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Abstract

The recent literature signals a growing paradigm shifivards integrating therapeutics and
diagnostics, rather than developing and deployivat separately. In this gradual move towards
more effective and personalized medications, compagiagnostics are an intermediate stage. The
next step may be “theranostics”, in which singleroical entities are developed to deliver therapy
and diagnosis simultaneously. This strategy has baecessfully exploited in oncology and is now
emerging as a possibility for Alzheimer’'s diseasbere its feasibility has caught the attention of
researchers from industry and academia. Medicinainists do not yet completely understand the
nuances of theranostic action and consequently mateyet developed universally validated
strategies for developing theranostic clinical &@gilons against Alzheimer’s disease. However,
given the emerging indications of the potentialiypenous benefits that theranostics may bring to

the fight against this devastating disease, funtigerous research is warranted.

1. Introduction
In 2014, Cummings published the first-ever analgdislinical trials of drugs to prevent, cure, or
treat symptoms of Alzheimer's disease (AD)Alzheimer's Disease Drug Development Pipeline:
Few Candidates, Frequent Failures” confirmed Abeaca most challenging and puzzling disease.

The paper highlighted that, since the approval efmantine in 2003, no new AD drug candidate



has successfully completed a phase lll trial. Inipaar, between 2002 and 2012, 244 compounds
were assessed in 413 trials for their ability tevent, cure, or treat AD symptoms. Only memantine
secured FDA approval to reach the market (0.4%essccate). At 99.6%, this overall drug failure
rate is much higher for AD than for similarly sersodiseases such as cancer (where it falls to 81%).
Moreover, when the paper was written, there werly a@bout 80 AD drugs in the pipeline
compared to 300 cancer drug§hese findings are especially alarming given tteeving incidence

of AD. According to Alzheimer's Disease Internatifrthere were an estimated 46.8 million people
with dementia worldwide in 2015This number is expected to rise to 131.5 millior2050, driven

by global patterns of population ageing. MoreovdD, is no longer a problem for rich developed
countries only. Around two-thirds of all dementitipnts live in India, Brazil, and China, and that
proportion is set to increase to three-quartergd50?

The high personal, familial, societal, and finahbtiarden of this disease demands bold and urgent
action. Many countries and international organa&i have thus developed national plans and
analytical reports to address the probfe@7 nations have reinvigorated efforts to find dise
modifying treatments or cures for dementia by 202t AD research budget for the USA National
Institutes of Health was recently increased to Igekt billion per yeaf.

A similarly bold action would be a move towards gmralized medicine to combat ADEarly
signs of this paradigm shift are already evidertt eould revolutionize AD healthcare. Tests that
assist in diagnosis and treatment choice are bexpaiailable for clinical practiceRadiologists
can now directly visualize amyloid plaques in AQtipats using tests based on positron emission
tomography (PET) and approved by the FDA and Ewopdedicines Agency. Researchers are
developing several companion diagnostics (CDx)dentify those patients most likely to benefit
from a given therapy and to tailor dosages to &epéd specific needs. Another approach involves
theranostics, wherein diagnostic and targeted pleeitac properties are combined in a single small
molecule. The full clinical impact of theranostiosAD is far from clear; however, there are initial

indications of success. Herein, we provide exampfeSDx and theranostics from the very recent



literature to substantiate these concepts. We factyarticular on the medicinal chemistry issues

that arise when designing such cutting-edge ta@wmid,envision their potential future impact.

2. Diagnostics in AD: the status quo
While AD drug discovery has experienced a profoprmtuctivity crisis in recent yeatshe field
of diagnostics has been booming. In 2012, the Fp@#r@ved the first radioactive diagnostic to help
clinicians detect causes of dementia other than PET ligandl ([**F]florbetapir is indicated for
the brain imaging of cognitively impaired adultsdengoing evaluation for AD and other dementias
(Figure 1). Soon after, two more amyloid imaginger@g were approved for clinical use, 2
([*®°FIflutemetamol) an® ([*®F]florbetaben} ° In addition to informing the differential diagnesif
cognitively impaired patients, these agents haverged as a source of innovation and a valuable
tool in the quest to reduce clinical drop8ul. At the clinical level, these agents create new
possibilities for improving treatment and trialsy lenabling patient-risk stratification, patient
selection for A-targeting therapies, and monitoring of patientseiéing such therapi€$. AD
diagnostics could similarly impact translationaldiotne at a preclinical level. These agents could
allow researchers to establish whether a promidiaog candidate can reach and bind the biological
target at an optimal concentration and sustairetagggagement for the necessary period of fime.
From a chemistry point of view, the three compouadsstrictly related? is a derivative of 4-(3,6-
dimethyl-1,3-benzothiazol-3-ium-2-yl)-N,N-dimethyiéine chloride (thioflavin T, ThT) dye,
whereasl and3 are diaryl alkene analogs differing by only onenat(Figure 1). Thus, they are a
clear example ofme-too productsfurther corroborating the strong interest of phaceutical and
diagnostics companies in developing imaging agdotsAD. Interestingly, several of these
diagnostics were developed in academic laboratbtigsvas discovered by Kung's group at the
University of Pennsylvania and then licensed foraligoment by Avid, wheregswas developed at
the University of Pittsburgh Medical Center as % fluorinated derivative of the “gold standard”

