular phenomena can be investigated within
their relevant physiological context, addressing a central challenge for 21* century biomedicine and basic
research. To advance neuroscience in particular, molecular-level measurements across the brain inside the
intact organism are required. However, existing imaging strategies and available probes have been limited
by serious constraints.

Magnetic resonance imaging (MRI) provides deeper tissue penetration depth than optical imaging
and better spatial resolution and greater versatility in sensor design than radioactive probes. The most
important drawback for MRI probes has been the need for high concentrations in the micromolar to
millimolar range, leading to analyte sequestration, complications for noninvasive brain delivery, and
toxicity. Efforts to address the sensitivity problem, such as nuclear hyperpolarization, introduce their own
technical constraints and so far lack generality.

Here, we introduce a conceptually novel molecular imaging technique based on artificially induced
physiological perturbations, enabling molecular MRI with nanomolar sensitivity. In this imaging strategy,
we take advantage of blood as an abundant endogenous source of contrast compatible with multiple imaging
modalities including MRI and optical imaging to decouple the concentration requirement for molecular
sensing from the concentration requirement for imaging contrast. Highly potent vasoactive peptides are
engineered to respond to specific biomolecular phenomena of interest at nanomolar concentrations by
inducing dilation of the microvasculature, increased local bloodflow, and consequently, large changes in
T>*-weighted MRI contrast.

This principle is exploited to design activatable probes for protease activity based on the calcitonin
gene-related peptide (CGRP) and validate them for brain imaging in live rats; to use CGRP as a genetic
reporter for cell tracking; and to create fusions of a vasoactive peptide from flies to previously characterized
antibodies capable of crossing the blood-brain barrier (BBB), suggesting the possibility of minimally
invasive brain delivery of such probes.

We demonstrate the feasibility of highly sensitive molecular MRI with vasoactive probes at
concentrations compatible with in situ expression of probes and delivery across the BBB, and show that
vasoactive peptides are a versatile platform for MRI probe design which promises unprecedented in vivo
molecular insights for biomedicine and neuroscience.
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Title: Professor of Biological Engineering, Nuclear Science and Engineering, and Brain and Cognitive
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Background and Introduction

Biologists seek to understand phenomena across multiple scales in space, in time, and in
complexity, from near-instantaneous chemical transformations of individual molecules to the complex
concert of molecules and cells that gives rise to higher-order functions in an organism. Over the past several
decades of experimental biological research, from the “golden years” of molecular biology in the 1950s to
the “-omics” era of the early 21st century, a dramatic expansion of what might be called reductionist insight
into the nature and function of isolated molecules and of cultured cells has been achieved. However, the
integrative study of molecular and cellular phenomena inside the physiological context of intact tissues and

organs remains a daunting challenge in basic research and in biomedicine.

Two fundamental experimental approaches are at the forefront of efforts to expand our
ability to investigate “molecules-in-context” in biology: on the one hand, the re-creation of a relevant
physiological context within an experimental apparatus that allows convenient access for measurement,
exemplified by tissue engineering, organoids, or organs-on-a-chip'“; and on the other hand, molecular

imaging of intact organisms>®.

Our understanding of the central nervous system especially has the potential to greatly
benefit from molecular imaging because much of the brain’s functionality in perception, learning, and
cognition requires integrity of the whole organ if not of the entire organism, and has not been reproduced
in any kind of in vitro device; and because brain function critically hinges on the spatial location and
connectivity of neurons and other tissue components, making noninvasive measurement of molecular

events as well as spatiotemporal information essential.



Modalities for molecular brain imaging

Given the strong impetus for molecular imaging of the brain, it is no wonder that intense
engineering efforts have been exerted to develop suitable methods’. Most such methods rely on one of three
main modalities: imaging with radionuclide-based probes, optical imaging, and magnetic resonance
imaging (MRI). In this section, I outline the principles, available probes, exemplary applications, and

strengths and limitations for each.

Brain imaging with radionuclide-based probes

Single-photon emission computed tomography (SPECT) and positron emission
tomography (PET) are among the oldest and most established techniques for tomographic imaging of
specific molecular probes in intact organisms. Notably, in the publication of the first general-purpose
SPECT scanner in 19778, its use was reported (a) in human patients in the clinic, (b) in conjunction with
molecular probes, and (c) in the brain for the delineation of tumors, thus illustrating the suitability of the

technique for brain imaging and the feasibility of clinical translation.

Principle. The principle of both SPECT and PET is to detect high-energy photons
stemming from a radioactive decay event associated with a specifically introduced radionuclide-containing
probe. In PET, a radionuclide such as ''C or '®F is selected which undergoes positive beta decay, resulting
in the emission of a positron. When this positron collides with an electron, typically after travelling a
distance of less than 1 mm through tissue, the two particles are annihilated and two high-energy photons
(gamma rays) are emitted at an angle of 180 degrees. These photons are then detected by the scanner and
the location of the original decay event is tomographically reconstructed. SPECT uses a different class of

radionuclides such as *™Tc which directly emit a single gamma ray when they decay.



Probes. Radionuclides decay at a steady rate which cannot be biochemically modulated,;
thus, all radionuclide probes are continually emitting and no activatable probes can be designed.
Nonetheless, two principal classes of molecular reporters for PET and SPECT are in broad use: affinity
probes, which enrich in regions where they can bind a molecular target; and labelled substrates, which
enrich upon enzymatic conversion or targeted transport. One important difference between PET and SPECT
with regards to probe design lies in the kind of isotope compatible with each modality: Common PET
isotopes can be chemically substituted for the basic building blocks of biomolecules (''C for carbon, '*F
bound to carbon), which enables PET labeling even of small molecules such as glucose or
neurotransmitters. Typical radioisotopes for SPECT, on the other hand, require the attachment of large
chelating moieties. This makes it hard to label small molecules without interfering with their biology, while
it is generally unproblematic for labeling affinity reagents such as antibodies. Both small-molecule
metabolites and affinity probes can be designed to target endogenous enzymes or epitopes, or can be

targeted at reporter gene products.

Exemplary applications in the brain. As mature clinically validated modalities, PET and
SPECT have been widely used in human patients for molecular medicine. Notable examples in neurology
include PET ligands for beta-amyloid used for patient selection for clinical trials in Alzheimer’s disease’®
and metabolic brain imaging with ['8F]-fluorodeoxyglucose (FDG), which has since been superseded by
functional MRI (see below). Another key application of neuroimaging with radioligands worth highlighting
is the quantitative mapping of neurotransmitter binding with PET-labelled neurotransmitter analogues,

including competition studies of spatiotemporal dynamics'®.

Advantages and limitations. The chief advantages of PET and SPECT are their suitability
for deep-tissue imaging with superb (sub-nanomolar) sensitivity, as well as their clinical maturity which
facilitates human translation of new probes and techniques. Images can be obtained from intact specimen
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or patients and the opacity of the skull does not interfere with signal transmission, which is of particular
relevance for minimally invasive brain imaging. The most important limitations of radioisotopes for
molecular imaging are the low spatial resolution on the order of 1 mm, the continually emitting (“always-
on”) nature of radioisotopes which prevents the facile construction of dynamic probes for enzyme activities
or ligand concentrations, and the need for a local source of isotopes (such as a cyclotron or reactor) due to

their short half-lives.

Optical brain imaging

Few techniques have repeatedly revolutionized biology as much as optical imaging, from
Leeuwenhoek’s microscope to organic dyes for histology to the multitude of applications of fluorescent

proteins. It also a major modality for molecular imaging in vivo, especially in animals.

Principle. Several conceptually different techniques for brain imaging make use of visible
light. Fluorescence imaging probes for a wide variety of analytes and applications have been developed and
validated for microscopy, and have been translated in vivo''. The development of two-photon microscopy
especially has boosted the in vivo use of fluorescent probes. Its key advantages include a reduction in light
absorption by using two photons of double wavelength, thus increasing penetration depth; and a limited
excitation volume due to the characteristic shape of the point spread function, which reduces out-of-focus
excitation and decreases heating of the tissue. A different broadly used class of optical imaging probes
based on luciferases make use of bioluminescence, which offers lower background signal due to the lack
of crosstalk from tissue autofluorescence and better penetration depth since light only has to travel out of
the tissue unidirectionally. Finally, the last decade has seen tremendous progress in photoacoustic
tomography, which records optical absorption events by measuring the ultrasound waves emanating from

an irradiated tissue as a consequence of thermoelastic expansion upon absorption of light energy'>'?. Since



all optical imaging methods are limited by (a) depth of penetration even in soft tissue and (b) additionally
by the opacity of the skull, their application for brain imaging in vivo often includes access to the tissue by

thinning and polishing the skull, by installing a cranial window, or by intravital microscopy.

Probes. Many classes of probes are available for fluorescence imaging, from small-
molecule dyes to fluorescent proteins to quantum dots, and each class has been adapted to report on a wide
array of biochemical events from ligand binding to enzymatic conversion to translocation between
biological compartments to genetic events at each level. Luciferase reporters are not as numerous but still
well developed. Finally, virtually any molecule (including endogenous analytes and all existing fluorescent
probes) can in principle be detected by photoacoustic imaging since all molecules absorb light at some
wavelength, and the physiological concentration of the analyte of interest as well as crosstalk from other

biomolecules impose the main practical limitations. A vast review literature exists for this field>'!.

Exemplary applications in the brain. While the uses of optical imaging in basic
neuroscience are too diverse and numerous to comprehensively review here, the following examples
illustrate the flexibility and importance of this modality. Firstly, the development of widely used calcium
indicators both based on small molecules (such as fura-2) and also based on genetically encodable proteins
has been the basis for the direct realtime imaging of neuronal firing in vivo and, consequently, many
important discoveries in perception and behavior'*. Secondly, cell-based reporters have been created and
engrafted in live animals which make it possible to detect a specific neurotransmitter via its endogenous
cell surface receptor, triggering a calcium or cyclic AMP-mediated response inside the reporter cell, which
in turn is measured via a genetically encoded fluorescent reporter'”. Finally, photoacoustic imaging using
hemoglobin as an endogenous absorptive analyte has been used to image hemodynamic responses following
sensory simulation in active brain regions of rats through an intact skull'®, One intriguing feature of many
optical imaging studies is the ease with which in vivo imaging can build on and be compared with data from
in vitro measurements using the same probes.

10



Advantages and limitations. One of the most important advantages of optical imaging is
its versatility, due to the broad range of optically active moieties, of specific probes that utilize them, and
of the ease of iterative engineering as probes can be synthesized and evaluated with high throughput in
vitro. Furthermore, optical imaging offers excellent spatiotemporal resolution and sensitivity in vivo
ranging from nanomolar for fluorescence and photoacoustics to even better for bioluminescence. The most
important limitation is the limited tissue penetrance of optical imaging. Imaging depth can generally be no
greater than a few millimeters for fluorescence and luminescence, or a few centimeters for photoacoustics
in soft tissue and much worse if the opaque skull is left intact. This is highly limiting in rodents and all but

rules out translation to humans with their larger brains.

Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a versatile and widely used imaging modality both
in the clinic and in basic research. MRI combines many of the favorable properties of radioactive and optical

imaging.

Principle. The MRI signal arises from the behavior of the magnetic moments of nuclear
spins of suitable atoms in the sample, most commonly 'H which is abundant in tissues. Importantly, the
chemical environment of these atoms modulates their magnetic behavior, giving rise to contrast. While a
complete theoretical account of MRI principles requires a quantum mechanical treatment, a simplified
description can be given as follows. In a typical MRI experiment, a strong magnetic field Bo is applied to
the specimen which aligns nuclear spins in the sample longitudinally in the field. Then, a brief
radiofrequency (RF) pulse is applied at an appropriate resonant frequency (the Larmor frequency), causing

the alignment of nuclear spins to flip 90 degrees into a transverse plane relative to By upon absorption of
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the provided RF energy. After the RF pulse ends, the nuclear spins can relax to lower-energy states in two
ways: the excited spins can lose their transverse alignment with each other, causing net transverse
magnetization to relax to zero with a characteristic time constant 72; and they return to their longitudinally
aligned equilibrium state under By with relaxation time 7;. Both types of relaxation occur simultaneously,
although T; relaxation is usually faster. Pure 7, relaxation results from spin-spin interactions among excited
protons, while T>* relaxation arises from the convolution of T> relaxation and the effect of local
inhomogeneities in the magnetic field, giving rise to faster loss of phase coherence in the transverse plane.

As protons return to their equilibrium alignment with Bo, they engage in a rotating motion
(precession) which induces a current in the coils of the MRI apparatus. This current is the recorded signal,
and it is computationally processed to reconstruct an image. Spatial differences in this signal, and hence
image contrast, can result from local differences in proton density; from tissue-specific differences in
relaxation times; and from differences in water mobility. Since tissues vary in chemical composition and

water diffusivity, MRI without extrinsic probes can be used to obtain structural anatomical images.

Probes. MRI contrast agents can be used to enhance the contrast between tissue
components of interest, to visualize functional features of tissue such as metabolite accumulation or
transport phenomena, or to act as specific probes for molecular imaging. MRI contrast agents can be
classified into different categories based on the mechanism through which they modulate the MRI signal'’:
(1) T; agents which chiefly affect T}, (2) T> agents which chiefly affect 7>, (3) chemical exchange saturation
transfer (CEST) agents which exchange protons with the solvent'®, and (4) heteronuclear agents requiring
MRI at substantially different Larmor frequencies, including compounds based on °F and hyperpolarized
3C or Xe. Since MRI contrast can be modulated in a variety of ways, including changes in the
electrochemical environment of atomic nuclei and (for proton MRI) changes in solvent access to a contrast
agent moiety, MRI contrast can be modulated by a wide variety of molecular strategies, enabling flexibility
and ingenuity in the design of molecular imaging probes. Different classes of molecular MRI probes will
be discussed more comprehensively in subsequent sections.

12



Exemplary applications in the brain. The most prominent application of MRI in
neuroscience is blood-oxygenation level dependent (BOLD) functional MRI (fMRI)**. Hemoglobin is
abundant in blood, and when deoxygenated, its iron center is in a paramagnetic state and acts as an MRI
contrast agent. Since neuronal activity exacts a high metabolic cost and oxygen consumption, neuronal
firing causes the dilation of the local microvasculature and an increase in local bloodflow, a phenomenon
known as neurovascular coupling. This has been exploited to infer brain activity patterns from BOLD MRI
tomographs and applied to the mapping of brain regions for sensory perception, aversion and reward, and
somewhat more speculative ascriptions of higher cognitive functions to specific brain regions in animals
and humans. Manganese (Mn?*) has been used as an MRI contrast agent due to its tendency to accumulate
in active neurons?’. More recently, molecular MRI contrast agents based on engineered metalloproteins

have been used in the brains of live animals to visualize neurotransmitter dynamics during stimulation®'.

Advantages and limitations. MRI1 combines several attributes which render it an excellent
candidate for molecular brain imaging: It offers (1) the versatility of optical probes because a wide range
of biochemical mechanisms such as binding, conformational changes, and catalytic conversion can be
linked to a modulation of MRI contrast by a contrast agent, unlike the continual signaling of radioprobes;
(2) limitless depth of penetration just like radionuclide probes and unlike optical probes, because biological
tissues are permeable to radio waves; (3) excellent resolution on the order of 10-100 micron spatially and
seconds temporally, comparable to optical probes and 1-2 orders of magnitude better than PET probes; (4)
a general lack of toxicity enabling human longitudinal studies, unlike radiotracers; and (5) mature and
widely available scanner technology and algorithms for image reconstruction and annotation. The single
most critical drawback of MRI as a modality which has so far restricted its broad use for molecular brain
imaging (despite a proliferation of probe designs) is the low sensitivity of the method to molecular probes,

requiring a concentration on the order of 10-100 uM of a contrast agent.
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Imaging probes for molecular MRI and the challenge of sensitivity

Imaging probes for molecular MRI are contrast agents which modulate the MRI signal
strength in response to specific molecular and cellular events, such as ligand binding, enzymatic conversion,

transport between physiological compartments, or gene expression.

Criteria for an ideal molecular MRI probe

A probe for molecular MRI should be designed so as to harness the advantages of the
modality, including whole-organ coverage, unlimited penetration depth, high spatial resolution on the sub-
mm scale, high temporal resolution on the scale of seconds, and lack of toxicity; and specifically recognize
a molecular or cellular event of biological or medical interest to trigger a change in MRI contrast. In
addition, an ideal probe design should allow for robust and minimally invasive delivery to the site of
interest, allow application both in basic research in animals and for human clinical translation, and enable
unambiguous and quantitative interpretation of the resulting data. Finally, an ideal probe design is versatile
so that many different biomolecular events can in principle be detected, modular so that probe variants for
different analytes of interest can be created easily without lengthy ad-hoc re-engineering, and allows for

simple, robust, and inexpensive production of the probe.

Existing molecular MRI probes and the challenge of sensitivity

The development of molecular imaging probes for MRI is an active field and progress in

it has been extensively reviewed>!"*>2,

14



Single-metal probes. Molecular probes in which a ligand-binding moiety modulates MRI
contrast from a gadolinium chelate (for example, in a small molecular calcium sensor**>) or from a
metalloprotein (for example, in neurotransmitter sensors based on bacterial cytochromes?') contain a single
metal ion that modulates the MRI contrast of solvent protons and therefore require concentrations on the
order of 100 uM in vivo for appreciable contrast changes. While it is a highly significant development that
these probes have been used for the realtime recording of chemical signaling in the brain noninvasively and
with good spatial resolution using MRI, the high concentration requirement necessitated delivery by
intracranial injection, a highly invasive process. Further problems associated with this high concentration
requirement include sequestration of the analyte and hence interference with ghe biomolecular process under
study; exacerbated toxicity, for example due to leaching of gadolinium?®®; and consequently, no possibility
of clinical translation. Several approaches have been developed to address the challenge of sensitivity in

molecular MRI, but none of them are fully satisfactory.

Mineralized nanoparticles. In one class of approaches, probes are used with many MRI-
active atoms per probe molecule. For example, superparamagnetic iron oxide (SPIO) nanoparticles’
typically contain thousands of iron atoms and can be detected at concentrations in the low pM range for
iron and hence a low nM range for the nanoparticles. SPIO nanoparticles have been used as labels for cell
tracking®® and for affinity labeling of vascular targets, and have been developed into aggregation-based
molecular sensors for calcium®. However, the large size of SPIO nanoparticles of typically 30-100 nm
impedes delivery to non-exposed target sites. Furthermore, the mechanism of aggregation-based sensors is
concentration-dependent and may require delivery of relatively large amounts. The delivery problem of
SPIO-based sensors can be partially addressed with a protein-based, genetically encodable variant in the
form of ferritin, an iron-storage protein on the basis of which molecular MRI sensors have been developed™®.

However, this approach only circumvents the delivery problem when used in genetically modified animals
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and does not generalize to clinical applications nor to the detection of extracellular analytes, and its

robustness in mammalian cells has yet to be demonstrated.

CEST probes. CEST MRI agents are analogous to mineralized iron particles in that they
utilize many MRI-active atoms per molecule of probe. CEST agents based on proteins can have thousands
of protons available for exchange’!. However, the versatility of CEST-based agents for a wide range of
neurobiological analytes of interest has yet to be shown and high expression levels are still required, since

sensitivity is inherently lower than for relaxation agents.

Hyperpolarized heteronuclei. Finally, hyperpolarized nuclei such as '*Xe have been
incorporated into molecular MRI probes™, but their short half-lives mean that complex strategies are

required for delivery, ruling out multiple observations over time, and limiting the versatility of such probes.

Conclusion. Despite the great effort and creativity expanded to establish the imaging tools
above, it bears repeating that there are no molecular MRI probes in widespread use today which function
at nanomolar concentrations, can be delivered noninvasively, and can be readily engineered to detect a
variety of neurobiologically or clinically important molecular events'’. The invention of molecular MRI
techniques which remove or circumvent the sensitivity limit of existing agents while also fulfilling the other
criteria of good probes (including versatility and ease of engineering and usage) therefore remains an

important and unsolved problem.

Molecular imaging with engineered hemodynamic responses

Instead of trying to synthesize exogenous MRI contrast agents with improved sensitivity,

we sought to altogether decouple the high concentration requirement for MRI detection from the

16



concentration requirement for the molecular probe, by perturbing an abundant biological source of

endogenous multimodal contrast.
Blood as a contrast agent for MRI

Deoxyhemoglobin, but not oxyhemoglobin, is paramagnetic and causes a darkening of the
T->*-weighted proton MRI signal, which can be exploited for blood oxygenation level-dependent (BOLD)
functional MRI'. Neuronal signaling activity leads to a large acute demand for metabolic energy, causing
(1) oxygen consumption and (2) local vasodilation and increased bloodflow, which overcompensates for
the increase in oxygen demand. Consequently, neuronal activity in a certain brain region both increases the
local blood volume and thus the concentration of total hemoglobin, and increases oxygenation.. These
changes in the concentration of deoxyhemoglobin are reflected in changes of the BOLD MRI signal, which

has been widely exploited in neuroscience for functional imaging of brain activity>.
Characteristics of the BOLD response

Despite this complex relationship, a net effect can typically be observed in MRI wherein
the T>*-weighted signal dips briefly following neuronal activation (indicating an increased contribution
from deoxyhemoglobin) followed by a rise in the signal which lasts several seconds*. The typical
magnitude of the BOLD MRI signal change is several percent, or an order of magnitude greater than typical
noise fluctuations. This is enabled by the high concentration of hemoglobin of around 10 mM in blood and
100-300 pM in total brain tissue (assuming 1-3% cerebral blood volume®), making it an abundant
endogenous contrast source. The spatial resolution is potentially constrained by three factors: imaging
resolution, spatial extent of neuronal activity (i.e. what is the smallest spatial unit of brain tissue which is

activated at a given time), and the spatial scale of cerebral vascularization. Cerebral vascularization is fine-
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grained with roughly one microvessel per each individual neuron and a mean distance from the nearest
bloodvessel of 15 um at any point in the murine cortex. While changes in bloodflow are not independent
among connected vessels, leading to a practical limit on spatial resolution worse than the average distance
between capillaries, these length scales are nonetheless much below the typical imaging resolution of

hundreds of micrometers.

A concept for linking vasodilation to specific molecular events

The main drawback of BOLD fMRI for neuroscientific investigation and medical use is its
lack of specificity and the consequent difficulty in interpreting the observed signal changes. For basic
neuroscience, for example, it would typically be desirable to know what subpopulations of neurons are
active in a given situation and through which neurotransmitter pathways they communicate. Such

molecular-level information cannot be obtained with BOLD fMRI currently.

