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ABSTRACT: Nuclear medicine imaging biomarker applica-
tions are limited by the radiotracers available. Radiotracers
enable the measurement of target engagement, or occupancy
in relation to plasma exposure. These tracers can also be used
as pharmacodynamic biomarkers to demonstrate functional
consequences of binding a target. More recently, radiotracers
have also been used for patient tailoring in Alzheimer’s disease
seen with amyloid imaging. Radiotracers for the central
nervous system (CNS) are challenging to identify, as they
require a unique intersection of multiple properties. Recent
advances in tangential technologies, along with the use of iterative learning for the purposes of deriving in silico models, have
opened up additional opportunities to identify radiotracers. Mass spectral technologies and in silico modeling have made it
possible to measure and predict in vivo characteristics of molecules to indicate potential tracer performance. By analyzing these
data alongside other measures, it is possible to delineate guidelines to increase the likelihood of selecting compounds that can
perform as radiotracers or serve as the best starting point to develop a radiotracer following additional structural modification.
The application of mass spectrometry based technologies is an efficient way to evaluate compounds as tracers in vivo, but more
importantly enables the testing of potential tracers that have either no label site or complex labeling chemistry which may deter
assessment by traditional means; therefore, use of this technology allows for more rapid iterative learning. The ability to
differentially distribute toward target rich tissues versus tissue with no/less target present is a unique defining feature of a tracer.
By testing nonlabeled compounds in vivo and analyzing tissue levels by LC-MS/MS, rapid assessment of a compound’s ability to
differentially distribute in a manner consistent with target expression biology guides the focus of chemistry resources for both
designing and labeling tracer candidates. LC-MS/MS has only recently been used for de novo tracer identification; however, this
connection of mass spectral technology to imaging has initiated engagement from a wider community that brings diverse

backgrounds into the tracer discovery arena.
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rug discovery has increasingly become more costly.' > As

companies strive to reduce late stage clinical failures, the
ability to measure biomarkers has become critical. Biomarkers
allow for assessment of target engagement or occupancy,
downstream functional changes, and impact on disease
pathophysiology.* Biomarkers can bridge the preclinical effects
measured for a given drug to the parallel clinical readout. They
provide confidence that drugs are finding and binding their
intended target or influencing an intended biochemical pathway
thought to be linked to the disease of interest.

There are a variety of technology platforms to make these
measurements, but for many central nervous system disorders
such techniques are limited by the samples that one can collect.
In these cases imaging is an informative option that can produce a
variety of readouts depending on the modality chosen: X-ray,
computed tomography (CT), ultrasound, magnetic resonance
imaging (MRI) based techniques, and nuclear medicine based
techniques. In the latter case, the readouts include target
occupancy, endogenous tone of neurotransmitter systems,
pathophysiology such as inflammation and amyloid burden,
and target expression or target activity and the variation of these
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in disease states.”® The more common application of nuclear
imaging in the CNS is to assess the relationship between target
occupancy and exposure. This translational approach is applied
in drug discovery to select doses of therapeutic molecules
entering Phase 2. This can only be accomplished if a radiotracer
exists for the target of interest.” A molecule under development
can be administered to subjects followed by the radiotracer.
These subjects then undergo a scan to quantify how much of the
tracer is able to bind the target. The more therapeutic agent that
reaches the target, the less target that is available for the tracer to
bind. As such, as the occupancy of the drug goes up, the tracer
signal decreases. Percent occupancy values can be calculated by
comparing a subject’s baseline scan, representing zero percent
occupancy, to the blocked scan. The occupancy value can be
linked to the dose of the drug administered as well as the plasma
levels of the drug. For most drug development programs, there is
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a hypothesis regarding the level of target occupancy that needs to
be achieved to have an impact on the disease state. A classic
example of this is achieving approximately 60% dopamine D,
occupancy for antipsychotic drugs to achieve positive benefits in
schizophrenia.” The ability to evaluate a single dose in the clinic
for efficacy enables smaller trials with the certainty that the
designed clinical trial is testing the hypothesis.® Organizations do
not have to ask “What if we had just dosed higher?”