amyloid [''C]-tracer4 (PiB).*



Needless to say, the current and future effectis®ioé amyloid imaging agents strictly depends on
the validity of the amyloid hypothesis Whether amyloid is the correct AD biomarker idl sti
matter of debate. This awareness, when combineld sdme incoherent data and unexplained
anomalies reported in amyloid-PET imaging studsagil-3, calls for a critical examination of the
modality’® Recent findings suggest that abnormal aggregatiatior physiological malfunction of
tau protein is potentially more significant for medegeneration, and indicate the severity of tau
pathology to be an effective biomarker for the yatiagnosis of AD? Researchers are thus
diversifying their approaches, with tau imaging rageemerging as an active area of academic and
industrial investigation. This area has been cotmmsively reviewed elsewhele'® We note that
the in vivo proof of concept has already been adde for 5-((E,3E)-4-(6-
[**C]methylamino)pyridin-3-yl)buta-1,3-dien-1-yl)berzithiazol-6-ol ([*C]PBB3)}’ which has
been clinically validated as a PET tau imaging ageater, tau PET tracers 7-(6%]fluoropyridin-
3-yl)-5H-pyrido[4,3-blindole (T807}® 6-(2-[*°F]fluoroethoxy)-2-(4-aminophenyl)quinolone (THK-
523)1° and (S)-1-(fluoro-I¥F])-3-((2-(6-(methylamino)pyridin-3-yl)quinolin-6foxy)propan-2-ol
(THK-5351f° have reached clinical trials. These compounds dcabus be useful for the
differential diagnosis of neurological conditions elderly patients, opening the door for new
research to elucidate mechanisms of tau-mediateslodegeneration, as well as tau-focused

biomarkers and therapies.

3. Ap and tau fluorescent ligands as the AD imaging agénof the future?
PET is currently one of the most popular clinicahging techniques. However, its routine use for
AD is unlikely due to its financial and technicalrdens. For some countries, the high cost of PET
scans prevents the clinical use of the above-meetid®ET tracers. PET applications are further
limited by the short half-lives of commonly usedsfimn-emitting isotopes, which require the on-
site synthesis of PET tracers and access to raghoiskry equipment and a cyclotron. In contrast,

optical imaging is emerging as a cheaper and nasime in vivo tool with improved sensitivity and
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resolution with respect to other routinely usedhnodblogies, such as magnetic resonance imaging
(MRI) and computed tomography (CT)Optical imaging also holds potential for AD.

In 2005, the oxazine derivative 4,8-dimethyl-3,88tetrahydro-B-xantheno[2,33:7,6-
b']bis([1,4]oxazine)-4-ium tetrafluoroborate (AOI198%suggested for the first time the feasibility
of noninvasively imaging cerebrgd-amyloid deposits in livingmice. Since then, the use of
molecular fluorescence-based neuroimaging, paatityuhear-infrared (NIR) imaging, has rapidly
gained momenturft. Molecular fluorescence-based neuroimaging avdidsechnical difficulties

of other modalities, such as the use of X-ray ina® the facility requirements of PET probés.
Moreover, the first developed fluorescence methedsh as two-photon fluorescence microscopy,
required craniotomy, cranial windows and skull thng, as the resolution of optical imaging
decreases with increasing depth of the sourceuofdscence emissiénConversely, fluorescence
molecular tomography (FMT) has the potential tocuinvent these limitations by exploiting
different light sources and different theoreticabdals of image reconstructién.Additionally,
researchers are quickly overcoming these weaknessesdeveloping hybrid techniques,
multiphoton microscope®, and novel imaging agents.For example, resolution and tissue
penetration can be significantly improved by conmmnFMT with CT?® and micro-CT? or MRF°

f.2> and *! for a more detailed description). Additionally,etlyroup of optical imaging

(see re
pioneer Ntziachristos recently developed multisgéaiptoacoustic tomography (MSOF)MSOT

has allowed high-resolution visualization of gliafioma deep inside tissues by the NIR
fluorophore indocyanine green, through the intactise head®

The impressive technological advances in fluoresiceaging have stimulated tremendous research
efforts to develop novel agents with optimized lipgical and imaging properties. In particular,

researchers are designing NIR fluorescent probese she light in the NIR spectral range (650—

900 nm) minimizes autofluorescence (due to the ttaat fluorescence from biosamples or living

animals is normally below 600 nm) and increase&pation depth (due to the reduced absorbance

from blood hemoglobin}?