We envisioned a novel concept for molecular imaging which takes advantage of the
favorable spatial resolution, temporal resolution, signal-to-noise ratio, and the endogenous nature of the
contrast agent characteristic of BOLD MRI, but which links the signal change to a specific molecular event
of interest. In this concept, the neurovascular coupling underlying the endogenous BOLD MRI effect would
be pharmacologically inhibited; a molecular sensor would be introduced which has been engineered to
detect the molecular event of interest and in response, to cause dilation of the local microvasculature and a
consequent change in bloodflow; and the resulting MRI signal changes would be recorded as a measure of
the molecular event of interest. One potential platform for engineering such vasoactive imaging agents
could be to start with vasodilatory peptides which act with low nanomolar potency (see next section) and
to bring the toolbox of protein engineering to bear on them in order to create a wide variety of molecular

SENSors.
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Molecular imaging with engineered bloodflow according to this concept would have

several important advantages over existing molecular imaging techniques:

1.

Versatility and ease of engineering of sensors for a wide range of neurobiologically
and medically interesting analytes, due to the ability to use protein engineering
approaches;

Unlimited depth of penetration and whole-brain coverage through the optically
opaque skull;

Molecular specificity for an event or analyte of interest unattainable by current
fMRI;

Sensitivity in the low nanomolar range, due to (a) decoupling of the concentration
requirement for the probe from the concentration requirement for MRI detection,
(b) the use of blood hemoglobin as an abundant endogenous source of imaging
contrast, and (c) the use of highly potent vasoactive species as probes;

No need for invasive delivery as high sensitivity could enable in situ expression of
such peptide-based probes in genetically engineered animals or delivery of

peripherally injected probes across the blood-brain barrier (BBB).

Strategy for implementation using vasoactive neuropeptides

Neuropeptide signaling is ubiquitous in the brain and the periphery, occurs on timescales

of seconds to minutes and on length scales from vesicular release to receptor binding of micrometers, acts

through G protein-coupled receptors (GPCRs) of Class B, and can occur among neurons or other cell types,

including vascular endothelial cells (VECs) and vascular smooth muscle cells (VSMCs)¥.
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The calcitonin-gene related peptide (CGRP) is the most potent known human vasodilatory
neuropeptide®®*. Endogenous CGRP occurs as two closely-related 37 residue isoforms that act on widely
expressed RAMP1/CLR receptor heterodimers to induce dilation of intracerebral arterioles with a half-
effective concentration (ECso) below 10 nM*. The vasodilatory activity of CGRP results from its action on
receptors expressed on the surface of VSMCs. Upon binding of CGRP, these receptors activate adenylate
cyclase, leading to an increase in cyclic AMP (cAMP) and a decrease in cytosolic calcium in the smooth

muscle cells, which in turn lead these cells to relax and allow the microvasculature to dilate.

CGRP is an attractive platform for implementing vasoactive molecular imaging agents.
The potency of CGRP suggests that the vascular action of nanomolar concentrations should be detectable
using well-established MRI protocols and pulse sequences used for BOLD fMRI, and that CGRP can
therefore act as an MRI imaging agent with 3 to 4 orders of magnitude better sensitivity than conventional
MRI contrast agents. Since CGRP is a peptide and exerts its action through a known cell surface receptor,
variants of CGRP can be engineered using the toolkit of protein engineering, manufactured recombinantly
or using solid-state peptide synthesis, and evaluated using a range of common cell-based activity assays in
vitro. Furthermore, the large body of biomolecular engineering work implementing modulation of ligand-
receptor interactions by small molecules, by protein ligands, by enzymes, or by cell-level molecular
phenomena suggests that it should be possible to link modulation of the activity of vasoactive peptides to a
wide range of neurobiologically and clinically relevant molecular phenomena, ensuring the versatile
potential of the method. Finally, since CGRP effects vasodilation through a pathway independent of the
major signaling pathways which underlie neurovascular coupling in BOLD fMRI*, it might be possible to

modulate them independently to achieve deconvolution.
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Objective and organization of this document

The objective of this dissertation is thus to establish highly sensitive molecular imaging
with engineered physiological responses such as vasodilation as a conceptually unprecedented technique
for specific biomolecular and cellular measurement in intact organisms.

The experimental strategy chosen to achieve the above objective is to engineer variants of
vasoactive neuropeptides which can locally modulate cerebral bloodflow by acting on VSMCs in a manner
that is responsive to, and thus reports, biomolecular events of interest.

To that end, experimental evidence is presented in the next several chapters for the

following specific claims:

1. That the fundamental concept of molecular imaging with vasoactive probes is
feasible; that molecular sensors for specific biomoleculark analytes of interest, such
as proteases, can be engineered on the basis of vasoactive peptides; and that their
action can be imaged by MRI;

2. That the nanomolar sensitivity of vasoactive probes enables their functional
expression in situ, for example as genetic reporters for cell tracking;

3. That vasoactive probes can be engineered which retain their nanomolar potency
and engineerability when fused to well-characterized antibodies which act as
molecular shuttles for delivery across the blood-brain barrier, making such probes

potentially compatible with molecular imaging after minimally invasive delivery.

In a final chapter, a discussion is offered of the experimental achievements, the limitations,
and future work to be done in establishing this imaging method and its applications in neuroscience and in

biomedicine.
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Fig. 1-1: Example of a bioengineered protein-based molecular MRI probe used to record
neurotransmitter release dynamics in rat brains in vivo.

(A) The probe (PDB 4DUF). The heme domain of the bacterial cytochrome P450-BM3 contains heme
as a prosthetic group (shown in red in the center of the structure). A pocket in the immediate vicinity
of the heme group has been engineered by directed evolution to reversibly bind a variety of ligands,
including the neurotransmitters dopamine and serotonin. The specificity and affinity of these
binding interactions have been tuned. Ligand binding modulates the 7; MRI contrast due to the iron
center in the heme, rendering this protein a molecular probe for MRI.

(B) Imaging neurotransmitter release in vivo. This is an exemplary in vivo application of BM3h-9D7,
a dopamine sensor based on the heme domain of P450-BM3. The probe was intracranially injected
at a concentration of 500 pM and used to record second-scale dynamics of dopamine release in a
distal brain region upon electrical stimulation of the medial forebrain bundle. Reproduced with
permission from Lee et al. 2014°',

22



oxygenated deoxygenated
(diamagnetic) (paramagnetic)
c D
— Raw
RMS
— BOLD
— Stim

ADC units
UOREINPOW JUBD Jad

Fig. 1-2: Blood oxygenation level-dependent functional MRI.

(A) Hemoglobin acts as an MRI contrast agent. Oxygenated hemoglobin, with molecular oxygen bound
at the iron inside its heme group, is diamagnetic while deoxygenated hemoglobin is paramagnetic.

(B) The paramagnetic iron in deoxyhemoglobin creates local distortions in the applied magnetic field
around a blood vessel (shown in cross-section) which affects the relaxation of nearby water protons
and can be visualized using 7>*-weighted MRI.

(C) BOLD MRI map in the visual cortex of monkeys during visual stimulation, overlaid on an
anatomical image. In the anatomical image, the presence of a recording electrode can also be seen
in the lower left corner.

(D) Correlation between electrical neural activity and BOLD MRI signal changes during stimulation in
the setup seen in (B). Electrical spiking activity (raw data in black. root mean square of 250 ms
windows in yellow) can be seen commencing immediately upon stimulation and ending when the
stimulation ends, and BOLD MRI signal changes beginning 2-3 seconds after the start of
stimulation and peaking 10-20 seconds after the onset of stimulation. This illustrates the utility of
BOLD MRI for functional neuroimaging, although molecular specificity is lacking.

(B) and (C) reproduced with permission from Logothetis et al. 2001*.
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Fig. 1-3: CGRP is a potent vasoactive neuropeptide.

(A) The primary sequence of the alpha isoform of human CGRP. Key features include the disulfide
ring near the N-terminus, a region that is essential for receptor activation, and the C-terminal amide
which is involved in making contact to the receptor.

(B) The mechanism of CGRP-mediated vasodilation. CGRP activates its heterodimeric receptor, a
Class B GPCR. on the surface of vascular smooth muscle cells. This activates adenylate cyclase to
produce cAMP, and elevated cAMP levels cause dephosporylation of myosin and relax the vascular
muscle, allowing dilation of the blood vessel and an increase in bloodflow. This mechanism could
be hijacked to engineer changes in bloodflow.
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Caged neuropeptides as vasoactive molecular imaging probes for
protease activity

Abstract

In vivo imaging techniques are powerful tools for evaluating brain biology. Relating image
signals to precise molecular phenomena can be challenging, however, due to limitations of existing optical,
magnetic, and radioactive imaging probes. We demonstrate a concept for molecular-level neuroimaging
which bypasses the need for conventional imaging agents by selectively manipulating potent endogenous
contrast afforded by the cerebral vasculature. Variants of the calcitonin gene-related peptide (CGRP) 38
artificially actuate vasodilation pathways and induce contrast changes that are readily measured by optical
and magnetic resonance imaging. CGRP-based agents induce effects at nanomolar concentrations in deep
tissue and can be engineered into switchable analyte-dependent forms suitable for molecular imaging. Such
artificial physiological interventions therefore provide a versatile means for high sensitivity analysis of

molecular events in living organisms.

Introduction

The combination of chemical probes with noninvasive imaging-based detection uniquely
enables molecular and cellular phenomena to be mapped across large regions of the living brain. Molecular
neuroimaging applications range from basic neurobiological investigations to clinical evaluation of
neurological diseases, inflammation, and cancer. Current molecular imaging approaches are limited by the
available forms of imaging probes, however. Radioactive probes are detected with subnanomolar sensitivity
but generally poor spatial resolution by positron emission tomography (PET) and single photon computed
tomography (SPECT). Radiotracers cannot be switched on and off, which increases their toxicity, rules out

biosensing approaches, and limits most dynamic measurements to pharmacokinetic time scales on the order
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of minutes. Existing probes for dynamic molecular magnetic resonance imaging (MRI) can be imaged in
animal brains at submillimeter resolution ', but are difficult to detect with sensitivity appropriate for most

biological targets of interest, in the nanomolar range "

. Although techniques such as nuclear
hyperpolarization ** have been proposed to boost the sensitivity of MRI probe detection, these approaches
are complex and have so far proved limited for neuroimaging applications. Ultrasound and diffuse optical
molecular neuroimaging techniques are in earlier stages of development, and also require effective probes
for applications in brain tissue *%,

We sought to establish a molecular neuroimaging paradigm that bypasses limitations of
existing imaging agents by manipulating a strong endogenous biological contrast source rather than
employing exogenous agents that are themselves directly measured. The cerebral vasculature is one of the
most potent endogenous contrast sources available to neuroimaging modalities. Changes in cerebral blood
volume, flow, or oxygenation are robustly detectable by MRI, optical, and ultrasound-based noninvasive
imaging, as well as by PET, SPECT, and X-ray imaging performed in conjunction with intravascular
tracers. The vasculature permeates the entire brain, such that the mean distance from any point to a blood
vessel in murine cortex is about 13 pm *. Vascular hemodynamic changes can be evoked by a variety of
chemical species, many of which act at nanomolar concentrations. We therefore reasoned that a strategy
for “hijacking” vascular physiology to report on specific molecular events of interest by means of
engineered chemical messengers could provide a sensitive and minimally disruptive new platform for
molecular neuroimaging.

To demonstrate this approach, we chose to engineer calcitonin gene-related peptide
(CGRP), the most potent known human vasodilatory peptide*. Endogenous CGRP occurs as two closely-
related 37 residue isoforms that act on widely expressed RAMP1/CLR receptor hetero-dimers to induce
dilation of intracerebral arterioles with a half-effective concentration (ECsp) below 10 nM 3840 This
suggests that CGRP variants should be capable of artificially inducing equivalents to the well-known blood

oxygen level dependent (BOLD) MRI response !° that constitutes the basis of most functional brain imaging



experiments (Fig. 1A). Molecular imaging of arbitrary analytes could be possible if activation of an initially

blocked or caged CGRP analog could be coupled to presence of the analyte (Fig. 1B).

Results

To determine the feasibility of imaging the action of CGRP, we first characterized in vivo
vasodilation effects of wild-type human alpha-isoform CGRP (wtCGRP) in the rat brain using optical
imaging and MRI. Optical imaging via a cranial window (Fig. 2A) permitted direct visualization of the
dilation of rat cortical surface blood vessels upon topical infusion of wtCGRP (0.3 mL, 50 nM). Dilation
of macroscopic vessels was quantified as percent change in vascular diameter (Fig. 2B red bar and Fig. 2C
top panel), and apparent parenchymal microcapillary blood volume changes were tracked by optical signal
intensity change in a region of interest (Fig. 2B black box and Fig. 2C bottom). Significant changes in
macroscopic vessel diameter (9.5 + 2.4% dilation, #-test p < 10, n = 5) and microcapillary bed reflectance
(8.0 + 2.8% intensity change, p < 107", n = 5) were observed (Fig. 2C), thus demonstrating that CGRP-
induced responses are amenable to in vivo optical imaging.

We investigated the ability of wtCGRP to induce contrast detectable by noninvasive imag-
ing in deep brain regions by acquiring MRI scans during intracranial infusion of 100 nM wtCGRP in
artificial cerebrospinal fluid (aCSF). Injections of wtCGRP or vehicle control at 0.1 ul./min were performed
through cannulae bilaterally implanted in arbitrarily selected thalamic regions of live rat brains, and MRI
data were acquired using weighting parameters suitable for detecting BOLD contrast (Fig. 2D). Voxels
clustered around the sites of wtCGRP injection showed substantial signal changes that were significantly
correlated with a 10 minute infusion epoch (corrected p < 0.05), whereas no voxels near control injection
sites showed significant correlation. Data from six animals revealed mean peak MRI signal changes of 5.3
+ 0.9% during wtCGRP injection, compared with changes of 1.2 + 0.1% during injection of aCSF alone;

the difference between wtCGRP and vehicle was highly significant (p = 0.001). Time courses of mean MRI
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signal changes observed during infusion were consistent with the optical imaging data and indicated that
wtCGRP is not rapidly removed or degraded in brain tissue (Fig. S1A). Hemodynamic contrast provided
sufficient resolution to monitor convective spread of the imaging agent from the site of infusion (Fig. S1B).
To dissociate wtCGRP-induced image contrast from hemodynamic effects evoked via pathways associated
with neural activity, we performed wtCGRP infusion in the presence or absence of neuronal nitric oxide
synthase (nNOS) inhibition, which has previously been shown to reduce neural stimulation-evoked BOLD
signals by over 60% *°. MRI response profiles and amplitudes (Fig. 2E) evoked by wtCGRP, before and
after an intravenous injection of the nNOS inhibitor N-Nitro-L-Arginine Methyl Ester (L-NAME; 50 mg/kg)
* were statistically indistinguishable (p > 0.05). These results demonstrate that wtCGRP can be used to
engineer substantial and specific image contrast changes in deep brain, at concentrations about 1,000-fold
lower than those at which conventional MRI contrast agents produce equivalent effects 7.

To perform molecular imaging of biochemical targets using CGRP-mediated contrast, we
developed an analyte-dependent uncaging scheme as shown in Fig. 1B. We focused on detection of
proteases, which are important as drug targets, diagnostic biomarkers, and bases for biotechnological
applications such as cell signaling and prodrug activation *’8. Since proteases are subject to extensive
posttranslational regulation, it is often important to measure their activity rather than their abundance *,
thus necessitating enzymatically-sensitive probes per se. To rapidly evaluate candidate CGRP-based
protease activity sensors, we developed an in vitro bioassay for CGRP receptor activation in cultured cells
(Fig. S2). Cells used for the bioassay were engineered to co-express the RAMP1/CLR complex in
conjunction with a bioluminescent reporter sensitive to RAMP1/CLR-mediated cyclic adenosine
monophosphate (cCAMP) production, such that effective receptor activation leads to luminescence signals
readily detected in a microtiter plate reader. Measurements using this system indicated an ECs for receptor
activation by wtCGRP of 48 pM [95% confidence interval (CI) 37-63 pM], which was 2.5- to 14-fold
impaired by N-terminal extensions of one to three residues (Fig. S3). C-terminal ex-tension of wtCGRP by
addition of a glycine residue in contrast resulted in a much higher ECsp of 2.5 nM (CI 2.1-3.1 nM), and
substitution of the C-terminal amide of wtCGRP by a carboxylate reduced potency of the peptide by a factor
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of ~250. These findings are consistent with earlier studies of terminal modifications of CGRP *°. The
relatively modest effects of N-terminal modifications to wtCGRP suggested that protease sensors might
best be formed by fusing blocking domains via protease cleavage sites to the N-terminus of CGRP, so that
cleavage products could recover vasodilation activity close to the wild type variant.

Guided by these findings, we designed candidate vasoactive sensors for a number of
proteases relevant to biotechnology (Fig. 3A). Targets included fibroblast activation protein (FAP), a cell
surface-bound collagenase and cancer biomarker *' which removes the dipeptide AP from the N-terminus
of polypeptides; TEV protease and enterokinase (EK), both well-studied endopeptidases that are absent in
the central nervous system and could therefore be used as bio-orthogonal markers for transgenesis or cell
tracking *>°3; and caspase-3 (CASP3), another endopeptidase and cytosolic apoptosis actuator that can be
released following apoptosis and secondary necrosis > and serve as a prognostic indicator during cancer
treatments 3>, FAP and CASP3 have been targeted by previous optical > or MRI ¢! probes, but
improvements in sensitivity for deep tis-sue detection would be valuable. CGRP constructs targeted toward
these proteases and incorporating AP repeats, green fluorescent protein (GFP), or biotin as blocking
domains were produced in E. coli or by solid phase peptide synthesis.

We used our in vitro bioassay to identify protease sensor candidates which displayed
minimal activity prior to cleavage and high potency after enzyme treatment. We found that uncleaved
recombinant sensors of the format GFP-(cleavable linker)-CGRP-G were completely inactive as CGRP
receptor agonists even at concentrations of 10 uM (Fig. 3B and Fig. S4). After 2 h incubation with their
cognate proteases (TEV, EK, or CASP3), the constructs were largely cleaved and elicited bioluminescence
in RAMP1/CLR reporter cells with apparent ECs values from ~0.4-1.0 pM. Amidated synthetic CGRP-
based substrates for FAP and CASP3 regained much higher levels of potency following cleavage, with ECsp
values for FAP of 16 pM (CI 13-20 pM) and for CASP3 of 42 pM (CI 38-46 pM). These constructs were
less effectively inactivated by blocking domains prior to cleavage however, with ECso values of 114 pM
(CI 112-116 pM) and 5.7 nM (CI 5.2-6.4 nM) for FAP and CASP3, respectively. Effective conditions for
protease sensing by each of the CGRP constructs could be identified based on the shift in ECsp values
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measured in the bioassay upon cleavage, indicating that each of the candidates could po-tentially function
as a molecular imaging probe for protease activity in vivo. Because the optimum protease sensitivity and
post-cleavage potency was displayed by the biotin-(CASP3 site)-CGRP construct, this variant was selected
for further studies in animals.

To demonstrate hemodynamic imaging-based detection of CASP3 probe activation, we
again used the intracranial injection procedure of Fig. 2C. CASP3 sensor aliquots (100 nM) were injected
at 0.1 pL/min for 10 minutes in the presence or absence of CASP3 enzyme (2.3 ng/uL) in paired injections
into rat thalamus. MRI scans acquired with BOLD contrast weighting revealed clusters of voxels for which
significant correlation between the injected sensor and the image signal (corrected p < 0.05) was observed
in the presence but not the absence of the co-injected protease. The mean MRI peak signal change observed
during sensor/CASP3 coinjection was 7.0 + 0.9%, whereas the peak signal change observed in the absence
of CASP3 was only 1.6 + 0.5%; this difference was highly significant, with r-test p = 0.02. These results
demonstrate that CGRP-based molecular sensors can elicit analyte-dependent engineered hemodynamic
contrast changes detectable by noninvasive imaging in deep brain regions. The volumes over which probe-
dependent responses were observed, as well as experience with conventional MRI contrast agent
injections®', suggest that CGRP variants were diluted approximately tenfold from 100 nM levels in the
infusion cannulae to effective concentrations near 10 nM in the brain parenchyma. The magnitude of

observed MRI changes elicited by these probe levels suggests that substantially lower CGRP concentrations

would also be detectable in the brain.

Discussion

Our data show that engineered hemodynamic signals provide a sensitive, analyte-
responsive alternative to established molecular imaging approaches. By manipulating an endogenous
physiological property, this strategy avoids the need for directly detected imaging agents. Required

concentrations of vasoactive molecules approach the low tracer doses used in nuclear imaging techniques
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like fluorodeoxyglucose PET ¢, and unlike radiotracers, CGRP derivatives are activatable by molecular
targets, intrinsically less hazardous, detectable at higher spatiotemporal resolution, and compatible with
multiple imaging modalities. The minimal amounts of CGRP-related species required for engineered
hemodynamic imaging are likely to be conducive to noninvasive brain delivery strategies , as well as to
endogenous expression in genetically modified cells or organisms. A possible drawback of CGRP-based
probes involves the action of CGRP in migraine *°, but migraine-related effects seem to require interaction
with the trigeminal nerve specifically ®, and are unlikely to be exhibited by targeted probes prior to
unblocking by analytes.

Engineered hemodynamic responses suitable for neuroimaging applications could also be
elicited by alternatives to CGRP, such as molecular interventions in nitric oxide, cyclooxygenase, and
norepinephrine-mediated vasodilation and vasoconstriction pathways. More broadly, the idea of
engineering artificial physiological effects to report on latent molecular-level phenomena could generalize
beyond the brain to many tissues and organs, as well as to biological variables in addition to control of
blood flow, such as endothermia, secretion, or autonomic responses. Molecular imaging with engineered
physiology therefore represents a versatile paradigm for biological experimentation and diagnostic

medicine, as well as a basis for extension of synthetic biology concepts to organismic scale.

Materials and Methods

Animal procedures. All animal procedures were conducted in accordance with National

Institutes of Health guidelines and with the approval of the MIT Committee on Animal Care.

Optical imaging of exposed cortex.  Optical imaging experiments were performed
using Sprague-Dawley rats (300400 g; Charles River, Wilmington, MA). To probe the impact of wild-
type a-isoform calcitonin gene related peptide (WtCGRP) on vascular diameter and parenchymal blood

volume in vivo, we measured the effects of topical application to the primary somatosensory cortex (SI) of
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rats. Animals (n = 5) were initially anesthetized with isoflurane (3% in 50:50 air:O, mixture for induction;
1% for mainteﬂance). Breathing rate and end-tidal expired isoflurane (V9004 Capnograph Series, Surgivet,
Waukesha, WI) were continuously monitored during the imaging experiment. The animals were positioned
on the surgical stereotax and the isoflurane anesthesia was maintained at 1% during imaging. During the
surgical and imaging procedures, animals were maintained at approximately 37 °C core temperature using
a heating blanket.