In all of these applications there is a single common
prerequisite: a radiotracer. Without these unique tool molecules,
the applications mentioned are not feasible. The ease with which
a radiotracer can be discovered and developed is a function of
both the biology and the available/known chemical space.’
Biological feasibility is a function of target type and level of
expression. Some targets are more easily approached than others.
This is exemplified in the literature where radiotracers exist in
abundance for G protein coupled receptors (GPCRs), followed
by intracellular enzymes, and some ligand gated ion channels.
Fewer radiotracers exist for nuclear hormone receptors,
epigenetic targets, voltage gated ion channels, and kinases, for
instance. Chemical space refers to small molecule (molecular
weight < 400) starting points with known affinity for the target of
interest. While in vitro assays can be employed to discover new
chemical matter with target affinity, most tracer discovery
projects begin from chemical matter where target activity has
already been measured. For a given target, the available chemical
space may differ from one scientist to another. An individual’s
available chemical space is composed of what is in the public
domain as well as what may be private chemical matter within the
scientist’s collaborations, laboratory, or institution. For some
targets, successful radiotracer discovery is a lower hurdle because
the target is highly expressed, or because a plethora of chemical
space is available for tracer design. Conversely, the target may be
quite challenging due to low levels of expression or, as is common
with novel targets, limited to no known chemical space.

What makes it so difficult to find a radiotracer for a particular
target? It appears there is a narrow window within which a
balancing act must take place (Figure 1). In the case of CNS

Tracer Properties

* High affinity <10 nM

* Selectivity

* Balanced lipophilicity cLog P 2-3

* Unbound fraction in brain (f, ,.5i,) > 0.01

* Differential-distribution in vivo or LC-MS/MS of BP >1.5
* Mouse Brain Uptake Assessment (MBUA) 5 min B/P > 0.3

— 5-minute mea_\sured Ko brain (cbrain,tota\/cplasma,tota| or 5-min brain-
to-plasma ratio

* Appropriate peak brain uptake SUV>150%
* Lack of BBB transporter activity

* Kinetics matching radioisotope

* Feasible Labeling Site

Figure 1. Properties to consider when searching for a tracer.

radiotracers, this requires selective, high affinity molecules (K, <
10 nM) that are lipophilic enough to allow for sufficient blood-
brain barrier penetration but that do not possess high levels of
nonspecific binding. While many properties must come together
for a radiotracer to function properly for imaging purposes, the
unique defining feature is the ability to differentially distribute
toward target rich tissues versus tissue devoid of or expressing
lower levels of the target.'® Tracer binding in the target rich tissue
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represents the total binding and is composed of the specific
binding of the tracer to the target as well as the nonspecific
binding to everything else, including other proteins present,
whereas the binding in the tissue devoid of target represents the
nonspecific binding only. While this sounds rather straightfor-
ward, assessing nonspecific binding measures and how they
translate in vivo is not. Currently, calculated and measured
cLogP/D guides lipophilicity assessment; however, falling within
arange (1.5—3.5) in combination with high target affinity does
not guarantee success.'' A relatively new application of an
established technique employs assessing plasma and brain
unbound fraction.'” This measure indicates what percentage of
the compound is free to cross the blood brain barrier and free to
interact with the target. It appears that plasma unbound fractions
of greater than 10% and brain unbound fractions of greater than
1% increase the chance for tracer success."> While useful in
evaluating potential tracers, these measures do not take into
account the tightness of the nonspecific interaction, leaving a gap
in tracer assessment. Attempts to build on these measures have
leveraged the merging of multiple variables such as unbound
tracer exposure relative to affinity, and the mouse brain uptake
assay (MBUA)." More recently, sophisticated modeling has
been applied within a target class to select the best compounds to
move forward for ima?ng based on the compounds’ predicted
time activity curves."*"

In tracer discovery, compounds are assessed in in vitro binding
and functional assays to understand potency at the target of
interest as well as the degree of selectivity against other targets
(Figure 2). Compounds are then evaluated from a perspective of
their calculated properties and confirmed with some of those
values being measured: molecular weight, cLogP/D, passive
permeability, solubility, and others. Compounds that meet
established criteria are then traditionally radiolabeled, thus
requiring resynthesis of the parent and/or precursors as well as
synthetic work for incorporation of a radioisotope (assuming a
label site exists). After molecules are labeled, autoradiography
can be performed to assess if the tracer distribution matches the
target’s known expression profile, and estimate nonspecific
binding. The next steps typically include PET imaging in rodent
and/or nonhuman primate. In many cases, radiolabeled tracers
will bypass autoradiography and/or ex vivo analysis and move
directly into animals for noninvasive PET imaging.