Since 2005* many fluorescent imaging probes have been puldisbgether with several more
recent reviews of a wider scope’® *'The interested reader is directed to these pulditatfor
information regarding the design and applicationflabrescent probes for in vitro or in vivo
imaging of A3 plaques, both in AD mice and patients. Althoughih&t moment NIR imaging is
primarily limited to preclinical studies, those cefed so far substantiate the potential of fluceesc
imaging approach to advance personalized medicin®D.>> We are confident, that, even in the
worst case, such studies will be very informativeairesearch context. We believe that they have
already contributed to the preliminary developmeithe companion diagnostics and theranostics

discussed herein.

4. The emergence of companion diagnostics in AD
Given the setbacks, lack of breakthroughs, andd”haslinical trial flops that have characterized
AD drug development in recent years, the pharmamdundustry has been reconsidering how best
to approach this pathology. One major switch isgbal of treating AD in its early stages, since it
may be irreversible by the time clinical symptorndiyf appear® This approach considers early
diagnosis, identification of the right target pat& and early intervention to be the key elemehts
a successful AD treatment.
Ideally, any pharmacological therapy decision stidog¢ timely and based on a comprehensive
understanding of the disease biology and the dreghiamism of action. Although the end goal is
not yet achieved, recent advances in AD moleculadione and diagnostics have provided
reasonable insights into how drug discovery, dgualent, and pharmacotherapy could shift to a
more rational biomarker-driven approach. As thédfiadvances, pharmaceutical companies are
moving to develop novel devices, such as CDx asgaysupport AD drug research and therapy.
Drawing together the definitions proposed by vasioagulatory authorities and pharmaceutical
companies’*°a CDx assay is a safe and effective in vitro diejo assay to measure a recognized

indicator of either normal biological/pathogenicopesses or pharmacological responses to a



therapeutic. As such, CDx provide biological anddtinical data that allow researchers and
clinicians to reach suitable and timely decisiohBese include decisions concerning early drug
development as well as the administration of pesped drug therapy during routine clinical
care!

Broadly, CDx have four potential applications: Blestion of patients for a specific/targeted
treatment; 2) staging markers to adapt the thetapstrategy; 3) predictive markers for drug
response (efficacy), resistance, and safety; 40vielip markers to check the therapeutic response
(therapy monitoring) and to adjust therapy (altéuea dosing, duration) if required.

CDx are changing the management of several diseaseke old “population treatment” approach
gives way to the groundbreaking concept of persoe@dl medicine. In personalized medicine,
subpopulations of patients are identified accordingtheir “molecular profile”, with certain
subpopulations most likely to benefit from a taegetreatment and others at particularly high risk
of experiencing side effectd This strategy has been successfully applied torabweerapeutic
areas, providing excellent examples of CDx drug ettgyment, especially in oncology and
virology.”® AD drug research is moving in this direction, witiy pharma seeking to develop
reliable CDx assays for use in the design of dihigals.

In this respect, both neuroimaging and cerebros$ima (CSF) biomarkers (B4, total tau, and
phosphorylated tau levels) have now been includediagnostic criteria for AD and are regularly
incorporated into clinical trials. The interesteshder is directed to exhaustive reviews on the
application of fluid biomarkers to the developmehtAD therapeuticé? *> while examples of AD
clinical programs that recently used the newly appd diagnostic PET tracer scans as CDx tools
are discussed below (Table 1). For instaricés currently being used in Phase lll trials of the
experimental anti-p antibodies gantenerumab (Roche Holding R&And solanezumab (Eli

Lilly) *’ as a pharmacodynamic measure of changes in bmajtoia load over time in mild and

early-stage AD, respectively.



This is not the first time that Roche has used RiERnology to support AD clinical investigations.
In 2012, it launched a pioneering Phase ll/lllItndgantenerumab (SCarlet ROAD) in prodromal
(predementia) AD, using PET amyloid imaging to vécparticipants (positive for amyloid PET)
and to monitor A brain level over timé® Although discontinued in 2014, this study was amthrey
first examples of novel diagnostic criteria beimgarporated into a large clinical trial. Moreover,
the innovative screening process was successfehinlling a homogenous population of early
symptomatic AD patients, confirming the importanaze CDx assays in designing robust and
reliable trials®® Before SCarlet RoAD was discontinued, Roche's diatjo division announced
they would be developing a novel CDx assay forrituse’’

Similarly, soon after its apprové®, was licensed by GE Healthcare to Merck, JohnsaloBnson,
and Eisai as a CDx for identifying appropriate @aiis for clinical trials and developing potential
AD drugs> In December 2012, Merck and GE Healthcare annaliaceollaboration to us2 to
support a Phase II/11l trial of Merck’s drug canalie5 (MK-8931, verubecestat,in Figure 2) in
patients with prodromal A% 5 is a promising small molecule inhibitor of tiesecretase enzyme
(BACE-1), which cleaves the amyloid precursor prot@PP), initiating the neurotoxic amyloid
cascade.