The preparation for optical imaging is diagrammed in Fig. 2A. A craniotomy (diameter of
~5 mm in rats) and durotomy were performed over primary somatosensory cortex (SI) of each animal, and
the cortex was protected with Kwik-Cast silicone elastomer sealant (WP, Sarasota, FL). An imaging
chamber was then attached with dental cement and the elastomer was removed. The imaging chamber was
custom made using a 1 cm diameter plastic ring (McMaster-Carr, Elmhurst, IL) with a base cut to match
the skull topography over each rat’s SI region. To facilitate WtCGRP perfusion at a constant rate, holes for
fluid inlet, outlet, and pressure regulation were drilled in the wall of this chamber, through which blunted
18-gauge stainless steel needles were attached and sealed using superglue. The pressure in the imaging
chamber was regulated by a small vertical tube whose height could be adjusted. Inflow and outflow were
controlled using two separate syringe pumps (Harvard Apparatus, Holliston, MA) that were operated at the
same rate (1.8 mL/hr). The volume of the imaging chamber was approximately 0.3 mL, and this chamber
was filled with artificial cerebral spinal fluid (aCSF; Harvard Apparatus, Holliston, MA) and sealed with a
cover glass.

A charge-coupled device camera (Prosilica GC, Allied Vision, Newburyport, MA)
attached to a dissection microscope (Stemi SV11 M2 Bio, Carl Zeiss AG, Oberkochen, Germany) was used
to image the cortical surface at a frame rate of approximately 4 Hz. Illumination was regulated using a
xenon arc lamp. A green band-pass filter (550 +/- 25 nm) was used to provide optimal vascular contrast. A
50 oM wtCGRP (human o-CGRP, Sigma-Aldrich, St. Louis, MO) solution was prepared in ACSF for each
imaging experiment. To establish imaging baselines, aCSF alone was continuously infused (1.8 mL/hr)

through the inlet port for 5 minutes prior to wtCGRP infusion; images were acquired continuously
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throughout. Fluid was extracted from the imaging chamber through the outlet port at an equal rate, in order
to maintain a constant pressure. A microfluidic switch designed to minimize propulsion impact and delay
with 12 pul. dead space was used at the end of the baseline period to switch the infusion from aCSF to 50
nM wtCGRP in aCSF solution. 0.3 mL total of this material was perfused at the rate of 1.8 mL/hr. Impact
of wtCGRP on the diameter of a cerebral artery (red bar, Fig 2B) and on parenchyn;al blood volume (black
rectangle, Fig 2B) was quantified using ImageJ %. Image signal intensity in a region without discernable
blood vessels was used as an indicator of parenchymal volume changes. Statistical analysis of all

measurements was performed in Matlab (Mathworks, Natick, MA).

Magnetic resonance imaging (MRI). Fourteen Sprague-Dawley rats were used for in vivo
MRI experiments. Prior to MRI experiments, rats underwent surgery under isoflurane anesthesia, and
bilateral cannula guides (22 gauge, Plastics One, Roanoke, VA) were implanted over an arbitrarily chosen
deep brain target, the ventral posterolateral nucleus of the thalamus (VPL; 3 mm lateral to midline, 4 mm
posterior to bregma, and a depth of 5 mm from the cortical surface). A head post was also attached atop
their skulls using dental cement (C&B Metabond, Parkell, Inc., Edgewood, NY), during this surgery.
Cannula guides were sealed with dummy cannulas to avoid exposure of brain tissue during the recovery
period. Further experiments were performed after three or more days of post-operative care. Immediately
prior to each experiment, two injection cannulae (28 gauge, Plastics One, Roanoke, VA) were attached to
25 pL Hamilton glass syringes and prefilled with the appropriate intracranial injection solution (aCSF,
wtCGRP, cleaved or uncleaved CGRP-based sensors). Cannulae were then lowered into the bilateral
cannula guides previously implanted into VPL. The Hamilton syringes were then placed in a remote
infuse/withdraw dual syringe pump (PHD 22/2000; Harvard Apparatus, Holliston, MA).

Animals were scanned by MRI to measure the changes in hemodynamic contrast following
intracranial CGRP probe or control injections. Data were acquired on a 7 T 20 cm inner diameter, horizontal
bore magnet (Bruker BioSpin MRI GmbH, Ettlingen, Germany). Home-built and commercial (Insight
Neuroimaging Systems, Worcester, MA) radiofrequency (RF) coils designed for rat brain imaging were
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used for excitation and detection. During imaging experiments, animals were anesthetized with isoflurane
(3% in oxygen for induction; 1% for maintenance). Breathing rate and end-tidal expired isoflurane were
continuously monitored. Anesthetized animals were attached via their head posts to a head holder designed
to fit within the RF coil systems. Animals with their RF coils were inserted into the magnet bore and locked
in a position such that the head of the animal was at the center of the magnet bore.

High resolution T>-weighted anatomical scans of each animal were obtained using a rapid
acquisition with relaxation enhancement (RARE) pulse sequence with echo time (TE) = 44 ms, recycle time
(TR) = 2500 ms, RARE factor = 8, spatial resolution = 100 pm x 100 pm x 500 pum, and matrix size = 128
x 128 with 7 slices. Hemodynamic contrast image series were acquired using a gradient echo echo planar
imaging (EPI) pulse sequence with TE = 34 ms, TR = 4000 ms, spatial resolution = 300 pm x 300 pm x
500 pm, and matrix size = 64 x 64 with 7 slices. To parallel the optical imaging experiments, five minutes
of baseline measurement with 4 s per image were acquired prior to probe infusion. Following this baseline
period, while continuously collecting EPI images, infusion pumps were remotely turned on to commence
intracranial injection of 1 pL aliquots of CGRP or control solutions at the rate of 0.1 pL/min through the
cannulae. For the experiments of Fig. 2D, aCSF (control) and 100 nM wtCGRP in aCSF were injected
simultaneously through the bilaterally implanted cannulas. For the experiments of Fig. 3E, CGRP-based
CASP3 sensors (100 nM) were co-injected simultaneously, either with or without comixed CASP3 enzyme
(1.15 ng/uL). For the neuronal nitric oxide synthase (nNOS) inhibition experiment of Fig. 2E, a bilateral
simultaneous injection of wtCGRP and aCSF was performed as in Fig. 2D. Then 50 mg/kg of the nNOS
inhibitor N-nitro-L-arginine methyl ester (L-NAME, Sigma-Aldrich, St. Louis, MO) was injected via the
tail vein. After waiting roughly 5 minutes after L-NAME injection, wtCGRP and aCSF injection lines were
switched, and another imaging experiment with bilateral injections was carried out to assess the effect of
CGRP on hemodynamic contrast in the presence of nNOS inhibition.

MRI data was processed and analyzed using the AFNI software package %. The AFNI
3dAllineate command was used to align each animal’s EPI dataset to the corresponding RARE anatomical
image. Each animal’s image data were then aligned to a reference MRI rat atlas ¢’. To identify voxels with
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significant increases or decreases in BOLD signal, we used the 3dDeconvolve routines in AFNI to correlate
individual or group level voxel-level signal changes with the injection epochs. For correlation analysis,
injection epochs were modeled by “box car” regressors with a single stimulus block synchronized with the
onset and offset of infusion, without delays. Activation in a region was deemed significant if a cluster of at
least four contiguous voxels displayed a raw p-value < 0.001 for positive or negative correlation between
the voxel time courses and the regressors. No significant negative correlation was observed. The cluster
size and p-value threshold were objectively chosen, based on AFNI’s AlphaSim routine, to provide a type
I error rate of 5% after correction for multiple comparisons %% this was appropriate for robust hypothesis
testing on individual voxels throughout the entire imaging volume. For visualization, group statistical maps
were overlaid on a reference anatomical image as in Fig. 2D. Time courses were obtained by averaging
MRI signal over 1.5 x 1.5 mm square regions of interest (ROIs) defined around cannula tip locations in
individual animals’ datasets. The peak percent signal change was determined by comparing signal values

during baseline and infusion conditions. Additional statistical analysis was performed in Matlab.

Plasmids. A tabulated list and sequences for all plasmids used in this study are provided
as Supplementary Information. Lentiviral helper plasmids pMD2.G (Addgene #12259, Cambridge, MA)
and psPAX2 (Addgene #12260) were gifts from Didier Trono. Plasmids pEF-ENTR A (Addgene #17427)
and pLenti X1 Zeo (Addgene #17299) were gifts from Eric Campeau™. Bacterial expression plasmids Z503,
7507, and Z508 were cloned using the Golden Gate method’' by assembling synthetic DNA sequences
(IDT, Coralville, IA) and PCR amplicons into the backbone of pEF-ENTR A. cfSGFP2 is a cysteine-free
variant of the green fluorescent protein (GFP)">. CGRP is the alpha-isoform of human CGRP. Lentiviral
plasmids were cloned using the Golden Gate method by assembling fragments for the polycistronic
expression cassettes into a variant of the pLentiX1 Zeo plasmid with its kanamycin resistance replaced by
the ampicillin resistance cassette from pUC18. Each lentiviral plasmid used in this study contains a gene of
interest followed by an internal ribosome entry site (IRES) and a selection marker comprising a fluorescent
protein, a 2A viral sequence 7, and an antibiotic resistance gene. The HA-tagged human calcitonin receptor-
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like receptor (CLR) and myc-tagged human receptor activity-modifying protein 1 (RAMP1) sequences,
together encoding the two components of human CGRP receptor, were previously functionally
characterized . The Glo22F gene encodes an engineered luciferase whose activity is modulated by cyclic
AMP (Promega, Madison, WI) 7.

Plasmids were assembled by one-pot restriction and ligation using an optimized
Golden Gate protocol. DNA fragments were obtained as double-stranded synthetic DNA gBlocks (IDT),
annealed oligonucleotides (IDT), or PCR products and either used directly or subcloned into a backbone
with different antibiotic resistance. For each fragment, 40 fmol were added to a reaction containing 0.7 pL
highly concentrated (HC) T4 ligase (Promega), 1X ligase buffer, 0.3 uL. Bsal (NEB), and 1X bovine serum
albumin (New England Biolabs, Ipswich, MA) in a final volume of 10 uL. The reaction was performed in
a thermocycler using the following program: 1 x (37 °C, 5 min); 25 x (37 °C, 2 min; 16 °C; 5 min); 1 x
(50C, 5 min; 80 °C, 5 min); hold at 4 °C. The reaction product (2 pL) was transformed into chemically
competent E. coli (E. cloni 10G, Lucigen Corp.). DNA preparations from kanamycin-resistant clones were
screened by restriction digest and verified by sequencing (Genewiz).

Lentiviral plasmids C504, C505, and C512 were cloned as above, verified, and
then re-transformed into Stbl3 cells (New England Biolabs) for plasmid production. Liquid cultures were

grown in 50 mL LB and DNA was extracted by midi-prep (Qiagen, Valencia, VA).

Mammalian cell culture. HEK293FT cells were purchased from Life Technologies
(Grand Island, NY) and cultured in 90% DMEM medium, supplemented with 2 mM glutamine, 10% fetal
bovine serum (FBS), 100 units/mL penicillin, and 100 pg/mL streptomycin. Cells were frozen in freezing

medium composed of 50% unsupplemented DMEM, 40% FBS, and 10% dimethylsulfoxide.

Lentivirus production. HEK293FT cells were seeded into 6-well plates at 1 million
cells/well and transfected using Lipofectamine 2000 (Life Technologies, Grand Island, NY) according to
instructions at sub-confluence. Co-transfection of 0.5 ug pMD2.G, 1 pug psPAX?2, and 1 pug of the lentiviral
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plasmid of interest was performed with 6.25 uL. Lipofectamine 2000 reagent. Virus-containing supernatant
was collected after 48 and 72 hours, filtered through 0.45 um filters, and used for infection without further

concentration. Supernatants were stored at 4 °C for up to a week.

Lentiviral infection and cell line generation. HEK293FT cells were seeded into 24-well
plates at 40,000 cells/well (final) in the presence of 4 pg/mL Polybrene in 50% fresh medium and 50% viral
supernatants containing between one and three different viruses. The medium was replaced with fresh viral
supernatants daily for two days (infection with single virus) or four days (triple infection). Selection was
performed using both antibiotic resistance and fluorescent markers for each lentivirus. Beginning on day 3
after initial infection, appropriate antibiotics (blasticidin at 10 pg/mL, puromycin at 1 pg/mL, hygromycin
at 250 pg/mL, or combinations; all from Life Technologies) were added to the medium for selection and
selection was continued until all cells expressed the appropriate fluorescent markers. Selection was then

discontinued, cells were expanded and aliquots were frozen down.

Luminescent cAMP assay for CGRP receptor activation. The GloSensor cAMP assay
> (Promega) was used to measure cAMP generation upon CGRP receptor activation in real time.
HEK293FT reporter cells were virally transduced with an engineered luciferase whose activity is subject
to fast allosteric modulation by cytosolic cAMP. We generated one HEK293FT cell line carrying only the
lentiviral construct encoding the engineered luciferase (negative control) and another cell line carrying three
lentiviral expression constructs, encoding the engineered luciferase and the two components of the
heterodimeric CGRP receptor (CGRP reporter cell line); see Fig. S2.

On day 0, 10,000 cells / well were seeded in 100 uL. DMEM + 10% FBS in white opaque
clear-bottom 96-well plates (Costar #3610, Coppell, TX). On day 1 or 2, the medium was removed from
the wells and replaced with 90 pL/well of Gibco CO»-independent medium (Life Technologies) + 10%
FBS containing 1% v/v of cAMP GloSensor substrate stock solution (Promega). The cells were incubated
in substrate-containing medium at 37 °C in 5% CO. for at least 2 h (maximally 8 h). Prior to the
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luminescence bioassay, cells were removed from the cell culture incubator and equilibrated to room
temperature and atmospheric CO: for 30 min. Then, a pre-addition read was performed for 10 min to
establish a baseline for luminescence. Compounds and reaction products to be tested were quickly added
in 10 pL volume per well at 10x of the desired final concentration using a multichannel pipet. A 30 min
time resolved readout of luminescence was then performed post-addition with time points every 60 or 90 s,
and the time course was examined to confirm a plateau in the signal after 10-15 min, persisting at least
through the 25 min time point. All further data analysis was performed on the basis of the luminescence

intensity at the 15 min post-addition time point.

Bioassay data analysis. Data analysis was performed with a custom Python program.
Unless stated otherwise, luminescence intensities at minute 15 were normalized within each microplate to
0.0 = blank signal from reporter cells with buffer added and 1.0 = signal from reporter cells with 100 nM
of wild-type synthetic human alpha CGRP (Sigma) added. Triplicate wells were grouped and the mean and
standard deviation for each compound concentration were plotted and used for weighted least squares

regression. Dose-response curves were fit to a four-parameter Hill equation of the following form:

(b—a)x™
xm+(10k)"

y=a

x is the concentration of CGRP or equivalent, y is the luminescence reading, a and b are

baseline constants, & is the logarithm of the ECso value, and » is the effective Hill coefficient. Fitting was
performed by weighted nonlinear least-squares regression with the Levenberg-Marquardt algorithm as
implemented in the leastsq module from the Scientific Python library. For dose-response curves that did
not reach a plateau over the examined concentration range, the values of the asymptotes were constrained
to a = mean value of blank and & = mean value of 100 nM wtCGRP and only n and ECs, were allowed to

vary. For curves that never left the baseline (maximum activity < 10% of activity of 100 nM wtCGRP), no
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attempt was made to determine an exact value of ECso. Standard errors for log(ECsp) values were computed
using the delta method and converted to asymptotic 95% confidence intervals (CI values noted in the text)

for ECsp and log(ECso).

Reporter validation. Forskolin, wtCGRP, and [8-37]CGRP were purchased from
Sigma-Aldrich and used in bioassays as described above. To determine whether CGRP responses were
specifically mediated by RAMP1 and CLR, two HEK293FT cell lines were used, one expressing the
Glo22F cAMP-responsive luciferase only and the other also expressing the RAMP1:CLR CGRP receptor
heterodimer. All luminescence values were normalized from zero to one using baseline values obtained
from buffer only or addition of 100 uM forskolin on the same respective cell line. In a separate experiment,
CGRP dose-response curves were obtained in the presence of [8-37JCGRP on reporter cells expressing
RAMP1 and CLR. [8-37]CGRP is an N-terminally truncated CGRP variant that acts as a competitive
inhibitor of CGRP agonist activity and is expected to shift CGRP dose-response curves to the right. Here,

luminescence data were normalized between values obtained for buffer only and 100 nM CGRP only.

Peptide synthesis. CGRP-like peptides were made by solid-state synthesis at the MIT
Koch Institute Biopolymers lab, oxidatively cyclized, and purified by high performance liquid
chromatography (HPLC). Identity and purity were confirmed by matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) mass spectrometry and analytical HPL.C. After lyophilization, the
peptides were weighed, dissolved in water or 50% dimethylsulfoxide, and quantified rigorously using a
fluorescent microplate assay (FluoroProfile, Sigma-Aldrich) with CGRP from Sigma-Aldrich as a
concentration standard. The peptide solutions were then adjusted to a stock concentration of 100 uM and

stored at -20 °C.

Expression, refolding, and purification of GFP-CGRP fusions. GFP-CGRP fusions
were expressed from a T7 promoter upon induction with 0.4 mM isopropyl 3-D-1-thiogalactopyranoside in
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E. coli BL21 cells (New England Biolabs). Cells were grown in 50 mL LB medium at 37 °C to an optical
density at 600 nm of 0.4-0.6, induced, and expression was allowed to proceed for 3-5 h at 37 °C. Cell pellets
were collected, lysed with BugBuster (EMD Millipore, Billerica, MA), and processed for inclusion body
(IB) preparation according to the manufacturer’s instructions. IBs were dissolved in 5 mL denaturation
buffer (6 M guanidinium HCIl, 20 mM dithiothreitol, 50 mM Tris-HCl, pH 7.5) overnight and the
absorbance at 280 nm (Axs0) was measured. Extinction coefficients at 280 nm (£2s0) and molar masses (MW)
were computationally predicted from the amino acid sequence [sensor (2): €28 = 26,980 cm™ M, MW =
33,174 Da; sensor (3): €280 = 25,700 cm M, MW = 32,911 Da; sensor (4): €250 = 25,700 cm” M}, MW =
32,780 Da]. From these values and the measured 280 nm absorbances, concentrations were then calculated
and adjusted to 0.5 mg/mL for refolding. Refolding was performed by dialysis of 40 mL denatured protein
solution against refolding buffer (100 mM NaCl, 20 mM Tris-HCI, pH 7.5). Insoluble material was removed
from the refolded solution by centrifugation (16,000g for 20 min) and the supernatant containing soluble
protein was concentrated to a volume of 3-4 mL. The fusion protein was isolated by Strepll affinity
purification using 1 mL StrepTactin agarose resin (Qiagen) with refolding buffer as wash buffer. Elution
buffer additionally contained 2.5 mM desthiobiotin. Fractions containing the bulk of eluted protein (as
judged by green color) were pooled, buffer exchanged into storage buffer (identical to refolding buffer)
using NAP-10 size exclusion columns (GE Healthcare), and concentrated with spin columns. Axg values
were determined and concentrations of the stock solutions were adjusted to 100 pM using predicted
extinction coefficients and molar masses. Purity and identity of the proteins were verified by sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and MALDI-TOF mass spectrometry.

Stock solutions were stored for up to two weeks at 4 °C.

Proteolytic cleavage reactions. Recombinant human fibroblast activation protein alpha
(FAP) expressed in Sf21 cells (400-600 ng/uL; Sigma-Aldrich product F7182), recombinant human
caspase-3 (CASP3) expressed in E. coli (230 ng/uL; Sigma-Aldrich product C1224), ProTEV Plus protease
(5 U/uL; Promega product V6101) and enterokinase light chain (2 ng/uL; New England Biolabs product
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P8070) were purchased from commercial sources and used at the final concentrations indicated for each
experiment. Reactions were performed by combining varying concentrations of the relevant protease and
the desired concentration of the sensor peptide or fusion protein (10x the highest desired final concentration
in the bioassay) in reaction buffer (100 mM NaCl, 20 mM Tris-HCI, pH 7.5), and incubating the mixture at
37 °C for 2 h. These conditions permitted all investigated proteases to achieve near-complete cleavage, as
indicated by our assays. For cleavage reactions followed by serial dilution and CGRP bioassays, 1% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) was included in the reaction buffer to
reduce adsorptive loss of free peptides. For cleavage mixtures used for in vivo injection, CHAPS was
omitted. The extent of cleavage was assessed in each case by SDS-PAGE for fusion proteins and by

MALDI-TOF mass spectrometry for small peptide substrates.
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Fig. 2-1. Principle of molecular neuroimaging with CGRP-induced hemodynamic responses.

(A) CGRP acts on the heterodimeric G-protein coupled receptor RAMPI/CLR (left) to induce
intracellular cAMP production, resulting in relaxation of vascular smooth muscle cells (VSMCs)
and consequent vasodilation (middle). Dilation of cerebral microvasculature induces
hemodynamic effects visible by MRI and other imaging methods (right).

(B) Design for analyte-sensitive vasoactive probes comprising CGRP fused to a labile blocking domain
via an analyte-responsive linker. Such probes can be activated by analytes that act sterically on the
sensor to unblock the CGRP moiety, e.g. by cleaving the blocking domain as shown here. This
would induce an analyte-dependent hemodynamic response and enable molecular imaging with
CGRP-based constructs.
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Fig. 2-2. Imaging artificial hemodynamic responses induce by CGRP probes in vivo.

(A) Direct effects of perfused CGRP on cerebral vasculature are assessed by optical reflectance
imaging of exposed cortex.

(B) Cortical image of a representative rat, revealing discrete blood vessels (dark) and parenchymal
tissue (light background). Scale bar = 100 pm.

(C) Time course of CGRP-induced hemodynamic changes. The CGRP infusion period is denoted by
the blue shaded lines. Top panel shows changes in the diameter of a vessel measured at the position
of the red bar in (B). Bottom panel shows mean optical signal changes in the parenchymal region
denoted by the black rectangle in (B).

(D) MRI changes observed in conjunction with intracranial injection of CGRP (100 nM) or vehicle
only (aCSF). both at 0.1 pL/min. for 10 min. Colored voxels overlaid on a grayscale anatomical
image (left) indicate the correlation strength of observed signal changes with the injection period.
Bar graph (right) indicates peak signal changes observed upon injection of CGRP or aCSF, each
averaged over corresponding injection regions in multiple animals (black boxes at left, n = 6). Scale
bar =5 mm.

(E) Dissociation of CGRP-induced artificial hemodynamic signals from nitric oxide-mediated
signaling. Left. hemodynamic responses observed by imaging before (top) or after (bottom)
intravenous infusion of the nNOS inhibitor L-NAME (50 mg/kg). Right, comparison of peak
percent signal changes observed in regions as identified on the left, without and with L-NAME and
showing no significant difference. Error bars denote SEM values (1 = 4).
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Fig. 2-3. Design and assessment of protease-activated imaging probes based on CGRP.