After the initial preclinical PET imaging study is complete,
positive data result in additional studies to replicate and validate
specific binding of the tracer followed by evaluation in human. If
the data are negative, a variety of issues could have arisen which
will require the team to iterate and select a new compound or the
same compound with a different labeling site/strategy. Potential
outcomes that cause iteration include low brain uptake (SUV) 16
low signal to background (requiring improved K, (dissociation
constant) or reduced nonspecific binding),'” radiometabolites
and/or defluorination,'® species differences in ABC trans-
porters,’ and low radiochemical yield.”® This traditional tracer
discovery path requires that institutions have access to certain
technologies. In the preclinical discovery space, this generally
consists of the ability to radiolabel small molecules with tritium,
iodide, or fluoride to assess the molecules using either
autoradiography or ex vivo binding. Whether these resources
exist in house or through a partner, these techniques require the
availability of appropriate precursors, appropriate licensing and
training to work with radioactivity, and the time to work out and
conduct reactions. In the best cases, these processes yield labeled
molecules on the order of weeks and require significant
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PET Tracer Discovery
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Figure 2. Traditional and LC-MS/MS drive flow schemes for identification of tracers.
chemistry investment from multiple angles as well as access to 10.04 3 5 Minutes
more expensive equipment. Additionally, compounds of interest _ 1 =3 15 Minutes
that are not easily labeled or do not have a labeling site are passed 7 54 = %’% mlﬂﬂttgg
over and not evaluated. A great opportunity exists and is £
currently being explored to leverage microfluidic devices which 3 o
would enable small scale fluorine radiochemistry to take place on s
the standard benchtop.”' Such advances would increase the S
access to labeling technology for experimentation. s 29

In the case of preclinical PET imaging, many institutions begin ﬁ
with rodent PET, followed by nonhuman primate PET 0.0
CB 5 CB S CB S CB S

evaluation, and then evaluate the tracer in human. The
investment for such imaging studies is large with access to a
cyclotron, radiochemistry, and a PET camera being the limiting
factors. While one cannot circumvent these needs, there is the
potential to eliminate unnecessary preclinical PET experiments
in an effort to move into human more quickly and in a more cost-
effective manner by evaluating potential tracers in vivo in rodent
with liquid chromatograzphy coupled to tandem mass spectrom-
etry (LC-MS/MS).”*"** Applying LC-MS/MS enables the
sampling of chemical space for compounds that provide a signal
relative to background or binding potential in vivo. It exploits the
same biology that PET measures by comparing levels of the
tracer in a total binding region to that of a null or target deficient
region representing nonspecific binding. In many cases, across
both technologies, the null region ends up being a pseudonull
region but still serves its purpose: to identify chemical space with
high affinity, selectivity (built in to the molecule or via the
biology), and low nonspecific binding.****** Herein, lies one of
the main values of the initial LC-MS/MS readout on tracer
performance: the capacity to quickly assess with minimal
resource investment the ability of small molecules to differ-
entially distribute in vivo without artificial wash steps but rather
based on clearance and diffusion. An example of LC-MS/MS
derived data is seen in Figure 3 using the dopamine D,/Dj tracer
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Treatment Group by Tissue

Figure 3. Raclopride measured by LC-MS/MS in rat (n = 4) striatum
and cerebellum following intravenous administration.

raclopride.”* Evaluating a 3 ug/kg dose of raclopride in rat
demonstrates the molecule’s ability to find and bind the target
receptor in the striatum relative to the null tissue, cerebellum, at
all time points. The signal to background, or binding potential,
grows with time as raclopride clears from the null tissue more
rapidly than the total binding tissue until the signal stabilizes, or
reaches pseudoequilibrium. Measures of kinetics and uptake are
also feasible from this single experiment and align well with what
PET data have been published on raclopride.’® Such an
experiment takes a day with results available to analyze the
following day as long as the cold parent material is on site. Not
depicted here is the pharmacological validation. Such validation
can leverage KO mice or the use of well-characterized tool
compounds to reduce tracer target specific binding upon
administration.””***”*® This LC-MS/MS technique can also
be applied to compounds known to bind irreversibly. The
readouts are the same; however, as to be expected the tissue
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kinetics will differ and later time points will be needed to fully
characterize the compound.

After the ability of a chemical entity to differentially distribute
is established and validated, property optimization and the design
of a radiochemistry synthetic pathway should be the next steps. It
appears from our own de novo tracer discovery projects it is
easier to identify chemical space that yields an in vivo differential
distribution first, and then tweak or build in other requirements
for PET imaging such as increased brain penetration, a
radiolabeling site, improved kinetics, and/or reduction of
radiometabolites.”**® If initial tracer molecules can satisfy all of
these requirements in parallel, that is ideal; however, in some
cases, this distracts researchers from finding the best chemical
space within which to design tracers yielding the best specific
binding window or binding potential.