In March 2013, Merck signed a deal with Luminexdavelop a novel CDx assay to further support
its ongoing5 clinical program (Table 13 Luminex will manage the development, regulatory
submission, and commercialization of the candidziDx device. This device will use Luminex’s
innovative XMAP technology to measure concentratioh two candidate biomarkers [/ and
tau) in CSF samples from patients with mild cogeitimpairment (MCI). The candidate device
will be evaluated as a tool for identifying subgeetith MCI who have a higher risk of developing
AD, as well as a tool for supporting patient sétecand enrollment for th& clinical progrant?

A substudy of theb study protocol will use the Luminex investigatibnau/amyloid assay to

evaluate response to treatment in CSF-positivecgaants (i.e. those with defined tau/amyl@ig-



ratio in CSF) and to evaluate changes in CSF cdrat@ns of A3-related peptides, total tau, and
phosphorylated tatf.

The results of these trials should prove invaluablanswering important questions for BACE-1
inhibitor clinical development. For example, at whevel should the BACE-1 inhibition be and at
what AD stage should treatment be delivered foinogitefficacy?*

Although several PET tracers have been used tu&eathe efficacy of experimental AD drugs in
human clinical trials, PET imaging is rarely usedrtonitor drug treatment in small animals. This is
because of the complicated experimental procedamesdata analysis in small animals, and the
high cost of synthesis and scanning of PET probashed with the use of radioactive material in
the very early stages of drug discovery. In 201moM and Ran proposed overcoming these

challenges by using the curcumin analo§U€ RANAD-3)>°

as an NIR imaging probe to monitor
the AB-lowering effectiveness of two different therapestin an AD mouse model (Figure 3). As
already noted, NIR imaging is generally more sug&dban PET imaging for animal studies, thanks
to its lower cost, simpler operation, and easida @daalysis. In previous studies, the same group
showed thatll (CRANAD-2 in Figure 7, see belowj,a curcumin-based NIR imaging probe,
displayed a significant increase in fluorescencensity upon interacting with insoluble A
aggregates. Howevet] could not detect solublefspecies?® These are considered to be the most
neurotoxic species and could thus potentially sas/biomarkers for the AD presymptomatic stage.
On this basis, they synthesized a new derivatydy replacing the two phenyl rings bl with

two pyridyls to establish hydrogen-bonding contagith the engaged A fragment (Figure 3)6
displayed an emission peak at 730 nm and showegllextfluorescence response toward soluble
AP species. In vivo two-photon microscopic and NIRagimg also indicated thd& is able to
penetrate the BBB and is specific towarfl Aggregate® Based on this encouraging data, the
authors investigated the ability 6fto monitor the therapeutic effectiveness in APP/R&de of
two experimental drugs (Table 1), the BACE-1 intabi(4S)-4-[2,4-difluoro-5-(pyrimidin-5-

yh)phenyl]-4-methyl-5,6-dihydro-4H-1,3-thiazin-2-ame (LY2811376), and the metal-mediated



ABa2 crosslinking inhibitor 7 (CRANAD-17), developed by the same grolpStructurally,
LY2811376 is an amino thiazine derivative, wher&ass an imidazole-containing curcumin
analogu€’ 6 was successfully used to evaluate the therapefit@acy of both drug treatments in
short and chronic mouse treatment studies, indigatat it could be considered the first NIR CDx
suitable for monitoring the [lowering effectiveness of drugs. This seminal waoakso
corroborated that fluorescence imaging agents doeitdalid alternatives to PET tracers as effective
CDx.

The 6/7 pair is one of the first examples in the AD fielida drug-diagnostic codevelopment model
(i.e. a diagnostic assay developed in conjunctidh & targeted drug). The positive results suggest

this strategy as an exceptionally strong invesbgal tool for AD drug research.

5. Theranostics and the prospects of personalizedeadicine in AD

In parallel to CDx, “theranostics” uses single cleahentities to deliver therapy and diagnosis
simultaneously and is a more recent and equallpvative way of implementing translational
medicine and personalized approaches.

The term was coined in 1998 by John Funkhadtiger the company Cardiovascular Diagnostics to
describe a material that allows the combined diagndreatment, and follow-up of a disease.
Although its definition is still evolving, the falving concepts, highlighted in the dedicated jolrna
Theranosticsare illuminating: Theranostics is a concept that was originally rdise refer to the
efforts of integrating imaging and therapy. As aneeging interdiscipline, it is related to but
different from traditional imaging and therapeutitS The theranostics concept is tightly
intertwined with personalized medicine. It allow® tselection of patient subpopulations, according
to their “molecular profile” at a given time, whoeamost likely to benefit from a targeted therapy
or at higher risk of adverse effects. Ideally, siultaneous and fully integrated development of
the drug and its diagnostic counterpart will digtirsh theranostics from classical drug/diagnostic

test combination&
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Although still in its infancy, the field of therastics has exploded over the past couple of years,
with new agents reaching clinical trials at a rgpate, especially in the field of cancer (see Kajim
20157 for a recent review). The literature dealing wiikranostics and AD has grown steadily. It is
thought that these agents could potentially offemwnhope to patients and real gains for
pharmaceutical and diagnostic companiés.®23> &3