(A) Protease sensor designs incorporate an N-terminal blocking moiety (green), a protease cleavage
sequence (red, cleavage sites indicated by triangles), and a C-terminal CGRP moiety (blue).
Structures of five protease sensors are shown, with cognate proteases labeled in red text: (1) The
synthetic peptide AP-CGRP-amide detects dipeptidase activity of fibroblast activation protein
(FAP). (2-4) Recombinant fusion proteins comprised of cysteine-free GFP, a short linker, a
protease site, and non-amidated CGRP detect TEV protease (2), enterokinase (EK) (3), and
caspase-3 (CASP3) (4). (5) The synthetic peptide (long-chain biotin)-SG-DEVD-CGRP-amide
also detects CASP3 activity.

(B) Dose response curve for sensor (5) measured using a cell-based bioassay (Fig. S2) following
incubation with or without CASP3. Luminescence values were normalized, and error bars reflect
SD from n = 3 replicates.

(C) Log(ECso) values obtained by dose response curve measurement from sensors (1-5) incubated with
or without corresponding proteases: (1) with 5 ng/pL. of human FAP; (2) with 0.1 U/uL of TEV
protease; (3) with 2 pg/uL of EK light chain; (4) with 23 ng/uL and (5) with 11.5 ng/uL of human
CASP3. Standard errors were all less than 0.1 (n = 7).

(D) Protease sensing by CGRP-based probes measured in vitro, using probe concentrations indicated.
Error bars represent SD of n = 3 replicates.
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(E) Protease-dependent switching of 100 nM CGRP-based molecular imaging probe (5) induces
contrast differences in MRIL Left, an image showing significant hemodynamic activation in the
presence but not the absence of coadministered 1.15 ng/ul. CASP3. Right, bar graph showing peak
signal change induced by uncleaved vs. cleaved sensor (5). Error bars indicate SEM values over »
= 4 animals.
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Fig. 2-S1. Time course of MRI signal during CGRP infusion in rat brain.

(A) Time course of mean MRI signal change (black line) observed before, during (blue bar), and after

(B)

0.1 pL/min infusion of 100 nM wtCGRP into rat thalamus. Signals were averaged over six animals
in 1.5 mm square regions of interest (ROIs) positioned around the infusion cannulae tips in each
animal (cf. Fig. 2D); gray shading denotes standard errors as a function of time.

Time courses from multiple approximately concentric ROIs (diagrammed at left) were analyzed to
determine whether hemodynamic MRI has sufficient spatial resolution to monitor convection of
CGRP from the infusion site. For each ROI, the delay between the start of infusion and the
observation of statistically significant signal changes from baseline was measured (color coded
bars at right). The onset of significant signal changes increases monotonically with distance from
the cannula tip, consistent with the expected spread of the imaging agent during infusion. Times
to significance observed in peripheral ROIs (green, brown, and purple) were all significantly longer
than the time to significance observed for the innermost ROI (red, all r-tests p < 0.05).
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Fig. S2. Cell-based bioassay for CGRP activity.
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(A) Mechanism of vasodilation by CGRP. CGRP peptide binds and activates the heterodimeric CGRP
receptor (RAMPI1:CLR) on vascular smooth muscle cells (VSMCs). Activation of adenylate
cyclase (AC) results in cyclic adenosine monophosphate (¢cAMP) production that acts through
protein kinase A (PKA)-dependent and independent pathways to inhibit myosin light chain kinase

(MLCK), resulting in VSMC relaxtion and blood vessel dilation.



(B) Engineered HEK293FT reporter cells provide a readout of cAMP accumulation upon activation of
the CGRP receptor via a constitutively expressed, cAMP-responsive luciferase variant, Glo22F
(Promega) .

(C) Lentiviral transgenes used to construct the CGRP reporter cell line. Full sequences provided in
Supplementary Tables 2-S2 to 2-S6. '

(D) Fluorescence micrographs verifying expression of fluorescent reporters expressed by vectors
encoding the G1022F luciferase (C512) and the heterodimeric CGRP receptor components (C504
and C505) in cell lines transfected with constructs as noted at left. Color channels (labeled at top)
depict bright field (BF) images, H2B-Cerulean (nuclear) with bleed-through from EYFP
(cytosolic), EYFP alone, and mKate2.

(E-G) Pharmacological validation of the reporter cell line.

(E) Dose-response curve for synthetic wild-type human alpha CGRP for reporter cell line infected with
lentiviruses C504, C505, and C512 (blue) and for a cell line transfected with the cAMP reporter
vector C512 but not the CGRP receptor vectors (gray). Luminescence values were normalized to
the range evoked by buffer vs. 100 pM forskolin for each cell line.

(F) Dose-reponse curves for CGRP in absence or presence of different concentrations of the
competitive inhibitor [8-37]JCGRP, a C-terminal fragment of CGRP. Luminescence values were
normalized to the range obtained with buffer vs. 100 nM CGRP.

(G) Tabulated potencies for CGRP in the presence of different [8-37]CGRP concentrations. Standard
errors were all less than 0.1 (n =7).
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Fig. 2-S3. Impact of small terminal modifications on CGRP potency.
(A) Sequence of peptide variants. -NH, denotes an amidated C-terminus; CGRP-OH and CGRP-G
contain a regular C-terminal carboxylate. Bioassays were performed with peptides serially diluted

into water plus 0.1% CHAPS from 100 puM stock solutions in water or 50% DMSO.

(B) Dose-response curves for C-terminally modified CGRP variants. Values normalized to the range
obtained with buffer vs. 100 nM wtCGRP stimulation.

(C) Dose-response curves for N-terminally modified CGRP variants.

(D) Half maximal potencies, presented as log(ECs). determined from the dose-response data in panels
B and C. Standard errors were all less than 0.1 (n = 7).
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Fig. 2-S4. Proteolytic cleavage of candidate sensors and assessment by bioassay.

(A-E) Cleavage reaction products after incubation of 10 pM sensor with or without enzyme for 2 h at
37 °C.

(A) MALDI mass spectrum of sensor (1) after incubation with or without FAP shows near-complete
cleavage and liberation of free CGRP.

(B) SDS-PAGE analysis of sensor (2) after incubation with or without TEV protease shows substantial
but not complete cleavage.

(C) SDS-PAGE analysis of sensor (3) after incubation with different concentrations of EK light chain
shows increasing cleavage with increasing concentrations.

(D) SDS-PAGE analysis of sensor (4) after incubation with or without caspase-3 shows near-complete
cleavage.

50



(E) MALDI mass spectrum of sensor (5) after incubation with or without caspase-3 shows complete
cleavage and liberation of free CGRP.

(F-K) Dose-response curves of uncleaved and cleaved sensors in cell-based bioassay. All
measurements were normalized to blank = 0 and 100 puM wtCGRP = 1.0.

(F) Dose-response curves for Sensors (2-4) at final assay concentrations up to 10 uM (addition of 10
pL of 100 uM solution to 90 uL. medium per well in bioassay) show no receptor activation by
uncleaved GFP-linker-CGRP-G sensors even at 10-fold higher concentrations than were used in

cleavage assays (G-K).

(G-K) Dose-response curves for reaction products from (A-E).
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Supplementary Table 2-S1: Catalog of plasmids used in this study

ID Name Source

Z503 pEXPR-T7-cfSGFP2-DEVD-CGRP-G This study
2507 pEXPR-T7-cfSGFP2-DDDDK-CGRP-G This study
2508 pEXPR-T7-cfSGFP2-ENLYFQG-CGRP-G This study
C504 pLV-hEF 1a-myc-RAMP1-IRES-mKate-2A-bla This study
C505 pLV-hEF1a-HA-CALCRL-IRES-EYFP-2A-Hygro This study
C512 pLV-hEF1a-Glo22F-IRES-H2B-Cerulean-2A-puro This study
X106 pMD2.G Addgene 12259
X107 psPAX2 Addgene 12260
X108 pLenti X1 Zeo DEST (668-1) Addgene 17299
X109 pEF-ENTR A (696-6) Addgene 17427
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Supplementary Table 2-S2. Full sequence for bacterial expression plasmid Z503 (pEXPR-T7-
cfSGFP2-DEVD-CGRP-G)

color codini ke i:

Cleavable Ilnker

pBR322 origin of replication

sequence:
GCTCAGAGGATCGAGATCTCGATCCCGCGARATTAATACGACTCACTATAGGGAGAGCCACAACGGTTTCCCTCTAGAARTAATTT
TGTTTAACTTTAAGAAGGAGATATACAT

GGTGGCTCAGGTGATGAAGTAGAT

GGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAA
CTATATCCGGATATCCACAGGACGGAGGTAGCTCTGGCCCGTGTCTCAAARTCTCTGATGTTACATTGCACAAGATAAARAATATAT
CATCATGAARCAATAAAACTGTCTGCTTACATAAACAGTAATACARGGGGTGTT,

CAGAATTGGTTAATTGGTTGTAACATTATTCAGATTGGGCCCCGTTCCACTGAGCGTCAGACCCCGTAGARAAGATCARAGG
ATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAARRAACCACCGCTACCAGCGGTGGTTTGTTTGCCGG
ATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAG
TTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGA
TAAGTCGTGTCTTACCGGGTTGGACTCAARGACGATAGT TACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACAC
AGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGARAGCGCCACGCTTCCCGAAGGGAGA
AAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGARACGCCTGGTATCTTTA
TAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGARAARRCGCCA
GCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGAT
AACCGTATTACCGCTAGCATGGATCTCGGGGACGTCTARCTACTARGCGAGAGTAGGGAACTGCCAGGCATCAAATAARAACGAAAG
GCCCAGTCTTCCGACTGAGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAARARTCCGCCGGGAGCGGA
TTTGRACGTTGTGAAGCAACGGCCCGGAGGGTGGCGGGCAGGACGCCCGCCATARACTGCCAGGCATCAAACTAAGCAGAAGGCCA
TCCTGACGGATGGCCTTTTTGCGTTTCTACAAACTCTTCCTGTTAGTTAGTTACTTAA

53



Supplementary Table 2-S3. DNA and amino acid sequence of cleavable linkers for all bacterial

expression plasmids

Z503 (pEXPR-T7-cfSGFP2-DEVD-CGRP-G)
Z507 (pEXPR-T7-cfSGFP2-DDDDK-CGRP-G)

Z508 (pEXPR-T7-cfSGFP2-ENLYFQG-CGRP-G)

GGTGGCTCAGGTGATGAAGTAGAT

G G 8§ G D E V D
GGTGGCTCAGGTGACGATGATGACAAG

G G S G D D D D K
GGTGGCTCAGGTGAAAACTTGTATTTCCAGGGT
G G s G E N L Y F Q G
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Supplementary Table 2-S4. Full sequence of lentiviral plasmid C504 (pLV-hEFla-myc-RAMP1-
IRES-mKate-2A-bla)

color coding key:

Transgene cassette: myc-RAMP: Human receptor-activity modifying protein 1 preceded
by the H. influenza hemagglutinin signal peptide and the c-myc
epitope

mKate2: Red fluorescent protein
2A: Autoproteolytic viral amino acid s

delta U3/ 3'LTR: HIV 3'LTR with deletion in the U3 region

pUC origin of replication
RSV / 5’LTR: Rous Sarcoma Virus / HIV 5'LTR hybrid

Central polypurine tract

sequence:
CTTTGCAGCTAATGGACCTTCTAGGTCTTGAAAGGAGT GG
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GGGACAGGTGATATCCAGCACAGTGGCGGCCGCTCGACAATC
AACCTCTGGATTACAAAATTTGTGAAAGATTGACTGGTATTCTTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTA
ATGCCTTTGTATCATGCTATTGCTTCCCGTATGGCTTTCATTTTCTCCTCCTTGTATARATCCTGGTTGCTGTCTCTTTATGAGGA
GTTGTGGCCCGTTGTCAGGCAACGTGGCGTGGTGTGCACTGTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATTGCCACCACCT
GTCAGCTCCTTTCCGGGACTTTCGCTTTCCCCCTCCCTATTGCCACGGCGGAACTCATCGCCGCCTGCCTTGCCCGCTGCTGGACA
GGGGCTCGGCTGTTGGGCACTGRACAATTCCGTGGTGTTGTCGGGGARGCTGACGTCCTTTCCATGGCTGCTCGCCTGTGTTGCCAC
CTGGATTCTGCGCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGACCTTCCTTCCCGCGGCCTGCTGCCGGCTC
TGCGGCCTCTTCCGCGTCTTCGCCTTCGCCCTCAGACGAGTCGGATCTCCCTTTGGGCCGCCTCCCCGCCTGGAATTCTGCAGATA
TCCGGTTAGTAATGAGTTTGGAATTAATTCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGGCAGGCAG
AAGTATGCAARAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGARAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCA
TGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCG
CCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTT
TTTTGGAGGCCTAGGCTTTTGCAAARAAAGCTCCCCCTGTTGACAATTAATCATCGGCATAGTATATCGGCATAGTATAATACGACAA
GGTGAGGAACTAAACCATGGCCAAGTTGACCAGTGCCGTTCCGGTGCTCACCGCGCGCGACGTCGCCGGAGCGGTCGAGTTCTGGA
CCGACCGGCTCGGGTTCTCCCGGGACTTCGTGGAGGACGACTTCGCCGGTGTGGTCCGGGACGACGTGACCCTGTTCATCAGCGCG
GTCCAGGACCAGGTGGTGCCGGACAACACCCTGGCCTGGGTGTGGGTGCGCGGCCTGGACGAGCTGTACGCCGAGTGGTCGGAGGT
CGTGTCCACGAACTTCCGGGACGCCTCCGGGCCGGCCATGACCGAGATCGGCGAGCAGCCGTGGCGGGCGGGAGTTCGCCCTGCGCG
ACCCGGCCGGCAACTGCGTGCACTTCGTGGCCGAGGAGCAGGACTGACACGTGCTACGAGATTTAAATGGTACCTTTAAGACCAAT
GACTTACAAGGCAGCTGTAGATCTTAGCCACTTT TTAAAAGAAAAGGGGGGAC

TAGTAGTTCATGTCATCTTATTATTCAGTATTTATAACTTGCAAAGARATGAATAT
CAGAGAGTGAGAGGAACTTGTTTATTGCAGCTTATAATGGTTACAARATAARGCAATAGCATCACAAATTTCACAAATAAAGCATTT
TTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGGCTCTAGCTATCCCGCCCCTAARCTCCG
CCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGACGTGTGTTTCTTAGACGT
CAGGTGGCACTTTTCGGGGARATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAARATACATTCAAATATGTATCCGCTCATGAGA

CTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATT
TAAARACTTCATTTTTAATTTAARAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCARAATCCCTTAACGTGAGTTTTCG
TTCCACTGAGCGTCAGACCCCGTAGRAAAGATCARAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCARAC
AAARBRANCCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTARCTGGCTTCAGCAGAG
CGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGARCTCTGTAGCACCGCCTACATACCTCGCT
CTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAR
GGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGC
GTGAGCTATGAGARAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGC
ACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTG
ATGCTCGTCAGGGGGGCGGAGCCTATGGAARAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTC
ACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGA
ACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCA
TTAATGCAGCTGGCACGACAGGTTTCCCGACTGGARAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGG
CACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGARACAGCTAT
GACCATGATTACGCCAAGCGCGCAATTAACCCTCACTAAAGGGAACARAAAGCTGGAGCT GChYlcioligv vvNel ey ol i uieler vy
CTCTTGTAGTCTTGCAACATGGTAACGATGAGTTAGCAACATGCCTTACARGGAGAGAAARAAGCACCGTGCATGCCGATTGGTGGA

AGTAAGGIGGTACGATCGTGCCTTATTAGGAAGGCARCAGACGGGTCTGACATGGAT TGGACGAACCACTGAAT TGCCGCATTGCA

GAGATATTGTATTTAAGTGCCTAGCTCGATACAATARACGGGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCTGGCTA

ACTAGGGAACCCACTGCTTAAGCCTCAATAARGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTCTGGTA]
NehyiNelNer:UelelohierNer Naleley iy Xepierteyfeiieier v v-vues e el teNe CCGCCCGAACAGGGACCTGARAGCGARAGGGAAAC

CAGAGCTCTCTCGACGCAGGACTCGGCTTGCTGAAGCGCGCACGGCAAGAGGCGAGGGGCGGCGACTGG

4 ARG SRBATGGGTGCGAGAGCGTCAGTATTAAGCGGGGGAGAAT TAGATCGCGATGGGARARRART
TCGGTTAAGGCCAGGGGGAAAGAAAAAATATAAATTAAAACATATAGTATGGGCAAGCAGGGAGCTAGAACGATTCGCAGTTAATC
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CTGGCCTGTTAGAAACATCAGARGGCTGTAGACAAATACTGGGACAGCTACARACCATCCCTTCAGACAGGATCAGAAGAACTTAGA
TCATTATATAATACAGTAGCAACCCTCTATTGTGTGCATCAAAGGATAGAGATAAAAGACACCAAGGAAGCTTTAGACAARGATAGA
GGAAGAGCAARACARAAGTAAGACCACCGCACAGCAAGCGGCCGCTGATCTTCAGACCTGGAGGAGGAGATATGAGGGACAATTGG
AGAAGTGAATTATATAAATATAAAGTAGTAAAAATTGAACCATTAGGAGTAGCACCCACCAAGGCAAAGAGAAGAGTGGTGCAGAG
AGAAAAAAGAGCAGTGGGAATE@@E@@;5

GATTTGGGGTTGCTCTGGAAAACTCATTTGCACCACTGCTGTGCCTTGGAATGCTAGTTGGAGTAATAAATCTCTGGAACAGATTG
GAATCACACGACCTGGATGGAGTGGGACAGAGAAATTAACARTTACACAAGCTTAATACACTCCTTAATTGAAGAATCGCARAACC
AGCAAGAAAAGAATGAACAAGAATTATTGGAATTAGATAAATGGGCAAGTTTGTGGAAT TGGTTTAACATAACAAATTGGCTGTGG
TATATARAATTATTCATAATGATAGTAGGAGGCTTGGTAGGTTTAAGAATAGTTTTTGCTGTACTTTCTATAGTGAATAGAGTTAG
GCAGGGATATTCACCATTATCGTTTCAGACCCACCTCCCAACCCCGAGGGGACCCGACAGGCCCGAAGGAATAGAAGAAGAAGGTG
GAGAGAGAGACAGAGACAGATCCATTCGATTAGTGAACGGATCTCGACGGTTAAC"

EATTCCAGTGTGGTGGAATTCTGCAGTCTGC
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Supplementary Table 2-S5. Sequence of transgene cassette for C505 (pLV-hEF1a-HA-CALCRL-
IRES-EYFP-2A-Hygro)

color coding key:
HA-CALCRL: Human calcitonin receptor-like receptor preceded by the H. influenza
hemagglutinin signal peptide and the influenza hemagglutinin antigen (HA) sequence

sequence:




Supplementary Table 2-S6. Sequence of transgene cassette for C512: pLV-hEF1a-Glo22F-IRES-
H2B-Cerulean-2A-puro

color coding key:
Glo22F: Engineered cAMP-responsive luciferase (Promega Corp.)

2A: Autoproteolytic viral amino acid sequence

sequence:
ATGCCTGGCGCAGTAGGCAAGGTGGTGCCCTTCATCGAGGCTAAGGTGGTGGACTTGGACACTGGTAAGACACTGGGTGTGAACCA
GCGCGGCGAGCTGTGCGTCCGTGGCCCCATGATCATGAGCGGCTACGTTAACAACCCCGAGGCTACAARCGCTCTCATCGACAAGG
ACGGCTGGCTGCACAGCGGCGACATCGCCTACTGGGACGAGGACGAGCACTTCTTCATCGTGGACCGGCTGAAGAGCCTGATCARA
TACARAGGGCTACCAGGTAGCCCCAGCCGAACTGGAGAGCATCCTGCTGCAACACCCCAACATCTTCGACGCCGGGGTCGCCGGCLT
GCCCGACGACGATGCCGGCGAGCTGCCCGCCGCAGTCGTCGTGCTGGAACACGGTARARCCATGACCGAGARGGAGATCGTGGACT
ATGTGGCCAGCCAGGTTACAACCGCCAAGRAAGCTGCGCGGTGGTGTTGTGTTAGTGGACGAGGTGCCTAAAGGACTGACCGGCAAG
TTGGACGCCCGCAAGATCCGCGAGATTCTCATTAAGGCCAAGAAGGGATCCAATTGGGATTCTGGGTGCTCCAGAGAAGGTATGTA
TGAAARGCTTTATTGAGTCACTGCCATTCCTTARATCTTTGGAGTTTTCTGCACGCCTGARAGTAGTAGATGTGATAGGCACCARAG
TATACAACGATGGAGAACAAATCATTGCTCAGGGAGATTCGGCTGATTCTTTTTTCATTATTGAATCTGGAGAAGTGARARATTACT
ATGAAAAGAAAGGGTAAATCAGAAGTGGAAGAGAATGGTGCAGTAGARATCGCTCGATGCTCGCGGGGACAGTACTTTGGAGAGCT
TGCCCTGGTAACTAACAAACCTCGAGCAGCTTCTGCCCACGCCATTGGGACTGTCAAATGTTTAGCAATGGATGTGCAAGCATTTG
ARAGGCTTCTGGGACCTTGCATGGARATTATGARARAGGAACATCGCTACCTATGAAGAACAGTTAGTTGCCCTGTATGGAACGAAL
ATGGATATTGTAGCCAARAACATTAAGAAGGGCCCAGCGCCATTCTACCCACTCGAAGACGGGACCGCCGGCGAGCAGCTGCACAR
AGCCATGAAGCGCTACGCCCTGGTGCCCGGCACCATCGCCTTTACCGACGCACATATCGAGGTGGACATTACCTACGCCGAGTACT
TCGAGATGAGCGTTCGGCTGGCAGAAGCTATGARGCGCTATGGGCTGAATACAAACCATCGGATCGTGGTGTGCAGCGAGAATAGC
TTGCAGTTCTTCATGCCCGTGTTGGGTGCCCTGTTCATCGGTGTGGCTGTGGCCCCAGCTARCGACATCTACAACGAGCGCGAGCT
GCTGAACAGCATGGGCATCAGCCAGCCCACCGTCGTATTCGTGAGCARGARAAGGGCTGCAAAAGATCCTCARCGTGCAARAGAAGC
TACCGATCATACAAAAGATCATCATCATGGATAGCARGACCGACTACCAGGGCTTCCARAGCATGTACACCTTCGTGACTTCCCAT
TTGCCACCCGGCTTCAACGAGTACGACTTCGTGCCCGAGAGCTTCGACCGGGACARANCCATCGCCCTGATCATGAACAGTAGTGG
CAGTACCGGATTGCCCAAGGGCGTAGCCCTACCGCACCGCACCGCTTGTGTCCGATTCAGTCATGCCCGCGACCCCATCTTCGGCA
ACCAGATCATCCCCGACACCGCTATCCTCAGCGTGGTGCCATTTCACCACGGCTTCGGCATGTTCACCACGCTGGGCTACTTGATC
TGCGGCTTTCGGGTCGTGCTCATGTACCGCTTCGAGGAGGAGCTATTCTTGCGCAGCTTGCARGACTATARGATTCAATCTGCCCT
GCTGGTGCCCACACTATTTAGCTTCTTCGCTAAGAGCACTCTCATCGACAAGTACGACCTAAGCAACTTGCACGAGATCGCCAGCG
GCGGGGCGCCGCTCAGCARGGAGGTAGGTGAGGCCGTGGCCARACGCTTCCACCTACCAGGCATCCGCCAGGGCTACGGCCTGACA
GARACAACCAGCGCCATTCTGATCACTCCAGAAGGGGTTT.
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Vasoactive probes as genetic reporters for cell tracking by MRI

Abstract

Genetically encodable imaging agents could be used for molecular imaging in intact
animals without the need for invasive probe delivery, but previously reported genetically encodable
molecular MRI contrast agents have required too high concentrations to be useful for imaging after
expression and secretion in situ. Here we implement MRI imaging of vasoactive peptidic probes secreted
by genetically modified cells implanted in rat brains. We take advantage of the low nanomolar sensitivity
of the vasoactive imaging approach we demonstrated previously to achieve MRI tracking of xenografted
cells in vivo without exogenous contrast agents. Beyond the utility of vasoactive imaging probes as genetic
reporters for cell tracking per se, our results suggest that analyte-switchable forms of such probes could
potentially be expressed at sufficient concentrations in the brains of transgenic animals to obviate the need
for probe delivery across the blood-brain barrier and enable noninvasive longitudinal molecular imaging

studies.