The mass spectrometers employed in these evaluations are
standard triple quadropole instruments that are relatively
inexpensive on the spectrum of such equipment (200—300 K).
Sensitivity varies with tissue as a function of matrix interference;
in the case of brain tissue, most compounds can easily be
detected down to 0.1—0.3 ng/g. The typical starting experiment
to evaluate a potential molecule as a tracer in vivo is to assess a
low (3 ug/kg) and a high (30 ug/kg) dose of the compound
coupled with sacrifice intervals of 20 and 40 min post dose.
Tissues are harvested, weighed, and kept on ice until probe
sonication in 100% acetonitrile with 0.1% formic acid.
Homogenized tissue is centrifuged and supernatant is diluted
with sterile water. Liquid chromatography is used to separate the
analyte of interest for mass spectral detection and quantification.
The chromatography consists of using a standard reverse phase
column packed with C18, and a mobile phase composed of
various ratios of organic to water. Experimental samples are
compared to known spiked tissue standards to quantitate the
amount of analyte present. In initial screening, rigor is not
applied to obtain exact quantities of compound in the tissues, as
the more important readout is the ability of the compound to
differentially distribute toward the target rich tissue versus the
low to no expression tissue. If there is not a tissue present that has
no to low expression, one can compare a vehicle treated group to
a group pretreated with a centrally penetrant compound with
high affinity for the target to determine if the potential tracer’s
levels are reduced by blockade.

While these tracer doses are higher than those typically used
for PET imaging, approximately 0.1—10 ng injected i.v. to a rat,
they still permit assessment of the fundamental property of a
tracer: the ability to distribute in a pattern matching the
expression of the target protein. When translating to PET
studies, given increased sensitivity for detecting the tracer, the
dose of the tracer administered will decrease relative to the dose
administered in the LC-MS/MS assessment. This will enhance
the binding potential assuming no species differences in
expression levels and/or affinity. Given the higher doses used
in the LC-MS/MS technique, there could be concerns that there
would be pharmacological effects of the tracer. However, even if
the tracer occupies a higher level (<5%)*" of target site than is
traditionally considered acceptable, it is unlikely for an antagonist
to produce pharmacological effects. In the case of an agonist, this
is something to monitor. It has been shown with labeled and
nonlabeled raclopride that the difference in tracer dose did not
impact the D, occupancy measured for eight antipsychotics.”*

To validate this technique, multiple clinical PET tracers
routinely employed across imaging centers were evaluated by
LC-MS/MS in rodent in a manner similar to raclopride: a reverse
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translation.'>** Data exemplified in the raclopride data set are

quickly obtained in 24 h for these established ligands. While
binding potentials (BPyp) and standardized uptake values
(SUV) did not match one to one with the PET data, it is evident
that the LC-MS/MS readout can be used to improve the
likelihood of successful outcomes by PET. Potential explanations
for this include the species differences in B,,,, and Ky when
comparing rat to nonhuman primate and human data, the LC-
MS/MS readout of the parent tracer does not include effects of
radiometabolites, and the data pulled from the publications were
from single points on time activity curves. Nonetheless, values
generally seem to be within a few fold of each other. After
assessing many clinical PET tracers and evaluating de novo tracer
identification projects, it appears peak SUVs of greater than
150% at S min post i.v. dose and BPyp, of greater than 1.5 (ratios
of total to nonspecific binding of 2.5) lead to tracers that have
adequate specifically bound brain signal."”®> A number of PET
tracers have been discovered leveraging LC-MS/MS tracer data
including CB1, NOP-1, Kappa, and mGluR1 2322628

While no technique yields all the answers, there are different
paths to obtaining a similar output: a tracer to test by PET
imaging. Various institutions employ different strategies to
achieve success, and these strategies each have their own
strengths and weaknesses, and in many cases are driven by access
to particular resources. Neither the traditional preclinical PET
nor the LC-MS/MS based technique accounts for species
differences in expression (B,,,) or affinity (K;). This can be
partially circumvented by using humanized animals. The LC-
MS/MS application has addressed some issues associated with
the traditional method of tracer discovery, including the
additional time and capabilities required to radiolabel tracer
candidates. The application of LC-MS/MS to tracer discovery
does have its own short comings. The risks of radiometabolites
that contaminate the signal are not well addressed in the LC-MS/
MS. In order to assess metabolites, standards need to be
synthesized to quantitate against. In many instances, the
metabolites generated after a 3/30 ug/kg dose are at such a
low level they are challenging to detect and quantitate; however,
in some circumstances, this has been viable. That being said, it
appears the best way to assess radiometabolite liability is to image
higher order primates. With both radiometabolites and
defluorination, there are often species differences where
preclinical studies do not predict issues in higher order species
as seen, for instance, in the development of the mGIuRS tracer,
S$P203.%