Analyzing the theranostic-related literature, tippraaches reported to date involve two molecule
classes: nanomedicines and small organic compoudsology researchers have established a
plethora of nanomedicines (including polymer—dragjagates, liposomes, polymeric micelles, and
inorganic nanoparticles) with distinctive chemicampositions and physical properties. Compared
with traditional molecular-based contrast agentgherapeutic drugs, these new nanoplatforms are
extremely versatile, allowing ultrasensitive imagand therapy to be incorporated into one system
in a highly integrated mann&® However, the development of theranostic nanomeescfor AD
could be hindered by the limited ability of theseletules to cross the BBB and exploit CNS drug
delivery, together with a somewhat unacceptableasiweness, not compatible with a chronic
treatmenf’ Despite this, several groups are actively engdgetthe field and their efforts have
recently been reviewed elsewh&té!

In principle, the above hurdles to the developn@@nAD theranostics may be surmounted by the
use of small molecules. But even here and deggiteendous potential, the rational design of small
molecules with a predefined theranostic profilespréds new and unexplored challenges. The
discovery phase is likely to be particularly complas the medicinal chemistry community must
consider new identification and optimization stgés.

From the examples already reported, we identify tmaon rational strategies: (i) linking structural
elements from diagnostic and therapeutic agentsnate a new conjugate molecule; (ii) the
diagnostic and therapeutic moiety overlap or amghllgi integrated in a single chemical entity

(Figure 4).
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In the first approach, conjugated ligands contaattvo starting units, one carrying the therapeutic
properties and the other carrying the diagnostiperties, chemically connected by a spacer of a
variable nature and length. In principle, the secapproach has narrower applicability, since the
basic prerequisite is that an imaging probe andug dhare a common structural scaffold. This
design concept involves a single interacting protidiat is both the therapeutic target and the
biomarker. This could be the case for theranostmmounds developed to label and simultaneously
inhibit aggregation of fibrils of pathologicalpfor tau. A particular strength in this scenaridhiat
there can be overlap between the molecular pr@gsemisponsible for recognizing and consequently
inhibiting these amyloid proteins, and those resgaa for their fluorescence imaging. Extended
conjugated flat systems are considered importaatufes for binding and interfering with
amyloids’® " But they also result in increased electronic dali@ation, which induces a small
band gap between the excited and ground stateBn¢eto an emission wavelength in the desired
NIR spectral window?

Of course, ligands designed by a conjugating ambr@ae more likely to have a high molecular
weight and less likely to have favorable BBB pertitge whereas overlapped compounds are
likely to have lower molecular weight and, in piijie, better drug-like properties. However, the
linking strategy opens up possibilities to addre4s issues with appropriate linker design. In
principle, some of the problems associated withh hiydrophobicity of the conjugate can be
overcome by the use of PEG-containing hydrophitikdrs’>

Despite these challenges, an ever-increasing nuwoforeranostics are being developed against
AD. Notably, Moore and Ran’s group has producedtnobghem. In addition to these elegant,
rational approaches, the literature contains examplhere the deliberate aim of generating a
theranostic is not explicitly stated. However, tiesulting small molecules have true theranostic
potential because they can both image and inhipipéptides. In this respect, actual developments
in the field may not be fully represented in thieriture, since some authors use terms such as

“multifunctional” or “bifunctional” rather than “tbranostics”.
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In 2012, for example, Li, Yung and Wofigdeveloped what they called “multifunctional
fluorophores” able to directly image the dynami€#\@ fibrillogenesis and inhibit its aggregation.
They based their investigation upon previously idieal carbazole-based cyanine fluorophores
reported to bind to A with concomitant strong fluorescence enhancerffefite carbazole scaffold
was then variously functionalized to ameliorate Kegctional properties, such asAinding,
cytotoxicity, and BBB permeability. Structure-acatyvrelationship studies led to the discovery of
the promising compoun® (SLOH in Figure 5)° After the characterization of the intrinsic
fluorescence propertie demonstrated a strong and progressive increasés ifluorescence
intensity, concomitant with a blue shift of the esion maximum, indicating a direct interaction
with the A3 peptide. Moreover, the fluorescence enhancemestmuach stronger for A fibrils
than for A3 peptide. After validating's diagnostic capacity, the authors disclosed aagreutic
inhibitory effect on both the f\nucleation and elongation processes. The mechaviighe anti-
amyloid profile was also confirmed by circular dicism studies. Thus, after verifying that
treatment with different concentrations 8fwas not toxic to SH-SY5Y cell line, the group
investigated its effect on fAinduced cytotoxicity on the same cell line and mpuse primary
cortical cells’® Significantly, 8 displayed a strong neuroprotective effect on bmh models.
Finally, the authors demonstrat8t abilities to pass the BBB in vivo and to ex vilabel A3
plaques in APP/PS1 Tg mif®.Taken together, these results are suggestiv@sotheranostic
potential. However, in vivo studies are neededdmanstrate the effective therapeutic and safety
profile of 8.