Introduction

Increasing probe sensitivity and enabling delivery across the blood-brain barrier have been
identified as the two most central, related but distinct, challenges for molecular MRI in intact animals!”. In .
our previous work (Chapter 2), we have demonstrated that imaging the action of engineered vasoactive
neuropeptides requires only low nanomolar probe concentrations, or 3-4 orders of magnitude less than
previously reported protein-based molecular MRI probes?!, while retaining the advantages of polypeptides
as probes. These advantages include ease of iterative engineering by established protein engineering

methods and versatility with respect to different modes of modulation by analytes which have been widely
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implemented, for example, in switchable optical probes based on fluorescent proteins — and also the
possibility of genetic encoding and expression in situ.

Vasoactive neuropeptides such as CGRP are naturally secreted to exert their action at their
physiologically relevant concentrations, raising the possibility that the concentration needed for activity
and the concentration achievable by expression and secretion in vivo have already been brought into
harmony by evolutionary processes. Furthermore, we have previously shown that direct intracranial
injection of 100 nM solutions of CGRP (which after accounting for dilution post-injection we estimated to
correspond to effective concentrations in vivo on the order of 10 nM) elicits a strong signal change in T>-
weighted MRI, which lies within the low-to-high nanomolar concentration range typical for secreted
signaling proteins. Thus, we hypothesized that we should be able to image CGRP produced in situ.

The conceptually and experimentally simplest test of this hypothesis is the application of
CGRP as a genetic reporter for cell tracking by MRIL Radioactive probes have been used for cell tracking
and offer high sensitivity but low resolution and higher toxicity. Cell tracking in vivo by noninvasive MRI
is a promising research tool in areas such as regenerative medicine (where the descendents of engrafted
stem cells are tracked), tumor biology (where brain metastases formed from distal tumors could be assessed
early), or immunology (where homing immune cells are traced), given an imaging probe and strategy
appropriate for the specific task at hand®*32. MRI cell tracking has been used in human patients clinically
to trace implanted cells loaded exogenously with iron-rich nanoparticles®, but such “pre-loading” is limited
by loss of signal due to dilution as cells divide and by false positives from nanoparticle uptake by other
cells after the death of the engrafted cells™. Several kinds of reporter genes for cell tracking by MRI have
been reported®. Some such reporter genes are simply cell surface epitopes or enzymes which rely on an
externally administered conventional contrast agent, limiting their utility in the brain. Others achieve iron
accumulation inside the cell by overexpression of iron transporters such as TfR or of iron storage proteins
such as ferritin. However, at sufficient concentrations for facile imaging, such strategies can severely

perturb iron metabolism and cellular phenotypes”””. Finally, lysine-rich proteins (LRPs) can serve as CEST
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agents, but these are in an early stage of development and likely lack the flexibility and versatility to
engineer responsive probes beyond passive tracers’®.

We therefore endeavored to validate genetic reporters based on the vasoactive peptide
CGREP for cell tracking by MRI to extend the available repertoire of MRI reporter genes and to open up the

future possibility of in situ expression of analyte-responsive MRI probes.

Results

As an initial test of this idea, we sought to determine whether xenografted cells genetically
modified to constitutively secrete CGRP could be visualized by imaging in the rat brain, as schematized in
Fig. 3-1. Endogenous CGRP is produced by proteolytic processing of a prepro peptide and exported by
machinery common to mammalian cells. To exploit this mechanism artificially, we constructed a bicistronic
vector encoding prepro-CGRP as well as the fluorescent protein mKate linked to the ampicillin resistance
gene Bla via a self-cleaving 2A peptide (Fig. 3-2a). HEK293FT cells were transfected with this construct
or with a control vector encoding only mKate-2A-Bla and cultured on selective medium to obtain stable
lines. CGRP production was assessed by washing the cells and then performing the RAMP1/CLR activation
bioassay described previously (Chapter 2) on aliquots of growth medium withdrawn at defined time
intervals following the wash. Results were compared with a standard curve obtained with known amounts
of synthetic CGRP and demonstrated that cells expressing prepro-CGRP release an average of between
10"° and 10"'® mol CGRP per cell over a 24 hour period. Given the detection limit for CGRP below 10 nM
by MRI in rat brains, we predicted that cell densities between 10* and 10° cells/uL should be easily
detectable over analogous time periods in vivo. This is competitive with existing genetic MRI reporters for
cell tracing'” and could be further optimized if desired.

Cells expressing the prepro-CGRP/mKate-2A-Bla vector or the control vector were injected
intracranially into rat striatum and imaged at time points immediately before and one day after implantation.

Signal brightening consistent with vasodilation in the neighborhood of the CGRP cell injection, but not the
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control injection, was discernable by simple visual inspéction of T»-weighted MRI scans obtained at the 24
hour time point (Fig. 3-2b). Quantitative analysis of the signal change observed between day 0 and day 1
(Fig. 3-2c) revealed an average of 23 + 3% signal change induced in the region of CGRP-expressing cells
and an average of 7 + 2% signal change induced near control cells; this difference was highly significant
(t-test p = 0.01, n = 5), demonstrated specific detection of the CGRP expression construct. The larger
magnitude of observed signal change, compared with effects of acute CGRP injection (Chapter 2), may
reflect a greater extent of affected tissue. Importantly, the region of MRI signal enhancement observed in
individual animals corresponded closely to the distribution of transplanted prepro-CGRP-expressing cells,
as indicated by post-mortem histological analysis of mKate fluorescence after MRI procedures (Fig. 3-3).
Injected control cells displayed robust mKate expression in the absence of MRI enhancements, and neither

test nor control injections resulted in gross tissue disruption or evidence of toxicity (Fig. 3-3).

Discussion

Our results allow us to confirm the utility of CGRP as a genetic tool for cell monitoring in
the brain. Importantly, applications can be envisioned which combine genetic control of vasoprobes with
analyte-switchable behavior to probe both internal cell state and the extracellular biochemical context of
genetically specified cell populations, a key problem in the field”’. Depending on the needs of the specific
experimental applications, one can envision the use of constitutively expressing, cell-type specific, or
inducible promoters, and of constitutively active, ligand-responsive, or otherwise biologically modulated
vasoactive peptides.

Important caveats include the need for further evaluation of safety and possible crosstatk
with endogenous signaling. While we saw no evidence of histological abnormalities or other pathologies
in rats implanted with CGRP-expressing cells, longer studies and examination of biological functions
immediately relevant to a particular class of research problem (e.g. regenerative therapy, immunology,

cancer, etc.) will be required to validate the routine use of such reporters. Potential crosstalk with
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endogenous signaling includes both the misidentification of endogenous changes in vascular tone as tracked
cells, and the perturbation of endogenous neuropeptide signaling by secretion of the probe. Both toxicity
and crosstalk could be mitigated by either using an inducible promoter so that the reporter gene would lie
dormant until activated or by use of an analyte-switchable form of the reporter gene, which would be
constitutively expressed and secreted but only become active in the presence of a biorthogonal, BBB-
permeable small molecule.

Furthermore, it must be noted that RARE MRI is not commonly used for imaging
hemodynamics, and is not as strongly 7>*-weighted as the more typical EPI protocol. Therefore, it will be
necessary to investigate more carefully what the basis for the CGRP-dependent signal change which we
observed really is. Beside blood oxygenation and blood volume, it is possible that fluid accumulation could
lead to a brightening of the RARE signal. While histology did not indicate any tissue abnormalities, a more
extensive investigation into possible edema could be warranted.

Despite these objectives for future work, with have validated with our results to date the
utility of CGRP as an MRI reporter gene for cell tracking in principle and open up the possibility of

endogenous expression of switchable probes based on CGRP without the need of trans-BBB delivery.

Materials and methods

Most general laboratory methods including cloning, cell culture, and animal care were

performed as in Chapter 2. The following methods are new or different in the study in this chapter.

MRI of implanted cells
High resolution 7>-weighted anatomical scans of each of animal (n = 5) were obtained
using a RARE pulse sequence with TE = 44 ms, recycle time (TR) = 2500 ms, RARE factor = 8, spatial

resolution = 100 ym x 100 pm x 1000 pm, and matrix size = 128 x 128 with 7 slices before injecting
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HEK293FT cells (day 0). After an initial scan, 3 pL of the cell suspension solution (~100,000 cells/uL)
was intracranially injected in CPu (CGRP-expressing cells in left hemisphere and control cells in the right
hemisphere) at the rate of 0.1 pL/min. Animals were taken out from the scanner, recovered form anesthesia,
and returned to their home cages.

Animals were reimaged 24 hours after the cell injection (day 1) using the same scan
parameters as applied before the cell injection. To quantify the signal change in the T>-weighted MRI
images, day 0 and day 1 datasets were registered with each other using the 3dAllineate routine in AFNL
For visualization, maps of percent signal change on day 1 compared to day O were then arithmetically
computed and a map of average changes was overlaid in color over a grayscale anatomical image.
Thresholds for display were chosen based on signal changes observed outside the regions of cell injection.
Quantification of the percent signal change on day 1 compared to day 0 was performed within 1.5 x 1.5
mm square regions of interest (white squares in Fig. 3-2d) defined around the sites of CGRP or control cell

injection.

Histology

After MRI cell tracking experiments, animals were transcardially perfused with phosphate
buffered saline (PBS) followed by 4% formaldehyde in PBS. Brains were extracted, post-fixed overnight
at 4 °C, and then cryoprotected in 30% sucrose for 24-48 h before sectioning. Free-floating sections (50
pm) were cut using a vibratome (Leica VT1200 S, Leica Microsystems Gmbh, Wetzlar, Germany),
mounted on glass slides with Vectashield mounting medium with DAPI (Vector Laboratories, Burlingame,
CA) and protected with a coverslip. The distribution of injected HEK293FT cells was indicated by red

fluorescence due to mKate2 reporter expression in both CGRP-producing and control cells.

In vitro bioassay for CGRP secretion
Gelatin-coated 6-well tissue culture plates were seeded with 10° HEK293FT cells per well
carrying a lentiviral transgene (either C503 prepro-CGRP or C501 control) on day 1. On day 2, each well
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was covered by approximately 2 x 10° confluent, contact-inhibited cells. The medium was aspirated, the
cell layers were washed twice with fresh medium, and 2 mL fresh medium were added. Aliquots of the
culture supernatant (100 pL.) were taken immediately and again after 24 hours (on day 3). To quantify the
CGRP-like bioactivity in the culture supernatants, 10 uL. of each sample was added to bioassay wells
containing 90 pL. CO»-independent medium, in triplicate. As a positive control and reference standard,
known dilutions of synthetic wtCGRP (Sigma) were prepared in culture medium + 0.1 % CHAPS and
added at the same 1:10 dilution. Culture medium alone served as the buffer-only control.

CGRP secretion (in mol per cell per day) was calculated from the CGRP bioactivity in the
culture supernatant (in nM) by assuming 2 x 10° in 2 mL medium, or 10° cells/L and therefore multiplying
the measured concentration by 10° (nM/M) x 10° (cells/L). The required concentration of cells (in cells/pL)
for in vivo detection was calculated by assuming a need for 10 nM CGRP (10 mol/L. = 10"'* mol/uL) per

day by the quantity of secreted CGRP (in mol per day) per cell.

Preparation of cells for in vivo implantation

HEK?293FT cells carrying a C503 prepro-CGRP or a C501 control lentiviral expression
cassette were seeded at 50% confluence (7.5 x 10° cells per plate) in 10 cm cell culture plates and grown to
confluence overnight. The next day, the cell layer was washed twice with fresh medium, aspirated, and
scraped. The total volume was adjusted to 150 pL with fresh medium for a density of 10° cells/uL and
pipetted up and down to break up clumps until a homogenous cell suspension was obtained. Dispersion and

integrity of cells was confirmed by brightfield microscopy.
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Figures and tables

hemodynamic

‘ r’.m‘l sl

Fig. 3-1: Concept for using CGRP as a genetic reporter for cell tracking.

A genetic construct encoding prepro-CGRP is introduced into cells of interest, and the amino acid sequence
it encodes fully directs the posttranslational processing and constitutive secretion of mature CGRP peptide.
The constant release of CGRP from such cells after implantation into the brain then allows for cell tracking
by imaging vasodilation without administration of an exogenous imaging agent.
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Fig. 3-2: Application of CGRP as a genetically expressed vasoactive reporter.

(a)

(b)

()

(d)

(e)

Lentiviral vectors were used for expression of prepro-CGRP or a control construct. Top: probe
vector controlled by the hEFla promoter, encoding human prepro-CGRP (prepro-hCGRPa), an
internal ribosome entry site (IRES), and the red fluorescent protein mKate2 joined by a self-
cleaving viral 2A peptide to the blasticidin selection marker (Bla). Bottom: control vector lacking
prepro-hCGRPa and the IRES sequence. Full sequences are given in the Supplementary Tables.

In vitro demonstration of substantial CGRP release from transfected HEK293FT cells.
RAMPI/CLR activation by aliquots of purified CGRP peptide (light blue) or supernatants from
cultured cells expressing control (gray) and prepro-CGRP (dark blue) lentiviral constructs was
measured using the bioassay of Supplementary Fig. 2. Cell supernatants were assayed at 0 h and
24 h after an initial washing, and all samples were assayed at 10-fold dilution.

In vivo detection of implanted HEK293FT cells producing CGRP in rat brains. A representative 7>
weighted MRI scan obtained 24 h after striatal injection of 3 x 10° CGRP-producing or control cells
(labels above) shows discernable signal enhancement consistent with probe-induced vasodilation
in the CGRP injection region (dashed box) but not near the control injection site opposite.

Left: group-averaged map (left) displaying percent signal change (%SC, color scale) observed
between 0 h and 24 h after cell implantation, averaged over five animals. Right: mean %SC in the
square regions of interest superimposed on the image.

Correspondence of MRI signal change (left, color scale as in d) measured in vive and mKate
expression (right, red superimposed over a bright field image) visualized postmortem in a
representative animal. The field of view corresponds to the rectangular box in panel c. Scale bar =
2 mm.
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a MRI mKate2

Fig. 3-3. MRI and histological signals from injected control cells.

(a) Comparison of MRI (left) and optical microscopy (right) images of a field of view near injection
of control HEK293FT cells in an individual animal, paralleling the data in main text Fig. 3-2e. The
MRI scan shows no colored voxels overlaid on the grayscale anatomical image because MR1 signal
changes over 10% were not observed within a day of control cell implantation; this is in contrast to
MRI results from CGRP-expressing cells in Fig. 3-2e. The histological image shows a bright field
grayscale image, with mKate fluorescence in red overlaid to indicate the distribution of injected
cells. Scale bar =2 mm.

(b) Close-ups of bright field images in the neighborhood of cell implantation on CGRP-expressing
(left) and control cell (right) injection sites in a representative animal, showing normal patch-matrix
striatal structural organization on both sides. The field of view corresponds to the rectangular box
in panel a (right). Scale bar = 1 mm.
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Table 3-S1: Catalog of plasmids used in this study

1D

Name Source
C504 pLV-hEF1a-myc-RAMP 1-IRES-mKate-2A-bla Chapter 2
C505 pLV-hEF1a-HA-CALCRL-IRES-EYFP-2A-Hygro Chapter 2
C512 pLV-hEF1a-Glo22F-IRES-H2B-Cerulean-2A-puro Chapter 2
C501 pLV-hEF 1a-mKate-2A-bla This study
C503 pLV-hEF 1a-prepro-CGRP-IRES-mKate-2A-bla This study
X106 pMD2.G Addgene 12259
X107 psPAX2 Addgene 12260
X108 pLenti X1 Zeo DEST (668-1) Addgene 17299
X109 pEF-ENTR A (696-6) Addgene 17427
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Supplementary Table 3-S2. Full sequence of lentiviral plasmid C501 (pLV-hEFla- mKate-
2A-bla)

color coding key:
‘ H

Transgene cassette: mKate2: Red fluorescent protein
2A. Autoproteolytic viral amino acid sequence]

Psi: Lentiviral Psi packaging sequence

sequence:

CTTTGCAGCTAATGGACCTTCTAGETCTTGAAAGGACT G e

=TTGCCCTTTTTGAGTTTGGATC TTGGTTCATTCTCAAGCCTCAGACAGTGGTTCAAAGTTTTTTTC

TTCCATTTCAGGTGTCGTGAGGAATTAGCTTGGTACTAATACGACTCACTATAGCCTGGCCACC

A C R EEEASEERIAR  GGA.CAGGTGATATCCAGCACAGTGGCGGCCGCTCGACAATCAACCTCTGGATTACAAAATTTGT
GARAGATTGACTGGTATTCTTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCTTTGTATCATGCTATTGC
TTCCCGTATGGCTTTCATTTTCTCCTCCTTGTATARATCCTGGTTGCTGTCTCTTTATGAGGAGTTGTGGCCCGTTGTCAGGCAAC
GTGGCGTGGTGTGCACTGTGTTTGC TGACGCAACCCCCACTGGTTGGGGCATTGCCACCACCTGTCAGCTCCTTTCCGGGACTTTC
GCTTTCCCCCTCCCTATTGCCACGGCGGAACTCATCGCCGCCTGCCTTGCCCGCTGCTGGACAGGGGCTCGGCTGTTGGGCACTGA
CAATTCCGTGGTGTTGTCGGGGAAGCTGACGTCCTTTCCATGGCTGCTCGCCTGTGTTGCCACCTGGATTCTGCGCGGGACGTCET
TCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGACCTTCCTTCCCGCGGCCTGCTGCCGGCTCTEGCGGCCTCTTCCGCGTCTTCGE
CTTCGCCCTCAGACGAGTCGGATCTCCCTTTGGGCCGCCTCCCCGCCTGGARATTCTGCAGATATCCGGTTAGTAATGAGT TTGGAR
TTAATTCTGTGGAATGTGTGTCAGT TAGGGTGTGGAAAGTCCCCAGGCTCCCCAGGCAGGCAGAAGTATGCARAGCATGCATCTCA
ATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCARAGCATGCATCTCAATTAGTCAGCAACC
ATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTT
TATTTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCA
AAARAGCTCCCCCTGTTGACAATTAATCATCGGCATAGTATATCGGCATAGTATARTACGACAAGGTGAGGAACTAARCCATGGCCA
AGTTGACCAGTGCCGTTCCGGTGCTCACCGCGCGCGACGTCGCCGGAGCGGTCGAGT TCTGGACCGACCGGCTCGGGTTCTCCCGG
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GACTTCGTGGAGGACGACTTCGCCGGTGTGGTCCGGGACGACGTGACCCTGTTCATCAGCGCGGTCCAGGACCAGGTGGTGCCGGA
CARCACCCTGGCCTGGGTGTGGGTGCGCGGCCTGGACGAGCTGTACGCCGAGTGGTCGGAGGTCGTGTCCACGARCTTCCGGGACG
CCTCCGGGCCGGCCATGACCGAGATCGGCGAGCAGCCGTGGGGGCGGGAGT TCGCCCTGCGCGACCCGGCCGGCAACTGCGTGCAC
TTCGTGGCCGAGGAGCAGGACTGACACGTGCTACGAGATTTARATGGTACCTTTAAGACCAATGACTTACAAGGCAGCTGTAGATC

TAGTAGTTCATGTCATCTTATTATTCAGTATTTATAACTTGCAAAGAAATGAATATCAGAGAGTGAGAGGAACTTGTTT
ATTGCAGCTTATARTGGTTACARATAAAGCAATAGCATCACAAATTTCACAARATARAGCATTTTTTTCACTGCATTCTAGTTGTGG
TTTGTCCAAACTCATCAATGTATCTTATCATGTCTGGCTCTAGCTATCCCGCCCCTARCTCCGCCCAGTTCCGCCCATTCTCCGCE
CCATGGCTGACTRATTTTTTTTATTTATGCAGAGGCCGAGGCCGACGTGTGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAAT
GTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCA
ATAATATTGAAAAAGGAAGAGT Y T I'TG

CTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAAC CATTTTTAATTTARA
AGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCARAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCOGT
AGARARGATCAAAGGATCTTCTTGAGATCCTTITTTTTCTGCGCGTARTCTGCTGCTTGCARACARAAAARCCACCGCTACCAGCGG
TGGTTTGTTTGCCGGATCAAGAGCTACCARCTCT TTTTCCGARGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTT
CTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGE
TGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGRACGR
GGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGARCTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACG
CTTCCCGAAGGGAGARAGGCGGACAGGTAT CCGGTAAGCGGCAGGGT CGGAACAGGAGAGCGCACGAGGGAGCT TCCAGGGGGAAR
CGCCTGETATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTT TGTGATGCTCGTCAGGGGGGCGGAGCT
TATGGARARRCGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCC
CCTGATTCTGTGGATARCCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGARACGACCGAGCGCAGCGAGTCAGT
GAGCGAGGARGCGGARGAGCGCCCARTACGCARACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAARTGCAGCTGGCACGACAGGT
TTCCCGACTGGARAGCGGGCAGTGAGCGCARCGCARTTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATG
CTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGAT TACGCCARGCGCGT
e Sl CIC I NEI8 A N GC T TARTGTAGT C T TATGCAATACT CTTGTAGTCT TGCAACATGGT]
ARCGATGAGTTAGCAACATGCCTTACAAGGAGAGARAAAGCACCGTGCATGCCGATTGGTGGAAGTARGGTGGTACGATCGTGCC
TATTAGGAAGGCAACAGACGGETCTGACATGGATTGGACGAACCACTGARTTGCCGCATTGCAGAGATAT TGTATT TARGTGCOTA
GCTCGATACAATAAACGGGTCTCTCTGGT TAGACCAGATC TGAGCCTGGGAGCTCICTGGCTAACTAGGGAACCCACTGCTTAAGT
CTCAATAAAGCTTGCCTTGAGTGCTTCAAGTAGT GTGTGCCCEGTCTETTGTGTGACTCTGGTAACTAGAGAT CCCTCAGACCCTTT
el TV VN NS epy N Xep e C GCCCGAACAGGGACCTGAAAGCGAAAGGGARACCAGAGCTCTCTCGACGCAGGACT
CGGCTTGCTGAAGCGCGCACGGCAAGAGGCGAGGGGCGGCGACTGGTGAGTACGCCARARAT TTTGACTAGCGGAGGCTAGAAGGA
GAGAGATGGGTGCGAGAGCGTCAGTATTAAGCGGGGGAGART TAGATCGCGATGGGARARRAT TCGGT TARGGCCAGGGGGARAGA
AARAATATARATTAARACATATAGTATGGGCAAGCAGGGAGCTAGARCGATTCGCAGT TAATCCTGGCCTGTTAGARACATCAGAR
GGCTGTAGACAAATACTGGGACAGCTACAACCATCCCTTCAGACAGGATCAGARGAACTTAGATCATTATATAATACAGTAGCAAC
CCTCTATTGTGTGCATCARRGGATAGAGATAARAGACACCAAGGAAGCTTTAGACAAGATAGAGGARGAGCARAAACARRAGTARGA
CCACCGCACAGCARGCGGCCGCTGATCTTCAGACCTGGAGGAGGAGATATGAGGGACAATTGGAGAAGT GAATTATATARATATAA
AGTAGTARAARTTGRACCATTAGGAGTAGC CCCACCAAGGCAAAGAGAAGAGTGGTGCAGAGAGAAAAAAGAGCAGTGGGAAT&G

- \ ? A Em@ﬁTGGGGATTTGGGGTTGCTCTGGAAAAC
TCATTTGCACCACTGCTGTGCCTTGGAATGCTAGTTGGAGTAATAAATCTCTGGAACAGATTGGAATCACACGACCTGGATGGAGT
GGGACAGAGAAATTAACAATTACACAAGCTTAATACACTCCTTAATTGAAGAATCGCARRACCAGCAAGARAAGAATGAACAAGAA
TTATTGGAATTAGATAAATGGGCAAGTTTGTGGAATTGGTTTAACATAACAAAT TGGCTGTGGTATATAARATTAT TCATAATGAT
AGTAGGAGGCTTGGTAGGTTTAAGAATAGT TTTTGCTGTACTTTCTATAGTGAATAGAGTTAGGCAGGGATATTCACCATTATCGT
TTCAGACCCACCTCCCAACCCCGAGGGGACCCGACAGGCCCGAAGGAATAGAAGAAGAAGGTGGAGAGAGAGACAGAGACAGATCC
ATTCGATTAGTGAACGGATCTCGACGGTTAACT“"~

T‘TTCCAGTGTGGTGGAATTCTG

CAGTCTGC
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Supplementary Table 3-S3. Sequence of transgene cassette for C503 (pLV-hEF1a-prepro-
CGRP-IRES-mKate2-2A-bla)

color coding key:
prepro-CGRP: human prepro-CGRP al

mKate2: Red fluorescent protein
2A: Autoproteolytic viral amino acid sequence

sequence:




A protein engineering platform for BBB-crossing vasoactive
imaging probes

Abstract

Molecular neuroimaging holds tremendous promise for basic research and for biomedicine,
but its utility has been limited by a lack of effective means for delivering imaging probes across the blood-
brain barrier (BBB). BBB-crossing antibodies, which use receptor-mediated transcytosis (RMT) to deliver
a fused protein or peptide across the BBB, are a rapidly maturing delivery platform that can be used to
achieve nanomolar concentrations inside the brain. We sought to establish and validate a fusion protein
architecture for highly potent molecular MRI probes based on vasoactive peptides, recently developed by
us, for brain delivery using RMT shuttles. Here, we report that maxadilan, a vasoactive peptide from sand
flies, retains low nanomolar potency when fused to several known BBB-crossing antibodies without
impairing RMT receptor binding, raising the intriguing possibility that this fusion architecture could be
used for molecular brain imaging with engineered vascular responses following minimally invasive

peripheral injection.

Introduction

The BBB presents a formidable obstacle for the delivery of therapeutic and diagnostic
agents to the brain, impeding progress in basic neuroscience and complicating drug development for CNS
disorders”%°. Delivery across the BBB is among the most important bottlenecks for widespread application
of molecular MRI probes for neuroimaging'’. Almost all large molecule drugs (and large imaging agents),

and 98% of small molecule drugs, are unable to cross the BBB™.

Two recent developments together raise the possibility of implementing an effective and

experimentally simple strategy for the brain delivery of molecular MRI probes. Firstly, we have recently
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demonstrated molecular imaging with engineered hemodynamic responses at nanomolar probe
concentrations (see Chapter 2), thus substantially lowering the concentration required for probe delivery
compared to previous molecular MRI probes. Secondly, rapid recent progress in the optimization,
mechanistic understanding, and application of BBB-crossing antibodies®*®!, including the progress of
several such constructs into human clinical trials®!, suggests that brain delivery of vasoactive imaging

probes could be feasible at the required concentrations.

Brain delivery of fusion proteins by receptor-mediated transcytosis

Some large molecules naturally cross the BBB via receptor-mediated transcytosis (RMT).
Examples include peptide hormones such as insulin or the iron transport protein transferrin. They enter the
brain by binding a specific receptor (here, the insulin receptor and the transferrin receptor (TfR),
respectively), followed by endocytosis into brain vascular endothelial cells, vesicular transport to the

basolateral membrane, and release into the brain parenchyma via exocytosis.

This process can be a hijacked for the brain delivery of macromolecules using a strategy
largely pioneered by William Pardridge and co-workers® 8!, referred to in the literature as “molecular
Trojan horse”, “RMT shuttle”, or “BBB shuttle” (see Fig. 4-1A). In this strategy, a large moiety of interest
— typically a biologic drug such as a monoclonal antibody or a replacement enzyme, or a peptide,
oligonucleotide, or even liposome — is attached to an RMT ligand, such as an anti-T{R antibody. While this
technology has been under development since at least the early 1990s, it is only recently that several key
challenges were understood and overcome, facilitating broader adoption®'. First, RMT requires fine-tuned
kinetics. The RMT ligand needs to have high enough affinity for its receptor to achieve binding and
endocytosis, but low enough affinity to allow for brain-side exocytosis and release. If affinity and avidity
are not correctly tuned, RMT shuttles may remain associated with vascular .endothelial cells and often are

targeted for lysosomal degradation rather than endosomal transport. Second, early RMT studies relied on
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analytical methods for quantifying brain delivery that tend to confound successful parenchymal felease and
sequestration inside the vascular endothelium. Autoradiography and PET /SPECT are fundamentally
unsuitable for distinguishing release and sequestration due to their insufficient spatial resolution. Capillary
depletion® is a technique that uses density gradient centrifugation to remove the endothelial fraction from
brain homogenates, but its efficiency is variable and often insufficient as evidenced by the detection of
vascular markers inside the supposed brain fraction®. Finally, microdialysis is notoriously challenging for
large protein analytes. As a consequence, for many years, the kinetic requirements for efficient RMT were
not fully appreciated; highly effective apparent brain delivery was reported in proof-of-concept studies; but

doubts were cast on the attainable delivered quantities follow-on investigations®.

Recently, several groups have shed light on the kinetic requirements for RMT, produced
improved shuttles, and measured brain delivery carefully using multiple methods. Niewoehner and
colleagues found that a monovalent RMT ligand was more effective than a bivalent ligand at facilitating
brain delivery of an anti-beta-amyloid therapeutic mAb in the mouse®. They showed efficient extravasation
of the monovalent construct and amyloid placque binding by immunohistochemistry and further saw
improved pharmacodynamic efficacy in a mouse model of Alzheimer’s. The bivalent construct was
sequestered to lysosomes. In parallel, Yu and colleagues®® showed that for an already monovalent,
bispecific anti-TfR antibody, decreasing affinity increased brain entry and pharmacological efficiency.
Stanimirovic, Farrington, and colleagues have reported efficient brain delivery of a bivalent, low-affinity
camelid single-domain antibody (sdAb) Fc fusion construct in the rat, quantifying the achieved brain
concentration in the low nM range and showing pharmacological efficacy of an attached analgesic
peptide®’. Together, these developments suggest that delivering protein agents to the brain at nanomolar
concentrations is feasible, raising the possibility of delivering vasoacﬁve imaging probes at effective

concentrations.
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It should moreover be noted that the consensus “gold standard” for measuring brain
delivery by RMT is the quantitation of pharmacodynamic responses, such as decrease of circulating beta-
amyloid in Alzheimer’s® or changes in paw withdrawal following a pain stimulus when given an analgesic
peptide®”. These measurements, while convincing, are idiosyncratic, indirect, and often experimentally
cumbersome and lengthy, suggesting that vasoactive imaging probes could not only benefit from RMT-
mediated brain delivery but could also be used to characterize and improve RMT shuttles (since vasoprobes

act on vascular smooth muscle cells and therefore only exert their action after release inside the brain).

Maxadilan as a potential new scaffold for vasoactive imaging probes

We originally demonstrated the principle of imaging with engineered hemodynamics using
probes on the human vasodilatory peptide CGRP (Chapter 2), but this peptide would be challenging to use
as part of an antibody fusion protein. Firstly, for maximal potency, CGRP must be amidated at the C-
terminus, which can be done synthetically and happens naturally during posttranslational processing in
dense core vesicles. However, the secretory path for antibodies is different, suggesting that correct
processing could be problematic. Secondly, N-terminal extensions to CGRP reduce its potency. While it
might be conceivable to work around these limitations by chemically amidating CGRP and by chemically
linking it to RMT shuttles of interest by means other than a terminal fusion, this would be cumbersome
both for the initial proof-of-concept for delivery and for routine engineering of a variety of BBB-crossing
molecular sensors in the future. Our goal was instead to establish a relatively simple architecture for a fusion
of RMT shuttle and vasoprobe that would be uncomplicated to engineer and to express recombinantly (see

example in Fig. 4-1B).

Thus, we chose the large and highly potent vasoactive peptide Maxadilan as the vasoprobe
for this study. Found in the saliva of sand flies, Maxadilan activates the PAC1 receptor®®® on vascular

smooth muscle, resulting in elevation of cAMP and dilation of the microvasculature®. Upon injection into
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the skin, Maxadilan causes erythema®. It is even more potent than CGRP, activating its receptor at
subnanomolar concentrations, and requires no amidation. Substantial variation in the Maxadilan sequence
has been observed in fly populations in the wild®!, and studies of sequence-activity relationships indicate a
relatively small number of critical residues, as well as the requirement for the central disulfide loop to be
intact, while many residues can be modified without substantial reduction in potency®®*. Since the
receptor-binding residues of Maxadilan seem clustered within its central disulfide loop (Fig.4-1C), we

conjectured that Maxadilan should be less sensitive than CGRP to the addition of terminal fusion proteins.

Results

Cell-based assay for PAC1 activation and bioactivity of Maxadilan fusions

We first developed a cell-based bioassay for PACI receptor activation by Maxadilan
variants, in analogy to the bioassay for CGRP activity in Chapter 2. Since PAC1 also acts through adenylate
cyclase, we used the same allosteric luciferase reporter as previously (Chapter 2, lentiviral plasmid C512)
and in conjunction cloned a lentiviral constructs expressing rat PAC1 (plasmid C525). As HEK293 cells
express the VIP1/2 receptors at low but functional levels and Maxadilan cross-activates VIP receptors
(albeit with lower potency), we chose CHO K1 cells as reporter cells and derived CHO cell lines transduced
with either C512 alone or C512 and also C525. We validated a modified bioassay protocol that ensures no
luciferase substrate depletion despite the higher substrate levels required for CHO cells, in which 2,500
reporter cells are seeded per microplate well (compared to 10,000 cells for HEK293 cells) and 6% Glo
substrate are used (compared to 1% for HEK293 cells).We found that human PACAP-38 (Sigma) stimulates
cAMP production in the PAC1 reporter cells fully at 0.1 nM final concentration, and we subsequently
normalized all PAC1 bioassay luminescence data to the range spanned by buffer only and 1 nM PACAP-
38 peptide.

Next, we cloned and expressed a fusion protein comprising cysteine-free GFP with an N-
terminal Strepll tag (identical to the GFP sequence used in Chapter 2 for CGRP fusions) and a previously
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reported” linker-Maxadilan construct. Expression in E. coli resulted in a mixture of inclusion bodies and
soluble protein, with some C-terminal truncation observed in the soluble fraction. We therefore purified
the inclusion bodies, refolded them using the same protocol as was used in Chapter 2 for GFP-CGRP
fusions, and purified the refolded protein using Strep purification. SDS-PAGE gel electrophoresis and
MALDI-TOF mass spectrometry confirmed highly pure, full-length protein (data not shown). The PAC1
bioassay results (Fig. 4-2) show a log(ECso) of -9.5, indicating subnanomolar potency. This is more than 4
orders of magnitude better than uncleaved GFP-CGRP-Gly fusions (Chapter 2) and compatible with the
putative low nanomolar potency requirement for detection upon BBB delivery, prompting us to explore the

potential of Maxadilan fusions to known BBB-crossing antibodies.

Bioactivity and TfR binding of OX26-Maxadilan fusions

We conjectured that BBB-crossing antibodies well-characterized for delivery to the rat
brain could serve as a useful starting point for brain delivery of vasoactive imaging probes. OX26 is a
mouse anti-rat TfR IgG2a antibody and has been widely characterized for brain delivery in the rat.
Intriguingly, in one particular early study, OX26 was chemically conjugated it to the vasointestinal peptide
(VIP), a vasodilator. OX26-VIP was shown to cause an increase in cerebral bloodflow upon peripheral
administration®. Despite concerns that a significant fraction of brain-delivered OX26 conjugates remains
inside the endothelium®, this evidence of pharmacological activity inside the brain renders OX26 a strong
candidate for BBB delivery of vasoactive imaging probes.

To characterize OX26 for Maxadilan delivery, we designed and produced several
constructs (Fig. 4-3A). First, we cloned a simple OX26 IgG from published variable domain sequences of
an OX26-derived scFv® and commercially available mouse IgG2a heavy chain and kappa light chain
sequences. We also created variants with GSIL-Maxadilan attached to the C-terminus of the light chain via

a (GlyaSer): linker with or without a thrombin (Th) site. For in vivo applications, we ultimately desire a
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construct without a thrombin site, but having the ability to cleave off maxadilan will facilitate evaluating
the effect of the large IgG fusion moiety on maxadilan potency. Finally, in order to be able to evaluate
constructs with varying avidity, we created an OX26 Fab. All constructs were expressed and secreted
correctly in the Freestyle mammalian expression system (Fig. 4-3B,C), and thrombin cleavage of OX26-
IgG-Th-Max was highly efficient (Fig. 4-3D).

Next, we evaluated the bioactivity of the OX26-maxadilan fusions against the PAC1
receptor (Fig 4-3 E-G). Both OX26-IgG-Max and OX26-IgG-Th-Max activated the receptor with
nanomolar potency (log(ECso) of -8.5 and -8.7, respectively; see Supplementary Table 4-18 for a list of all
measured potencies and 95% confidence intervals). However, this is an order of magnitude less potent than
the GFP-Max fusion with a log(ECso) of -9.5 (Fig. 4-2) and more than two orders of magnitude worse than
free maxadilan after thrombin cleavage (log(ECso) of -11.0), suggesting that a longer linker or different
fusion topology could be beneficial.

Finally, we evaluated the Vability of our constructs to bind to TfR. To this end, we
established a cell-based competition binding assay in which 9L rat glioma cells, which express TfR, are co-
incubated with biotinylated wild-type OX26 from hybridoma culture and varying concentrations of our
recombinant OX26 constructs of interest, stained with streptavidin-phycoerythrin, and assayed by flow
cytometry. Both OX26-IgG-Max and the OX26-Fab effectively competed against biotinylated OX26 for
TfR binding, and the avidity effect shifted the binding curve for the bivalent IgG by approximately two
orders of magnitude to the left (Fig. 4-3H), as expected. Thus, our fusion constructs retain TfR affinity as

well as maxadilan bioactivity.

Effect of fusion topology and linker length on maxadilan potency

As noted above, the potency of maxadilan was substantially reduced in the initial IgG
fusions. Since literature reports of brain delivery by BBB-crossing antibodies indicate attainable brain

concentrations in the low nanomolar range (based on both quantitation in brain homogenates and on
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pharmacological effects), it would be desirable to achieve subnanomolar potency in vitro, and our results
with GFP-maxadilan (Fig. 4-2) lead us to believe that this should be possible. We therefore chose to vary
liner length and fusion topology in an effort to improve the potency of antibody-maxadilan fusions.

We constructed fusions as Fabs and as IgGs, with short (Gly.Ser): and long (GlyaSer)s
linkers, and additionally examined a fusion of maxadilan to the C-terminus of the IgG heavy chain via a
long linker (Fig. 4-4A). All fusions were expressed well and were efficiently cleaved by thrombin (Fig. 4-
4B,0).

We performed PAC]1 bioassays and found improved potency for all of our new constructs
(Fig. 4-4 D.E). Both Fab constructs exhibit log(ECso) values of -9.5, irrespective of linker length and
identical to that of GFP-maxadilan. For the maxadilan fusion to the light chain of the IgG, lengthening the
linker by 10 amino acids shifted the log(ECso) value from -8.7 to -9.5, a more than 6-fold improvement in
potency. More potent still was the fusion of maxadilan to the C-terminus of the IgG heavy chain, giving a
log(ECso) of -9.7. Note that the potencies for IgG constructs were computed on a per-IgG basis; since each
IgG contains two maxadilan moieties, the log(ECso) of -9.7 for the heavy chain fusion is in close agreement
with the value of -9.5 for the Fab or for GFP-Max, indicating minimal interference with receptor access.

Finally, we investigated the SDS-PAGE band broadening observed for maxadilan fusions
of all antibody constructs in Fig. 4-3 and 4-4. This band broadening occurred toward higher-than-predicted
molecular masses and hence could not result from cleavage or truncation. After thrombin cleavage, we
observed bands with the usual sharp, narrow width, indicating that maxadilan is implicated in the
broadening. We therefore performed MALDI-TOF mass spectrometry on the cleaved samples for two
representative constructs (one Fab and one IgG) to accurately determine the mass of the maxadilan moiety
(Fig. 4-4F). We saw a clean sharp peak at precisely the predicted molecular mass, indicating that the SDS-
PAGE band broadening is likely due to conformational effects or non-covalent interactions but not due to

any covalent modification or irregularity of maxadilan.
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FC5-Fc-maxadilan fusions

In order to be able to evaluate brain entry by multiple different BBB-crossing antibodies,
we next proceeded to construct fusions of maxadilan to FC5-Fc. FCS is a brain-penetrating camelid
antibody?’ found to accumulate to nanomolar brain concentrations when used as a bivalent Fc fusion®’. FC5
was derived by functional selection and was found effective for delivery of neuropeptides at nanomolar
levels into the rat brain as confirmed by pharmacological effects as well as by post-mortem quantitation.
The bivalent fusion of FC5 to a human Fc sequence was found to work best, and we used this construct®”*8
as our starting point.

We constructed and expressed FC5-Fc alone and FC5-Fc fusions to maxadilan via a long
linker to the C-terminus of the heavy chain (Fig. 4-5A). All constructs expressed well (Fig. 4-5B) and, in
agreement with our previous results, the maxadilan fusions displayed subnanomolar potencies with
log(EC50) values of -9.8 and -9.9 (Fig. 4-5 D,E). For the thrombin-cleavable variant, we confirmed the
correct mass for the maxadilan moiety post-cleavage by MALDI-TOF mass spectrometry (Fig. 4-5F).

Thus, we now have both FC5 and OX26-based maxadilan fusions ready for evaluation of

brain entry in vivo.

Conclusions and future work

In sum, as shown in this chapter, we have developed a protein engineering platform for the
creation of vasoactive imaging probes which can potentially be delivered across the BBB. We have
established and validated cell-based bioassay for maxadilan activity, demonstrated that maxadilan can
retain sub-nanomolar potency when fused to large globular proteins including BBB-crossing antibodies,
and determined an optimal fusion topology and linker length. We now have constructs, based on both 0X26

and FC5, ready to be evaluated in vivo.
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The next logical steps beyond the scope of this dissertation will be as follows. First,
imaging of maxadilan-mediated vasodilation should be performed following intracranial injection. Second,
brain delivery of maxadilan fusions should be attempted at high peripheral concentrations (on the order of
6 mg/kg in the rat). Since the kinetics of BBB crossing, accumulation in the brain, and receptor activation
do not allow precise prediction of the expected time course of vasodilation, MRI imaging sequences and
data normalization methods may need to be optimized to best capture the expected effect. Finally, if and
when detection of brain entry by MRI has been successful in principle, the shuttles should be characterized
with respect to kinetics, dose-response relationships upon peripheral injection, and any adverse effects. In
particular attention, should be paid to any possible effects of maxadilan in the periphery.

While our fusion constructs functioned well in vitro, a major challenge to be addressed by
these in vivo experiments will be to determine whether vasoactive imaging as described here can indeed be
a robust, simple, reliable, and hence practically useful method for assessing brain entry by BBB shuttles.
One essential aspect of this will be the comparative evaluation of our method against the current gold
standard for determining brain entry, which includes a combination of immunohistology to show
extravasation, quantitation of constructs in brain homogenates, and minimally invasive measurement of
pharmacological effects. The hope for vasoactive imaging of brain entry is to provide a facile, general, and

relatively direct pharmacological measurement of brain entry.

Materials and methods

Plasmids. A tabulated list and sequences for all plasmids used in this study are provided
as Supplementary Information. Lentiviral helper plasmids pMD2.G (Addgene #12259, Cambridge, MA)
and psPAX?2 (Addgene #12260) were gifts from Didier Trono. Plasmids pEF-ENTR A (Addgene #17427)

and pLenti X1 Zeo (Addgene #17299) were gifts from Eric Campeau. Plasmid gWiz Blank was purchased
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from Genlantis (San Diego, CA). Plasmids pFUSE-CHIg-mG2a and pFUSE2-CLIg-mk were purchased
from Invivogen (San Diego, CA). Plasmid C512 was re—u§ed from Chapter 2.