Another of the drawbacks of mass spectrometry based tracer
identification is that it relies on the ability of the experimenter to
recognize and accurately dissect the region of interest in a rodent
brain. In some cases, the region of highest target expression is
difficult to distinguish from surrounding tissue. In other cases,
the region of interest is a relatively small nucleus within a larger,
easily dissected brain region. Dissection and analysis of the larger
brain region can lead to dilution of the specific tracer signal by
increased nonspecific binding. These issues are less problematic
in autoradiography due to the images generated. Recent gains in
sensitivity, resolution, and ease of use of desorption electrospray
ionization (DESI)** and matrix-assisted laser desorption
(MALDI)*® may provide a mass spec based solution in these
situations. Both of these mass spectrometry ionization
techniques have demonstrated the ability to generate images of
various molecular species, including small molecules, within
tissues slices. They could prove useful in tracer identification as
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these smaller regions could potentially be more easily visualized
and identified with these techniques.

Additional shortcomings of the LC-MS/MS technique include
the possibility for false negatives and the requirement for the
terminal use of animals. For targets with ubiquitous distribution
or extremely low expression levels, or for compounds with
minimal selectivity relative to other target family members, the
LC-MS/MS screen purely for a differential distribution might
lead one to overlook a potential tracer candidate. In such
circumstances, the use of KO mice to prove on target binding or
well characterized blocking agents to validate specific binding are
essential. While animals are being used in higher number relative
to when advancing directly into preclinical PET imaging studies,
autoradiography and ex vivo binding experiments have similar to
larger animal usage requirements.

While there are shortcomings, the advantages of the LC-MS/
MS method are numerous. Though the LC-MS/MS is expensive,
it is much less so than access to a cyclotron and PET camera, and
they are typically available at most medium to large institutions.
This lower cost and general accessibility could allow for
additional contributors to enter the field with their unique
chemical libraries, thereby significantly increasing the number of
potential tracer compounds evaluated. The LC-MS/MS based
method also allows for the ability to test more compounds in vivo
more quickly. This could lead to more rapid identification of a
potential tracer for human evaluation. It also facilitates an
iterative learning process which helps in identifying and linking
changes in structure to property space and in turn to in vivo
performance (binding potential, kinetics, uptake). Circum-
venting autoradiography and rodent PET studies and moving
straight into nonhuman primate reduces radioactive waste.
Application of the LC-MS/MS approach can also aid in deciding
if tackling more complex radiochemistry is worthwhile by testing
molecules that do not possess a label site or require complex
time-consuming radiochemistry. Additionally, there is the option
to multiplex and assess multiple tracer candidates in a single
animal/exp eriment.>¢

Some laboratories proceed directly into nonhuman primate
PET imaging studies with a radiolabeled tracer, potentially saving
time by not performing ex vivo binding and autoradiography
(Figure 2). However, the LC-MS/MS application can evaluate
more molecules more quickly as potential tracers with respect to
uptake, distribution, and kinetics. Logistically, multiple com-
pounds can be assessed daily where this would not be feasible or
sustainable for monkey PET studies. By evaluating potential
tracers by LC-MS/MS first, PET imaging resources can be
focused on testing the more promising tracer candidates.

Regardless of technique or tracer screening paradigm, PET
imaging approaches have not been applied as much in the
periphery. From a drug discovery perspective, there appears to be
little engagement from non-neuroscience therapeutic areas. An
opportunity exists to better understand the relationship between
target engagement, duration of action, efficacy, and unwanted
side effects in these other therapeutic areas with peripheral
targets. While PET imaging may be challenging or not feasible
due to the location of organs relative to tracer metabolism or
movement, there still appears to be the opportunity to influence
pharmacokinetic/pharmacodynamic modeling to better predict
clinical efficacious dose.

While the mass spectrometry based applications are nontradi-
tional in the tracer discovery space, they enable target
engagement assays and tracer discovery within a new population
of individuals and organizations. These additional perspectives

1152

bring diversity to learning regarding what makes a good tracer
and how to most efficiently discover these tools. With
technologies evolving, this is an opportunity to leverage different
techniques to identify novel tracers for new targets, pathways,
and diseases. It is also an opportunity to grow the tracer discovery
community and harness diversity to make additional gains in
understanding the properties that coalesce to define a small
molecule’s ability to function as a tracer (Figure 1). This will
ultimately lead to the common goal to noninvasively elucidate
the roles of more challenging targets and biochemical pathways
in healthy and diseased patients.
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