In 2013, members of our group developed the styiglgjine 9 (G8),”” one of the first small
molecules to be intentionally proposed as an iro\tiieranostic (Figure 6). Our inspiration was the
finding that several styryl derivatives, designedimprove the pharmacokinetic properties of
Congo red and ThT, had been successfully emplogednayloid imaging agents in viv8.In

addition to staining amyloid fibrils with high afiity, many of these molecules were found to block
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their aggregation. We thus sought to develop a Inthexanostic by exploiting a styrylquinoline
core structure.

We selected the quinoline for its “privileged soddf nature, which, in principle, displays desir@bl
pharmacokinetic properties and drug-likeness. Amatiger derivatives, we selectedl and
evaluated its theranostic profile for potentialliaghosing, delivering therapy, and monitoring
responses in AD and prion disea§e$his double activity was proposed on the basithefever-
increasing neuropathological commonalities found tween these two devastating
neurodegenerative diseag@ghus, after verifyind’s encouraging fluorescence properties and its
good BBB permeability, we separately evaluatedhiésapeutic and diagnostic activities. Inhibition
towards A4, aggregation was assessed by the classical ThT-bhsgdmetric assay, wher@
significantly decreased the fluorescence signalfimoimg its ability to act as a fibrilization
inhibitor.”” Moreover, when measuring the emission spectraénabsence and presence d¢f A
aggregates9 showed a strong hypsochromic shift of the emissn@ximum, concomitant with a
hyperchromic effect upon binding. This clearly Highted its potential as an amyloid sensor.
Finally, displacement studies suggested $haiay have a primary high-affinity binding site chst
from ThT and a secondary low-affinity binding sitecommon with ThT. As expected, a similar
anti-aggregating activity was observed wh&mwas tested against prion protein in an in vitro
amyloid seeding assay. On the basis of these pimgnisutcomes, we evaluated the global
theranostic potential 0® in the ScGT1 cellular model of prion diseases.eAféxcluding that
treatment o was toxic to the cells, we evaluated its inhibitativity against prion replication,
and found a relevant submicromolar antiprion effécto corroborate the labeling of fibrillar
aggregates in living cells, fluorescent staininghvd was carried out using the same prion cell
model. Treatment witl® allowed us to visualize a number of localized faszent spots in the
infected cells examined by fluorescent microscdpyen more significant in terms of selectivity,
we observed no spots in the control uninfectedscdlhus, although our study is limited to a

cellular context and does not definitively pro9&s theranostic potential, it offers a promising
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starting point for developing novel theranosticlsom in vivo diagnose, deliver targeted therapy,
and monitor responses to therapy in both AD andnpdiseases. As regard as toxicity, although we
did not find any sign of cytotoxicity up to 10 pMompound9 presents both aniline as well as a
styryl olefin, two moieties known to bring safeggues in drug candidates.

The curcumin analogu#0 (CRANAD-28 in Figure 7), proposed in 2014 by Moaned Rarf’ is
another example of a rationally designed theraa@gfent. Moore and Ran began with a previously
developed curcumin analogukl(in Figure 7) that could detect soluble and ins@ulf} species?

but was endowed with low quantum yield (QY). To mane this, the authors proposed replacing
its phenyl rings with pyrazolé8.They reasoned that the inductive electron-withimmgveffect of
the nitrogen of pyrazole could lead to a low termyenf electron delocalization in the system,
which would decrease tautomerization, increasing @Y. This idea was supported by their
previous studies, which showed that imidazole amiouanalogues effectively interfere with the
coordination of C#" and thus attenuate the pathological crosslinkingfthat is mediated by this
metal>®

On these logical foundations, they synthesi¥r2(CRANAD-44 in Figure 7 so that the pyrazoles
could interfere with C% coordination while simultaneously reducing tautcizegion and
increasing QY. To improvel2s properties, they developed the corresponding NkRenyl
derivativel0, which underwent extensive investigation for Iteranostic potential in comparison to
1280

First, they characterized the fluorescence properind QY of both molecules. As expected, the
QY of 10 was higher than that 2.2 They then tested the ability &6 to interact with B (Figure

7). Interestingly,10's fluorescence intensity was quenched I}y Adicating a direct interaction.
Staining APP/PS1 mouse brain slices with both mdéscshowed thatO provided an excellent
contrast for A plaques, whilel2 did not, suggesting that the phenyl rings at th& Nosition
successfully enhancepAbinding in accordance withO's rational design. Finally, after assessing

the BBB permeation, the authors validated the atipabf 10 for the in vivo two-photon imaging
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of APP/PS1 mic&® As anticipated, A plaques were clearly labeled and cerebral amyloid
angiopathies (CAAs) were also highlighted. To défiely validate 10's theranostic potential, the
authors sought to verify the ability of the pyrazaings to coordinate Gliand thus exert the
desired therapeutic effe¥t.Western blotting analysis showed that, unlik® 10 significantly
inhibited Cd*-induced crosslinking of B Accordingly,10s great significance for theranostics is
that, despite emitting outside the intended NIR &l@ngth regionien, > 578), it has provided the
first in vivo proof of principle in an AD mouse meld Despite CRANAD derivative$0-12 are
extremely promising starting point for theranostievelopment, it should be pointed out that
curcumin analogues present possible Michael accempceties. To best of our knowledge, possible
safety liabilities linked to this functionality hawot been addressed in the previously mentioned
papers.