DNA encoding the rat PAC1 receptor was synthesized (IDT, Coralville, IA) and plasmid
C525 was cloned using the GoldenGate method into the same backbone as C512, as described in Chapter
2. The bacterial expression plasmid 7644 was cloned as in Chapter 2, using a sequence for LVPR-GSIL-
maxadilan reported by Moro and colleagues®. Mammalian expression plasmids were cloned using
GoldenGate assembly into the gWiz Blank backbone. The sequences encoding the OX26 VL and VH
domains were takén from Li and colleagues®®. The murine IgG2a constant heavy and murine Ckappa light
sequences were from plasmids pFUSE-CHIg-mG2a and pFUSE2-CLIg-mk. Synthetic DNA encoding FC5-
Fc was ordered based on a patent by Farrington and Sisk®®, and FC5-Fc¢ plasmids were cloned using

GoldenGate.

Expression, refolding, and purification of GFP-maxadilan. GFP-maxadilan was
expressed, refolded from inclusion bodies, and Strep purified following the same protocol as GFP-CGRP
fusions in Chapter 2, and stored at 10 pM in 20 mM Tris-HCl pH 7.5, 100 mM NaCl. Purity and identity

were verified by SDS-PAGE and MALDI-TOF mass spectrometry.

Mammalian cell culture. HEK293FT cells (for lentivirus production) were cultured as
described in Chapter 2. CHO K1 cells were purchased from Sigma (St. Louis, MO) and cultured in 90%
F10 medium supplemented with 10% FBS, 100 units/mL penicillin, and 100 pg/mL streptomycin. Frozen
stocks were prepared in 95% culture medium supplemented with 5% DMSO. 9L rat glioma cells (ATCC
CRL-2200) were obtained from ATCC (Manassas, VA), cultured in 90% DMEM with 10% FBS, 100
units/mL penicillin, and 100 pg/mL streptomycin and frozen in 95% culture medium with 5% DMSO.
Freestyle 293 suspension cells were purchased from Life Technologies (Carlsbad, CA) and cultured

according to instructions.
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Antibody expression and purification. Antibody constructs were expressed in Freestyle
293 cells. For small-scale expressions (30 to 100 mL), transfections were performed with 293fectin (Life
Technologies, Carlsbad, CA) according to instructions, using 1 ug total DNA (1:1 heavy:light chain where
appropriate) and 2 pL transfection agent per 1 mL cell suspension at a density of 1 million cells per mL.
Large-scale expressions (500 mL) were performed in 2L roller bottles at 1 million cells/mL. using
polyethylene imine (PEI). Per 500 mL cell culture, 1 mL pre-warmed PEI stock (1 mg/mL) was added to 9
mL OptiPRO medium, gently mixed, and incubated for 15 min at room temperature. DNA (500 g total)
was mixed with 10 mL OptiPRO and likewise incubated. The PEI solution was added to the DNA solution
and incubated for a further 15 min, then allowed to drip into the cell suspension while swirling. Both small-
scale and large-scale expression cultures were incubated at 37°C for 8 days.

After 8 days, cultures were collected into containers and centrifuged at 10,000 g for 30
min. The supernatants were filtered using Nalgene Rapid-Flow Sterile Disposable Filter Units with PES
membrane (Thermo Fisher Scientific, Waltham, MA). IgG and Fc fusion constructs were then purified by
Protein A purification. Fab constructs were purified by His purification.

For Protein A purification, Protein A agarose and IgG elution buffer pH 2.8 (both from
Pierce, Rockford, IL) were used according to instructions for column purification in Poly-Prep 2 mL
chromatography columns (Bio-Rad, Hercules, CA). Supernatants were supplemented with 10% v/v 10X
PBS pH 7.4 before passing them through the columns. Elution was performed in 250 uL fractions into tubes
pre-filled with 25 pL. 1M Tris-HCl pH 8.5 to immediately neutralize the eluate.

For His purification, Ni-NTA resin F(Qiagen, Valencia, CA) was used according to
instructions, using 50 mM sodium phosphate pH 8.0, 300 mM NaCl, 20 mM as wash buffer and the same
with 250 mM imidazole as elution buffer.

After elution, protein-containing fractions were identified by absorbance at 280 nm,
pooled, and buffer exchanged into 1X PBS pH 7.4 using NAP10 columns (GE Healthcare, Chicago, IL).
Concentrations were determined by absorption at 280 nm using predicted values for molecular masses and
extinction coefficients, listed in Supplementary Table 4-17. Protein solutions were stored at 4°C at 10 pM.
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Lentiviral infection and cell line generation. CHO K1 cell lines were generated as
described for HEK293 cell lines in Chapter, with the following modification: Lentiviral supematants were
produced in 15 cm dishes of HEK293 cells and concentrated 100-fold using Centricon Plus-20 (20 mL)
centrifugal filter units (Millipore, Billerica, MA) with a 100 kDa cutoff for 30 min at 3,000g. CHO cells
were infected with 80 pL titers of each virus per well in 24-well plates, then selected using appropriate

antibiotics (blasticidin at 10 pg/mL, puromycin at 10 pg/mL, or combinations; all from Life Technologies).

Luminescent cAMP assay for PAC1 receptor activation. Bioassays using CHO K1
reporter cells for PAC1 were performed as described for HEK293 reporter cells for the CGRP receptor in
Chapter 2, with the following modifications: 2,500 cells were seeded per well the previous day. CO»-
independent medium containing 6% Glo substrate was used. All serial dilutions of samples were made with

0.1% CHAPS added.

Bioassay data analysis. Data were analyzed as describes in Chapter 2. Luminescence
intensities were normalized to the range spanned by buffer only and 1 nM human PACAP-38 peptide

(Sigma, St. Louis, MO).

Reporter validation. CHO K1 cells carrying the allosteric cAMP C512 only and CHO K1
cells also carrying the lentiviral transgene C525 encoding rat PAC1 receptor were both evaluated with
synthetic PACAP-38 to ensure specificity of the PACAP-38 response in the reporter cell line. The same

was done with recombinant GFP-Max instead of PACAP-38.

Thrombin cleavage reactions. Antibody constructs stored at 10 uM in 1X PBS pH 7.4
were subjected to thrombin cleavage by adding 1 pL of a 0.2 U/pL aqueous stock solution of thrombin
from bovine plasma (cat. no. T7513, Sigma, St. Louis, MO) to 50 pL antibody for a final thrombin
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concentration of 0.004 U/uL. Reactions were incubated at 37°C for 3 h and then further assayed by bioassay,

MALDI-TOF mass spectrometry, and SDS-PAGE. Near-complete cleavage was generally achieved.

Cell-based TfR binding assay. To measure antibody binding to TfR, a competitive
binding assay using 9L rat glioma cells and flow cytometry was used. A suspension of 9L cells was prepared
using Non-Enzymatic Cell Dissociation Solution (Sigma, St. Louis, MO), counted, pelleted at 500 g for 5
min, and resuspended at 5 million cells / mL in FACS buffer (PBS pH 7.5, 5% FBS, 0.1% sodium azide).
250 or 500 thousand cells were combined with 10 nM biotinylated OX26 (Anti-CD71 antibody MRC OX-
26 (Biotin), ab112215, Abcam, Cambridge, MA) and varying concentrations of non-biotinylated
recombinant OX26 antibody variants in FACS buffer. Cell numbers and volumes were chosen to ensure at
least 10-fold ligand excess under the conservative assumption of 1 million TfR surface receptors per cell.
To reach equilibrium, competition binding was allowed to proceed for 3h at 37°C while nutating. Cell
suspensions were then placed on ice and washed twice (spin for 5 min at 500g; aspirate; wash with 1 mL
ice-cold FACS buffer). The cells were then stained with 1:100 streptavidin-phycoerythrein (Life
Technologies, Carlsbad, CA) for 20 min at 4°C while nutating. The staining solution was removed, cells
were washed one more time, pelleted, and the pellets were kept on ice until analysis by flow cytometry.

The pellets were resuspended in 0.5 mL FACS buffer and fluorescence per cell was
measured by flow cytometry using an LSR HTS-1 analyzer (Becton Dickinson, Franklin Lakes, NJ) with 4
lasers and 10 color capability at the MIT Koch Institute Flow Cytometry Core. Using the machine’s FACS-
DIVA software, the relevant events were selected based on side and forward scatter of the cell population.
Fluorescence was measured in the phycoerythrein channel and mean values from 10,000 events were

plotted.
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Figures and tables

A
;
B anti-TfR
vasoprobe
Cc

Fig. 4-1: Toward delivery of vasoactive imaging probes across the BBB.

(A) Principle of brain delivery of biologics by receptor-mediated transcytosis. An anti-T{R antibody is
injected intravenously on the periphery. Inside the brain vasculature, it binds to TfR expressed
abundantly on the luminal (apical) surface of brain vascular endothelial cells and is endocytosed.
Following vesicular transport to the opposite (basolateral) side of the endothelial cell, the TfR
antibody is exocytosed and released into the brain parenchyma.

(B) Schematic concept for a brain delivery vehicle for vasoactive probes. The vasoprobe is covalently
fused to a BBB-crossing anti-TfR antibody (here, shown as a fusion to the C-terminus of the
antibody light chain in dark brown).

(C) Primary sequence of maxadilan, with disulfide bonds indicated as lines. This vasoactive peptide
from sandflies causes vasodilation and erythema in mammalian skin by activating the PACI
receptor with subnanomolar potency. The sequence shown, preceded by GSIL, was recombinantly
expressed and characterized by Moro and colleagues®.
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Fig. 4-2: Expression, refolding, and in vitro evaluation of a recombinant maxadilan fusion.

(A) Design: The N-terminus of maxadilan was fused to the C-terminus of GFP via a previously
reported® linker.

(B) Results of CHO K1 cell-based in vitro bioassay for PAC1 agonist activity for synthetic rat PACAP-
38 (Sigma) and recombinantly expressed GFP-maxadilan. The assay was performed under
optimized conditions (6% Glo substrate, 2500 cells per well seeded 24 h prior). Luminescence
intensities were normalized to the range evoked by buffer alone and 1 nM PACAP-38.

(C) Fitted potencies for PACAP-38 and GFP-maxadilan. 95% confidence intervals are listed in
Supplementary Table 4-18.
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Fig. 4-3: Expression and characterization of OX26 brain shuttle variants.
(A) Schematic designs of recombinant OX26 constructs and fusions.
(B) Nonreducing SDS-PAGE gel of constructs (1) to (4) after expression and purification.

(C) The same as in (B) but under reducing conditions (100 mM DTT, samples boiled for 10 min).
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(D) Reducing SDS-PAGE of construct (3) after incubation at 37C for 3h without or with addition of
2% v/v thrombin.

(E) PACI1 bioassay results for construct (2). Luminescence intensities were normalized to the range
evoked by buffer alone and 1 nM PACAP-38.

(F) PACI1 bioassay results for construct (3) with or without thrombin. Luminescence intensities were
normalized to the range evoked by buffer alone and 1 nM PACAP-38.

(G) Fitted potencies for (E) and (F). 95% confidence intervals are listed in Supplementary Table 4-18.

(H) Cell-based TfR competition binding assay results for IgG (2) and Fab (4). 9L rat glioma cells,
which express TfR, were incubated with 10 nM biotinylated OX26 and varying concentrations of
the construct of interest for 3h at 37C, washed, stained with SAPE, and analyzed by flow
cytometry. Lower mean fluorescence values indicate more effective competition of the construct
of interest against biotinylated OX26 IgG. Control indicates 10 nM biotinylated OX26 alone. Lines
represent simple linear interpolation between data points.
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Fig. 4-4: Evaluation of revised OX26 brain shuttle variants.

(A) Schematic designs of revised recombinant OX26 constructs and fusions.

(B) Nonreducing SDS-PAGE of constructs (5) to (8) after incubation at 37C for 3h without or with
addition of 2% v/v thrombin.
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(C) Reducing gel of the samples in (B). Note the broadening of bands (toward higher, noi lower,
apparent mass) that correspond to chains fused to maxadilan, and the disappearance of the
broadening effect after thrombin cleavage, indicating it is related to the maxadilan moiety.

(D) PACI1 bioassay results for constructs (5) through (8) with or without thrombin cleavage.

(E) Fitted potencies for (D). 95% confidence intervals are listed in Supplementary Table 4-18.

(F) MALDI mass spectra for constructs (5) and (7) after thrombin cleavage confirm a sharp peak at
the precise expected mass/charge value for the cleaved maxadilan moiety.
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Fig. 4-5: FC5-Fe fusion brain shuttles.

(A) Schematic designs of revised recombinant FC5-Fc constructs and fusions.

(B) Nonreducing SDS-PAGE of constructs (9) to (11), in the case of (11) after incubation at 37C for
3h without or with addition of 2% v/v thrombin.

(C) Reducing SDS-PAGE gel of the same samples as in (B). Note the band broadening for (10) and
(11), fused to maxadilan. After thrombin cleavage, the (11) appears as a sharp band.
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(D) PACI bioassay results for the indicated constructs.
(E) Fitted potencies for (D). 95% confidence intervals are listed in Supplementary Table 4-18.

(F) MALDI mass spectra for construct (11) after thrombin cleavage confirms a sharp peak at the
precise expected mass/charge value for the cleaved maxadilan moiety.
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Supplementary Table 4-S1: Catalog of plasmids used in this study

ID Name Source

2544 pEXPR-T7-cfSGFP2-LVPR-GSIL-maxadilan This study
C512 pLV-hEF1a-Glo22F-IRES-H2B-Cerulean-2A-puro | Chapter 2

C525 pLV-hEF1a-PACAP-R-IRES-mKate2-2A-bla This study
C705 gWiz-OX26-LC This study
c7o7 gWiz-OX26-LC-Th-Max-sl| This study
C708 gWiz-OX26-LC-Max-sl| This study
C709 gWiz-OX26-LC-His6 This study
C710 gWiz-OX26-HC This study
C711 gWix-OX26-Fab-HC-His6 This study
C712 gWix-OX26-Fab-HC-sl| This study
C714 gWiz-OX26-LC-long-Th-Max-sl| This study
C715 gWiz-OX26-HC-long-Th-Max-sl| This study
C722 gWiz-FC5-Fc This study
C723 gWiz-FC5-Fc-long-Max This study
C724 gWiz-FC5-Fc-long-Th-Max This study
X106 pMD2.G Addgene 12259
X107 psPAX2 Addgene 12260
X108 pLenti X1 Zeo DEST (668-1) Addgene 17299
X109 pEF-ENTR A (696-6) Addgene 17427

gWiz Blank

Genlantis (San Diego, CA)

pFUSE2-CLIg-mk

Invivogen (San Diego, CA)

pFUSE2-CHIg-mG2a

Invivogen (San Diego, CA)
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Supplementary Table 4-S2. Full sequence for bacterial expression plasmid Z544 (pEXPR-T7-
c¢fSGFP2-LVPR-GSIL-maxadilan)

color coding key:

Linker: LVPR-GSIL

éin resistance
pBR322 origin of replication

sequence:
GCTCAGAGGATCGAGATCTCGATCCCGCGARATTAATACGACTCACTATAGGGAGAGCCACAACGGTTTCCCTCTAGAAATAATTT
TGTTTAACTTTAAGAAGGAGATATACAT,

CTGGTTCCTCGCGGGTCGATCCT

AGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATATCCA

CAGGACGGAGGTAGCTCTGGCCCGTGTCTCAAAATCTCTGATGTTACATTGCACAAGATAAAAATATATCATCATGAACAATAAAA
CTGTCTGCTTACATAAACAGTAATACAAGGGGTGTT

(TCAGAATTGGTTAA
TTGGTTGTAACATTATTCAGATTGGGCCCCGTTCCACTGAGCGTCAGACCCCGTAGAARAAGATCAAAGGATCTTCTTGAGATCCTT
TTTTTCTGCGCGTAATCTGCTGCTTGCAARCAAAARAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACT
CTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAA
GARACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCG
GGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGA
ACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGARAGCGCCACGCTTCCCGAAGGGAGARAGGCGGACAGGTATCC
GGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTC
GCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAANCGCCAGCAACGCGGCCTTTTTA
CGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCTAG
CATGGATCTCGGGGACGTCTAACTACTAAGCGAGAGTAGGGAACTGCCAGGCATCARATAAAACGARAGGCCCAGTCTTCCGACTG
AGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGGGAGCGGATTTGAACGTTGTGAAGC
AACGGCCCGGAGGGTGGCGGGCAGGACGCCCGCCATAARACTGCCAGGCATCARACTARGCAGAAGGCCATCCTGACGGATGGCCTT
TTTGCGTTTCTACARACTCTTCCTGTTAGTTAGTTACT TAA
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Supplementary Table 4-S3. Full sequence of lentiviral plasmid C525 (pLV-hEF1a-PACAP-R-IRES-
mKate2-2A-bla)

color coding key:

Transgene cassette: PAC1: Rat PACAP recepto

mKate2: Red fluorescent protein
2A: Autoproteolytic viral amino acid sequence

delta U3/ 3'LTR: HIV 3'LTR with deletion in the U3 region

sequence:
CTTTGCAGCTAATGGACCTTCTAGGTCTTGARAGGAGTGG




CGCOAGCECAGCTCICICTAGCGACGECCECATCITCACTEGTCICANIGIATATCATIITACTEEGEGACCTTCIGCAGRACTCE
TGELECTEECCACTGCIECTECTECEECACCTEECARCCTEACTTCTATCCTCGCGATCGEARATEAGARCAGEEECATCTTEAGT
CCCTGCEGACEETECCCRACAGGTGCTTCTCEATCTGEATCCTGECATCARRGCCATAGTCRAGGACAGTGATGEACAGECEACEEE
e e e e AT C e EeAGEGRIEE C GGACAGGTGATATCCAGCACAGT GGCGGCCGCTCGA
CAATCAACCTCTGGATTACARAARTT TGTGARAGATTGACTGGTATTCTTAACTATGTTGCTCCT TTTACGCTATGTGGATACGCTG
CTTTAATGCCTTTGTATCATGCTATTGCTTCCCGTATGGCTTTCATTTTCTCCTCCTTGTATARATCCTGGT TGCTGTCTCTTTAT
GAGGAGTTGTGGCCCGTTGTCAGGCARCGTGGCGTGGTGTGCACTGTGTTTGCTGACGCARCCCCCACTGGTTGGGGCATTGCCAC
CACCTGTCAGCTCCTTTCCGGGACTTTCGCTTTCCCCCTCCCTATTGCCACGGCGGARCTCATCGCCGCCTGCCTTGCCCGCTGCT
GGACAGGGGCTCGGCTGTTGGGCACTGACAATTCCGTGGTGTTGTCGGGGAAGCTGACGTCCTTTCCATGGCTGCTCGCCTGTGTT
GCCACCTGGATTCTGCGCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGACCTTCCTTCCCGCGGCCTGCTGCC
GGCTCTGCGGCCTCTTCCGCGTCTTCGCCTTCGCCCTCAGACGAGTCGGATCTCCCTTTGGGCCGCCTCCCCGCCTGGARTTCTGE
AGATATCCGGTTAGTAATGAGTTTGGAATTAATTCTGTGGARTGTGTGTCAGTTAGGGTGTGGARRGT CCCCAGGCTCCCCAGGCA
GGCAGRAGTATGCARAGCATGCATCTCAATTAGTCAGCARCCAGGTGTGGARAGTCCCCAGGCTCCCCAGCAGGCAGRAGTATGCA
AAGCATGCATCTCAATTAGTCAGCARCCATAGTCCCGCCCCTARCTCCGCCCATCCCGCCCCTARCTCCGCCCAGTTCCGCCCATT
CTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTCCAGRAGTAGTGAGGA
GGCTTTTTTGGAGGCCTAGGCTTTTGCARAAAGCTCCCCCTGTTGACART TAATCATCGGCATAGTATATCGGCATAGTATAATAC
GACARGGTGAGGAACTARACCATGGCCARGTTGACCAGTGCCGTTCCGGTGCTCACCGCGCGCGACGTCGCCGGAGCGGTCGAGTT
CTGGACCGACCGGCTCGGGTTCTCCCGGGACT TCGTGGAGGACGACTTCGCCGGTGTGGTCCGGGACGACGTGACCCTGTTCATCA
GCGCGGTCCAGGACCAGGTGGTGCCGGACAACACCCTGGCCTGGGTGTGGGTGCGCGGCCTGGACGAGCTGTACGCCGAGTGGTCG
GAGGTCGTGTCCACGAACTTCCGGGACGCCTCCGGGCCGGCCATGACCGAGATCGGCGAGCAGCCGTGGGGGCGGGAGTTCGCCCT
GCGCGACCCGGCCGGCARCTGCGTGCACTTCGTGGCCGAGGAGCAGEACTGACACGTGCTACGAGATTTARRTGGTACCTITAAGA
CCAATGACTTACAAGGCAGCTGTAGATCTTAGCCACTTTTTARAAGRARAGGGGGGA]

‘GTAGTAGTTCATGTCATCTTATTATTCAGTATTTATAACTTGCAAAGRAATG
AATATCAGAGAGTGAGAGGAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATFACAAATTTCACAAATAAAG
CATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGGCTCTAGCTATCCCGCCCCTAA
CTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGACGTGTGTTTCTTA
GACGTCAGGTGGCACTTTTCGGGGARATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAARAATACATTCARATATGTATCCGCTCA

TGAGACAATAACCCTGATARATGCTTCAATAATATTGAAAAAGGAAGAGT HiCACTANCANCRITTICCEICICEEtENIAnnEee

CTGTCAGACCAAGTTTACTCATATATACTTTAGAT
TGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGT
TTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTG
CAAACAAAARAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAG
CAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACC
TCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCG
GATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCT
ACAGCGTGAGCTATGAGARAGCGCCACGCTTCCCGAAGGGAGARAGGCGGACAGGTATCCGGTARAGCGGCAGGGTCGGAACAGGAG
AGCGCACGAGGGAGCTTCCAGGGGGARACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTT
TTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAARAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTT
TGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATARCCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCA
GCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGARGCGGAAGAGCGCCCAATACGCARACCGCCTCTCCCCGCGCGTTGGCCG
ATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGARAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCA
TTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACARATTTCACACAGGAAACA
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GCTATGACCATGATTACGCCARGCGCGCAATTARCCCTCACTARAGGGAACAARAGCTGGAGC TGC N iR NN VNP GU-yie

TGGTARCTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGGAAART CTCTAGCAGTGleldelsloleler:V.Xe-Teleler:Yolokiler.V.V-XelolerV.V-Yel¢]
GAAACCAGAGCTCTCTCGACGCAGGACTCGGCTTGCTGARGC GCGCACGGCARGAGGCGAGGGGCGGCGACT CCHERENNEEEENA
A EC T A ANGEREAGRE T CCC TGCGAGAGCGTCAGTATTAAGC GGGGGAGARATTAGAT CGCGATGGGAA
ARAATTCGGTTARGGCCAGGGGGARAGARAARATATAAATTARARCATATAGTATGGGCARGCAGGGAGCTAGAACGATTCGCAGT
TAATCCTGGCCTGTTAGARACATCAGAAGGCTGTAGACARATACTGGGACAGCTACAACCATCCCTTCAGACAGGATCAGAAGAAC
TTAGATCATTATATAATACAGTAGCAACCCTCTATTGTGTGCATCAARAGGATAGAGATARAAGACACCARGGAAGCTTTAGACARG
ATAGAGGAAGAGCAAAACARAAGTAAGACCACCGCACAGCARGCGGCCGCTGATCTTCAGACCTGGAGGAGGAGATATGAGGGACA
ATTGGAGAAGTGAATTATATAARATATARAGTAGTARAAATTGAARCCATTAGGAGTAGCACCCACCARGGCARARGAGARGAGTGGTG
CAGAGAGRARAARGAGCAGTGGGAATS C e G \

ETGGGGATTTGGGGTTGCTCTGGARRACTCATTTGCACCACTGCTGTGCCTTGGAATGCTAGTTGGAGTAATARATCTCTGGRACA
GATTGGAATCACACGACCTGGATGGAGTGGGACAGAGAAATTAARCAATTACACAAGCTTAATACACTCCTTAATTGAAGARTCGCA
AAACCAGCAAGARARGAATGAACRAGAATTATTGGAATTAGATAAATGGGCAAGTTTGTGGAATTGGTTTAACATARCAARTTGGC
TGTGGTATATAAARATTATTCATAATGATAGTAGGAGGCTTGGTAGGTTTARGAATAGTTTTTGCTGTACTTTCTATAGTGAATAGA
GTTAGGCAGGGATATTCACCATTATCGTTTCAGACCCACCTCCCAACCCCGAGGGGACCCGACAGGCCCGAAGGAATAGAAGAAGA
AGGTGGAGAGAGAGACAGAGACAGATCCATTCGATTAGTGAACG AAAGAAAA 3 AT ele

GATCTCGACGGTTAACHHENPIVA

BWATTCCAGTGTGGTGGAATTCTGCAGTCTGC
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Supplementary Table 4-S4. Full sequence of expression plasmid C705 (gWiz-OX26-LC)

color coo‘ini kei.'