In 2014, Moore and Ran proposed another enlightemipproach to the development ofi-A
directed theranostics, by exploiting a linking agmmh®’ It is widely known that crown ethers form
stable complexes with protonated amines throughrdggh-bond formation. In particular,
positively charged B fibrils are highly cytotoxic, whereas neutralizinge charges reduces
neuronal toxicity. The authors hypothesized thatver ethers could form noncovalent complexes
with Ap peptides with positively charged basic amino asidsh as K16 and K28,which form
intrapeptide salt bridges with D23 leading to thab#ization of the misfolded peptid&sTheir
working hypothesis was that breaking down theselsalges could attenuate the Aggregation
process. As a preliminary test of their hypothe$isy assessed the anti-aggregating ability of-a 12
crown-4 ether, rationally selected for its low nwllar weight, its effective ability to form
complexes with charged amino acids, and its inB@gmt disturbance of physiological ion
homeostasis. Both ThT testing and dot blottingaatkd that this molecule could efficiently inhibit
AP aggregation. To achieve a selective targetingatitbors therefore linked the 12-crown-4 ether
>

at the amino group df, leading to the conjugatE3 (PiB-C in Figure 8).- Encouragingly 13 was
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more potent thad, indicating that the crown-ether moiety markedbniibuted to the inhibitory
effect against A aggregation.

The authors then treated SH-SY5Y cells witpyAin the absence or presence of 12-crown-4 ether
and 133" Both molecules lowered the toxicity ofp, while 4 did not, indicating thatl3s
neuroprotective ability was not due to the presavicthe 4 moiety. Finally, sincel3 efficiently
crossed the BBB, the authors tested its abibtgpecifically label & plaques in vitro and in vivo,
using two-photon imaging. As expectd® could clearly image plagues in APP/PS1 mouse brains
in vitro and, more importantly, in vi. Moreover, 13 could also efficiently label CAAs in a
similar manner a4.

14 (TBT in Figure 9), developed in 2015 by Yao and W&his the most recently proposed
theranostic small molecule. They followed a vemikr approach to that reported by Moore and
Ran for13. Here, the inspiration was the therapeutic poaémti metal chelators to reduce metal-
induced /A aggregation and neurotoxicity in A The authors thus developed a novel fluorescent
chelator 14) as a dual functional probe and disaggregatingntafpe A aggregation induced by
Zn** and CG".% Following a linking approach very similar to thated forl3, they designed4,
which comprises a metal-chelating 1,4,7,10-tetregdadodecane (cyclen) group and, again,4he
AB-recognizing scaffold.

As a positive feature of the chelating profile, can tightly bind to Zfi or Ci*, while exhibiting
high selectivity over other biologically relevanetal ions. In terms of its anti-amyloid profib4's

high binding affinity for A aggregates was disclosed using the ThT fluoresceonmpetition
assay’® The authors found that the high affinity b8 for Zré*-AB4o aggregates results from a
synergistic effect of the two functional moietiéglditionally, molecular docking analysis showed
that14 competes with ThT due to the overlapping bindigssn A3, and captures metal ions from
metal-AB species. After confirming that4 specifically inhibits ZA™- and Cd*-induced Ao
aggregation over metal-free4 aggregation in vitro, the authors monitored theagdgregation of

AB4o aggregates in brain homogenates of APPswe/PSENide’® These results, together with
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14s specificity, neuroprotection, and efficient BBpBermeability, highlight this fluorescent

chelator’s potential as a theranostic tool for AD.

Conclusion and perspectives

“Few candidates, frequent failures” is the bestcdpson for the current status of AD drug
development. Summing up what we have discusselisnMiniperspective, CDx and theranostics
emerge as powerful tools to change the status lgqupptentially de-risking development projects,
shortening development timelines, allowing fastewrproduct approval, and ultimately generating
revenue streams.

CDx are becoming a well-established approach farynmaajor diseases, particularly cancer. Their
underlying concept is that such major diseasesimmeensely heterogeneous, and the existing
treatments are effective only for limited patierdpplations and at particular stages of disease
development. Thus, a close marriage of diagnogilstherapeutics could better tailor therapeutic
practices to individuals, offering improved proges® This also applies to AD, for which, more
crucially, there are currently no disease-modifyirgatments.

In parallel to CDx, the development of theranosiscgrowing in feasibility and attractiveness as a
strategy. In the CDx approaches discussed abowgjimg probes and drugs are pursued separately,
which is resource-hungry, time-consuming, and godfloreover, in some cases, their use has led
to mixed results in clinical trials. Conversely,vd®ping single agents with both imaging and
therapy properties could be inherently simpler anate economical, expediting the drug discovery
process. More importantly, theranostics could owere a problem related to the use of biomarkers
and CDx and identified by the Alzheimer's Associa Research RoundtaBfeEven if a
biomarker is relevant to AD and can be monitoredalmorresponding imaging agent, the imaging
agent’s clinical utility as a CDx is not guarantedeébr example, both bapineuzumab and
solanezumab are monoclonal antibodies directechsigtie 484, peptide®® However, they show

different relations between the cerebral amyloiddbn imaged byt PET scanning and the clinical
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outcome. This may be due to differences in theibmgroperties of these two antibodies. While
bapineuzumab has a higher affinity for amyloid plkeg) than soluble # solanezumab showed
preferential binding to solublepAbut not to aggregatedpAThis indicates that not all biomarkers,
and consequently CDx imaging agents, are intercievlg for use in all trials. However,
“overlapped” theranostics overcomes this problemgesthe target for therapy and the biomarker
for disease-monitoring coincide. Recent examplethefanostics’ potential are highly gratifying,
and augur well for their future applicability to ABlowever, their full value will not be realized
until their diagnostic and therapeutic applicatians deployed at the clinical level.

Can researchers take theranostics to clinicak®itlwill require a blend of pragmatism, utopiaga
cooperation. Identifying future paths to radicalpnovement will require a rigorous, detailed
understanding of the most critical challenges (ptaaeutical, clinical, regulatory). At the same
time, the theranostics concept demands a drastiinke of the way we develop drugs and
diagnostics. Collaboration between pharmaceutical diagnostic companies will be crucial to
fostering this innovation. Thus, we could be on tusp of curing AD, but bold and sustained
action is required from many actors to fully explbiese scientific opportunities. Given the current

unmet medical needs and the advantages if suctassfbold step is warranted.
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Table 1.CDx assays used in current AD clinical trials anecpnical research.

CDx/Experimental drug

In vivo imaging

Biomarker

Drug MOA Reference

[*®F]florbetapir/gantenerumab
[*®F]florbetapir/solanezumab
[*®F]flutemetamol/MK-8931
Luminex device/MK-8931
CRANAD-3/LY2811376

CRANAD-3/CRANAD-17

PET
PET

PET

Luminex's XMAP® [#, and tau

NIR

NIR

BA
BA
B

»
A

anti-AB antibody 46
anti-AB antibody 47
BACE-1 inhibitor 52

BACE-1 inhibitor g

BACE-1 inhibitor 55

metal-mediated Py,
crosslinking inhibitor 55

31



ZT

HO s /
NTS / NH
N

\/\O/\/O\/\O AN

. 18
1: [18F]ﬂ0rbetapir 2: [ F]ﬂutemetamol

H
N

~
O HO S "CH,
oh L))
N O N

3: ['8F]florbetaben 4: [''C]PiB

Figure 1. Amyloid PET imaging agents used in clinids3) or in vivo human studieg).

32



5: MK-8931
Figure 2. Chemical structure of BACE-1 inhibitéx

33



6: CRANAD-3 7: CRANAD-17

gt K / —

Figure 3. Development of the first fluorescent Calidated in an AD mouse model.

34



@

Linking Overlapping
. “wAdy
L/‘V A § A\
>

Decrease molecular size

Figure 4. Designstrategy of theranostic

35



8: SLOH
ex vivo
B-amyloid staining

theranosis

Figure 5. Theranostic profile o8.

in vitro
AP aggregation
inhibition

36



N

H1C
5 ")4/ AN
)20 SOV ~
NH,

| 9: G§
in vitro in vitro
amyloid staining amyloid aggregation
inhibition

theranosis

Figure 6. Theranostic profile o9.

37



o

| 11: CRANAD-2 \

:

F._F

B
OI’“O
AN ///

NH
N

HN
N

— —

12: CRANAD-44

¥ ) O~

10: CRANAD-28

in vivo in vitro
-amyloid staining [} aggregation
inhibition

theranosis

Figure 7. Rational pathway to curcumin-based theranasliand its theranostic profile.

38



in vivo
B-amyloid staining

Figure 8. Theranostic profile o13.

13: PiB-C

theranosis

in vitro
AP aggregation
inhibition

39



NH HN
14: TBT
in vitro in vitro
B-amyloid staining metal-induced
AP aggregation
theranosis inhibition

Figure 9. Theranostic profile ot4.

40



Table of Contents Graphic

Diagnostic

*
e N

Therapeutic

I—p

Companion diagnostic
@
=IN

+

I

7

Theranostic

~

41