Expression cassette: IL-2 leader sequence
0OX26 VL light chain variable domain
Murine IgG2a Ckappa domain

pU orii of elication

sequence:
TCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGG
AGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTARCTATGCGGCATCAGAGCAGATTGTACT
GAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAARATACCGCATCAGATTGGCTAT

GTCACCGTCGTCGACAGCCGCCACCATG
TACAGGATGCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACAAACAG ; ]

GTACCTCTCTCTCTCTCTCTCTCTCTCTCTCT
CTCTCTCTCTCTCGGTACCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCGGTACCAGGTGCTGAAGAATTGACCCG
GTTCCTCCTGGGCCAGAAAGAAGCAGGCACATCCCCTTCTCTGTGACACACCCTGTCCACGCCCCTGGTTCTTAGTTCCAGCCCCA
CTCATAGGACACTCATAGCTCAGGAGGGCTCCGCCTTCAATCCCACCCGCTARAGTACTTGGAGCGGACTCTCCCTCCCTCATCAG
CCCACCAAACCAAACCTAGCCTCCAAGAGTGGGAAGAAATTAAAGCAAGATAGGCTATTAAGTGCAGAGGGAGAGRARARTGCCTCC
ARCATGTGAGGAAGTAATGAGAGAAATCATAGAATTTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCG
GCGAGCGGTATCAGCTCACTCRAARGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCARAAG
GCCAGCAARAGGCCAGGAACCGTAAARAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAARAT
CGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGARAGCTCCCTCGTGCGCTCTCC
TGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGCTCACGCTGTAGGT
ATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGT
AACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTA
TGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGA
AGCCAGTTACCTTCGGAARRAGAGTTGGTAGCTCTTGATCCGGCARACARACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAG
CAGCAGATTACGCGCAGAAAAARAGGATCTCAAGARGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAARACTC
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ACGTTAAGGGATTTTGGTCATGAGATTATCARAARGGATCTTCACCTAGATCCTTTTARATTAAARAT GAAGT TTTARATCAATCT
ARAGTATATATGAGTARACTTGGTCTGACAGTTACCARTGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCA
TCCATAGTTGCCTGACTCCGGGGGGEGGGEEGCECTGAGGTCTGCCTCGTGARGAAGGTGTTGCTGACTCATACCAGGCCTGRATCG
CCCCATCATCCAGCCAGARAGTGAGGGRAGCCACGGTTGATGAGAGCTTTGTTGTAGGTGGACCAGTTGGTGATT TTGARCTTTTGC
TTTGCCACGGARCGGTCTGCGTTGTCGEGAAGATGCGTGATCTGATCCTTCARCTCAGCARRAGTTCGATTTAT TCAACRRAGCCG
CCGTCCCGTCAAGTCAGCGTAATGCTCTGCCAGTGTTACRAACCART TARCCARTTCTGANIACARNAACTCATSERGCATCAARTE

CACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGTTCATGATGATATATTTTTATCTTGTG
CAATGTAACATCAGAGATTTTGAGACACAACGTGGCTTTCCCCCCCCCCCCATTATTGAARGCATTTATCAGGGTTATTGTCTCATG
AGCGGATACATATTTGAATGTATTTAGAAAAATAAACARATAGGGGTTCCGCGCACATTTCCCCGAARAGTGCCACCTGACGTCTA
AGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTC
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Supplementary Table 4-S5. Sequence of expression cassette for C707 (gWiz-OX26-LC-Th-Max-sll)

color coding key:
IL-2 leader s
OX26 VL light chain variable domain

sequence:
ATGTACAGGATGCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACAAACAG
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Supplementary Table 4-S6. Sequence of expression cassette for C708 (gWiz-OX26-LC-Max-slI)

color coding key:

IL-2 leader sequence
OX26 VL light chain variable domain
Murine IgG2a Ckappa domain|
Linker: (G4S)2

sequence.
ATGTACAGGATGCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACAAACAG
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Supplementary Table 4-S7. Sequence of expression cassette for C709 (gWiz-OX26-LC-His6)

color coding key:
IL-2 leader sequence
0X26 VL light chain vanable domain

Linker and tag: (G4S)2 -LPETGGG-Hs

sequence:
ATGTACAGGATGCAACTCCTGTCTTGCATTGCACTARGTCTTGCACTTGTCACAARACAGTHE

GGAGGAGGTGGCTCGGGTGGAGGCGGTTCGCTGCCGGARACGGGTGGTGGCCACCATCATCATCATCATTAA
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Supplementary Table 4-S8. Sequence of expression cassette for C710 (gWiz-0X26-HC)

color coding key:

sequence:
ATGTACAGGATGCAACTCCTGTCTTGCATTGCACTARGTCTTGCACTTGTCACARAACAG

TGGTCCACGAGGGTCTGCACAATCAC
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Supplementary Table 4-S9. Sequence of expression cassette for C711 (gWix-0X26-Fab-HC-His)

color coding key:

IL-2 leader sequence
0X26 VH heavy chain variable domain
Murine 1gG2a heavy chain constant domains
Linker and tag: G4S-Hs

sequence:
ATGTACAGGATGCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACARACAGTR

CAC (
TGACCTGGAAC

yerNelolelorNerNeleleisslorNep v Yoy Ve GGAGGAGGTGGCTCGCACCATCATCATCATCATTAA
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Supplementary Table 4-S10. Sequence of expression cassette for C712 (gWix-0OX26-Fab-HC-slI)

color coding key:
IL-2 leader sequence
0OX26 VH heavy chain variable domain
Murine IgG2a heavy chain constant domains
Linker and tag: G4S-Strepll

sequence.
ATGTACAGGATGCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACARACAG

AG CTGTAACC GGC CAGTCCATCACCTG TGTGGCCCACCCGGCAAGCAGCACCARGGTGGAC
sarblifertelelolorNe)NelelelololorNon v uerve GGAGGAGGTGGCTCGGCTTGGAGTCATCCGCAATTCGAAAAGGGCGCATAA
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Supplementary Table 4-S11. Sequence of expression cassette for C714 (gWiz-0X26-LC-long-Th-
Max-sll)

color coding key:

IL-2 leader sequence

OX26 VL light chain variable domain
Murine |gG2a Ckappa domain

sequence:
ATGTACAGGATGCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACARACAG
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Supplementary Table 4-S12. Sequence of expression cassette for C715 (gWiz-OX26-HC-long-Th-
Max-slI)

color coding key:
IL-2 leader sequence
OX26 VH heavy chain variable domain

sequence:
ATGTACAGGATGCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACT TGTCACAAACAG
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Supplementary Table 4-S13. Sequence of expression cassette for C722 (gWiz-FC5-Fc)

color coding key:
IL-2 leader sequence

FC5
Human Fc region (with T299A mutation

sequence:
ATGGACTGGACATGGCGAGTGTTCTGTCTGCTGGCTGTGGCACCAGGGGCCCATTC

Y
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Supplementary Table 4-S14. Sequence of expression cassette for C723 (gWiz-FC5-Fc-long-Max)

color coding key:
IL-2 leader sequence

FC5
Human Fc region (with T299A mutation

Linker: G4 4

sequence:
ATGGACTGGACATGGCGAGTGTTCTGTCTGCTGGCTGTGGCACCAGGGGCCCATTC

~ GGAGGCGGTGGCTCAGGTGGCGGAGGTTCCGGTGGCGGTGGCTCCGGTGGTGGAGGTTCC_
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Supplementary Table 4-S15. Sequence of expression cassette for C724 (gWiz-FC5-Fc-long-Th-Max)

color coding key:
IL-2 leader sequence

FC5
Human Fc region (with T299A mutation

Linker: (G4S)s-LVPR
x: GSIL-n "

sequence:
ATGGACTGGACATGGCGAGTGTTCTGTCTGCTGGCTGTGGCACCAGGGGCCCATTCT]
= E
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Supplementary Table 4-S16: Plasmid combinations used for antibody expressions

Construct | Name Plasmids
(1) 0OX26 IgG C709, C710
(2) 0OX26 IgG-Max C708, C710
(3) 0X26 IgG-Th-Max C707,C710
(4) OX26 Fab C709, C712
(5) 0OX26 Fab-Th-Max C707, C711
(6) 0OX26 Fab-long-Th-Max C711,C714
(7) 0X26 IgG-long-Th-Max C710,C714
(8) 0X26 IgG-HC-Th-Max C705, C715
(9) FC5-Fc C722

(10) FC5-Fc-long-Max C723

(11) FC5-Fc-long-Th-Max C724
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Supplementary Table 4-S17: Predicted molecular masses and extinction coefficients

Construct Mass (Da) €280 (cm™ M)
GFP-LVPR-GSIL-Max 35,921 25,940
(1) OX26 IgG 148,826 224,840
(2) OX26 IgG-Max 163,056 237,180
(3) OX26 IgG-Th-Max 163,986 237,180
(4) OX26 Fab 50,024 85,550
(5) OX26 Fab-Th-Max 57,689 86,030
(6) OX26 Fab-long-Th-Max__| 58,320 86,030
(7) OX26 IgG-long-Th-Max 165,248 237,180
(8) OX26 19G-HC-Th-Max 165,220 237,180
(9) FC5-Fc 78,724 120,220
(10) FC5-Fc-long-Max 95,694 121,180
(11) FC5-Fc-long-Th-Max 96,926 121,180

Note: For antibody constructs (1) to (11), values are given for the secreted species (multimer,
without leader peptide).
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Supplementary Table 4-S18: Fitted potencies and 95% confidence intervals for PAC1

activation in cell culture

Construct Uncleaved Cleaved
Log(ECso) 95% CI Log(ECso) 95% Cl

PACAP-38 (Sigma) -10.9 (*)

GFP-LVPR-GSIL-Max -9.5 [-9.7, -9.3]

(2) OX26 lgG-Max -8.5 [-8.6, -8.3]

(3) OX26 lgG-Th-Max -8.7 [-8.9, -8.5] -11.0 (*)

(5) OX26 Fab-Th-Max -9.5 [-9.9, -9.1] -10.4 [-11.5, -9.4]

(6) OX26 Fab-long-Th-Max -9.5 [-9.7, -9.3] -10.3 [-10.5, -10.2]

(7) OX26 lgG-long-Th-Max -9.1 [-9.2, -9.0] -11.0 *)

(8) OX26 IgG-HC-Th-Max -9.7 [-10.0, -9.4] -11.0 *)

(10) FC5-Fc-long-Max -9.8 [-9.9, -9.8]

(11) FC5-Fc-long-Th-Max -9.9 [-10.0, -9.9] -11.1 [-11.1, -11.0]

(*) denotes samples with high potency for which strong receptor activation occurred at
concentrations =< -1e10 M and for which no 95% confidence interval could be computed for the

best-fit Log{ECso).
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Conclusions and future directions

Synopsis, significance, and impact

We have established a novel principle for high-sensitivity molecular imaging in vivo which
successfully circumvents many of the limitations traditionally associated with molecular MRI probes for
brain imaging in particular. By using blood hemoglobin as an abundant endogenous contrast agent, our
approach of artificially perturbing bloodflow renders the concentration requirement for the molecular
imaging sensor entirely independent of the concentration requirement for the contrast agent. Since imaging
of changes in cerebral bloodflow is a long-established technique using common and well-optimized
equipment and routines, we thus reduce the problem of molecular imaging to a problem of molecular

sensing and of perturbing vascular tone effectively.

We demonstrate the feasibility of imaging the action of CGRP as a highly potent vasoactive
peptide at nanomolar concentrations in a manner that can be validated by other modalities and that can be
pharmacologically isolated by inhibiting other molecular pathways for vasodilation. We further show that
caged forms of CGRP can serve as protease sensors, with differences in potency before and after uncaging
of up to several orders of magnitude. Beyond serving as a proof-of-concept of analyte-activatable imaging
probes based on CGRP, such protease-responsive agents could potentially be used to report on disease-
relevant biomarkers in animal models in basic research or drug development, or even clinically once
minimally invasive delivery has been established. For example, noninvasive evaluation of the activity of
FAP could be used to guide therapeutic decisions in cancer treatment™', and in Alzheimer’s disease, beta-
secretase as a cell membrane-associated protease is both a drug target and could serve as a diagnostic

biomarker for patient selection and treatment monitoring®-'%.
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By successfully using a cassette encoding prepro-CGRP as a genetic reporter, we illustrate
not only the versatility of imaging with vasoactive probes but also a qualitative practical benefit of the
nanomolar potency of such probes: namely, that they can be produced and secreted in situ at effective
concentrations, obviating the need for delivery by invasive injection or by delivery across the BBB in
settings where genetic targeting prior to the imaging experiment is feasible. Cell tracking, as we
demonstrate, is one application where constitutively secreted and constitutively active vasoprobes can be
useful and could serve to track tumor xenografts or cell populations descended from stem cells, for example.
One interesting potential application is their use as reporters for viral gene delivery and expression,
especially in conjunction with viral vectors that efficiently transduce the central nervous system'®'. Finally,
combining genetic expression with molecularly responsive probes, for example (but not limited to) protease
sensors as discussed above, suggests the intriguing possibility of minimally invasive imaging of such

analytes in transgenic or virally transduced animals.

Fusing maxadilan to known BBB-penetrating antibodies represents an important step
toward minimally invasive vasoprobe delivery to the brain. While local expression of genetically encoded
probes can potentially obviate the need for brain delivery via the periphery, the kinds of vasoactive probes
that can be used with it are limited (e.g. probes with synthetic chemical entities attached cannot be used),
experimental protocols are constrained, and for the time being is not suitable for clinical translation into
human patients. Delivery across the BBB would address these problems. With our results so far, we have
shown that maxadilan can be recombinantly expressed in both bacterial and mammalian systems and that
it retains low nanomolar potency when fused to different BBB-penetrating antibodies. If in future work in
vivo we can successfully establish imaging of brain entry by vasoprobe-antibody fusions, this will not only
lay the foundation for delivery of analyte-responsive prqbes but could also be of more immediately utility

for evaluating BBB-crossing antibodies in order to optimize them or to translate them across species.
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In sum, we have succeeded in establishing a novel molecular imaging paradigm which
combines the widely-appreciated advantages of MRI with greatly improved sensitivity. We have moreover
illustrated some of the broad versatility of vasoactive imaging and hope to inspire its further exploitation in

the future.

Limitations
Technical limitations of the method

Despite the advantages and potential utility of molecular imaging with vasoactive probes,
several limitation of this approach need to be kept in mind. The characteristics of the vasculature and of
bloodflow mean that the specificity of imaging with vasoactive agents is inherently contrained. In contrast
to radionuclide-based probes, vasoactive agents will always yield images with substantial background
signal and changes in background signal. While we have shown that inhibitors of the NO pathway do not
interfere with CGRP-based probes and are known to attenuate the hemodynamic signal changes underlying
BOLD fMRI, there is no way to entirely isolate the action of vasoactive imaging probes from all other
physiological effects on bloodflow.

Furthermore, dependence on the vasculature imposes a floor for spatial and temporal
resolution. We have not attempted to probe the limits of this resolution, but a few useful mechanistic and
comparative comments can be made. As we noted, any point in the brain has a mean distance from the
nearest capillary on the order of 10 uM?, while BOLD fMRI can achieve a spatial resolution on the order
of 1 mm!'®2. Since the neuronal activity and metabolic demand underlying the BOLD fMRI signal are
usually dispersed (i.e. don’t originate from a single cell), the spatial resolution limit for vasoactive imaging
likely lies between the length scale of microvascularization and common BOLD fMRI measurements. This
compares favorably with the resolution of radionuclide-based methods, but it is important to note than the

superior potential resolution of invasive optical or photoacoustic imaging could be better suited for
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investigating single-cell or subcellular phenomena. The temporal resolution of imaging with vasoactive
probes depends on the specific pathway used for evoking vascular responses. We chose to use vasoactive
peptides which act through GPCRs to cause vasodilation within seconds and a return to baseline within tens
of minutes. On the other hand, BOLD fMRI has a resolution of seconds. If a faster temporal resolution is
needed than our existing implementation affords, it could in principle be achieved; alternative
implementations (e.g. using the NO pathway or engineering direct analyte sensing by smooth muscle cells)
are discussed below under “future work™. It must be acknowledged, however, that some important
phenomena such as millisecond-scale electrical firing of neurons or subsecond-scale neurotransmitter
release cannot be fully resolved with vasoactive probes, although “bulk” measurements of increased
average activity during a window of time may be feasible.

Moreover, quantitative interpretation of the imaging signal may be challenging due to the
nonlinear nature of vasodilatory responses and due to heterogeneity of receptor expression and probe
distribution. In cases where one is only interested in localizing a signal (such as cell tracking) or in a
qualitative assessment (such as determining whether an analyte is expressed or secreted), this may not be
prohibitive. Semi-quantitative measurements (i.e. is a signal stronger or weaker) should also generally be
possible. However, the near-linear and fully quantifiable signal strength characteristic of many radioactive
probes and some optical sensors over a wide range of analyte concentrations might be difficult to achieve

with hemodynamic probes.

Toxicity and perturbations of endogenous physiology

We have observed no acute toxicity of intracranially injected CGRP or of CGRP secreted
from implanted cells over several days. It is also worth highlighting that changes in vascular tone and in
bloodflow occur continuously during the healthy physiological operation of the brain, suggesting that a
technique based on triggering similar effects in response to analytes could in principle operate with minimal

invasiveness.
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However, a much more thorough investigation of the effects of vasoactive probes on the
organism is warranted. Some applications will require consideration of only the most severe kinds of
toxicity. Examples might include the use of vasoactive probes to assess brain entry by a biologic or tumor
engraftr;lent in an animal model. In order to use vasoactive probes for molecular imaging of cognitive or
behavioral phenomena in animals, or for translation into humans, it would be essential to ensure they don’t
interfere unduly with neurological or vascular function, don’t increase the risk of bleeding or hemorrhage,
and are not immunogenic for repeat administration. Maxadilan in particular, due to its origin in flies, might
be recognized by the human or other mammalian immune systems.

The role of CGRP in migraine was discussed in Chapter 1 and is thought to involve action
on the trigeminal nerve outside the brain'®. This role did not impede or experiments using intracranial
injection and may also not interfere with the use of CGRP-based probes expressed in animal brains in situ,
but could pose a problem for the delivery of CGRP after peripheral injection. Peripheral action of maxadilan
would also require further assessment.

It should be noted that if a particular toxic effect were found, it would still be possible to
attempt to engineer the vasoactive molecular imaging probe to fulfill its intended purpose while minimizing

the undesirable side effect.

Specific applications

This final, important limitation to be acknowledged concerns the scope of the work
presented in this dissertation. We demonstrate a proof of concept for a novel imaging strategy. However,
as with any imaging technique, it will ultimately depend on the specific question under investigation

whether the capabilities and constraints of our method render it suitable for the task at hand.
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Future work

We envision several future experimental directions based on the work presented in this
dissertation. Firstly, the possibility of delivering vasoactive probes across the BBB after peripheral injection
and imaging the brain entry of such antibody fusions by MRI should be investigated in vivo. This may
require re-optimization of the protocols for image acquisition, normalization, and data analysis because the
kinetics of brain entry and especially accumulation in the brain are likely to be substantially slower than
those of receptor activation by the probe (on the order of hours rather than seconds). If successful, such a
technique could then be used to assess the effect of point mutations in the RMT antibody on the efficacy of
brain delivery.

Secondly, molecular imaging probes based on vasoactive peptides for the detection of
ligand binding events should be created. Conceptually, the mechanism of action of vasoactive peptides -
i.e. receptor binding and activation - immediately suggests the feasibility of this by implementing protein
architecture where it ligand binding domain is fused to vasoactive moiety in such a way that access of the
vasoactive agent to its receptor is modulated by ligand binding. This could be accomplished via a
conformational change (allosteric regulation) or it could be accomplished by sterically masking access to
the vasoactive moiety. Switching by ligand binding has been implemented in the variety Qf protein
architectures, including optical imaging probes, suggesting that the powerful techniques of protein
engineering could be used to accomplish the same to create ligand-responsive vasoactive probes. Attractive
ligands for which to design sensors may include neurotransmitters, neuropeptides such as oxytocin, or small
molecule drugs whose delivery to the brain could be monitored.

Thirdly, alternative pathways for implementing molecular imaging with artificial
hemodynamic changes should be explored. The nitric oxide pathway is one example of this. Another
example of great conceptual appeal would be the heterologous expression of GPCRs already specific for
the desired ligand directly in vascular smooth muscle cells. This would turn smooth muscle into a cell-

based molecular imaging sensor, analogous to existing cell-based optical imaging sensors'>. By using
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alternative pathways for vasodilation, it will be possible to implement a variety of molecular imaging
strategies with different advantages and trade-offs so as to enable different applications.

Finally, the ultimate validation of the utility of molecular imaging with engineered
hemodynamic responses will lie in successful specific applications. This entails not only the development
and characterization of probes or protocols, but successfully using such an imaging strategy to answer
significant open questions in fundamental neuroscience or to usefully apply it to a real problem in drug

development or in clinical radiology.
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