nature reviews drug discovery https://doi.org/10.1038/s41573-023-00703-8

Review article

% Check for updates

Deuterium indrug discovery:

progress, opportunities
and challenges

Rita Maria Concetta Di Martino®", Brad D. Maxwell®? & Tracey Pirali®"*

Abstract
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Substitution of ahydrogen atom with its heavy isotope deuterium
entails the addition of one neutron to a molecule. Despite being a
subtle change, this structural modification, known as deuteration,
may improve the pharmacokinetic and/or toxicity profile of drugs,
potentially translating into improvements in efficacy and safety
compared with the non-deuterated counterparts. Initially, efforts to
exploit this potential primarily led to the development of deuterated
analogues of marketed drugs through a ‘deuterium switch’ approach,
such as deutetrabenazine, which became the first deuterated drug
toreceive FDA approval in 2017. In the past few years, the focus has
shifted to applying deuterationin novel drug discovery, and the FDA
approved the pioneering de novo deuterated drug deucravacitinib
in2022.In this Review, we highlight key milestones in the field of
deuterationin drug discovery and development, emphasizing recent
andinstructive medicinal chemistry programmes and discussing the
opportunities and hurdles for drug developers, as well as the questions
that remain to be addressed.
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Introduction

Medicinal chemists use a wide range of approaches to optimize the
efficacy and safety of small-molecule compounds in drug discovery
and development. Among them is bioisosterism, whereby one sub-
structureis replaced withanother toimprove one or more properties
of the original compound while retaining its biological activity'. For
example, the replacement of hydrogen with deuterium — arguably the
smallest possible chemical change — can have a substantialimpact on
various drug characteristics. Deuterium incorporation was initially
believed to merely increase the metabolic stability of acompound, but
it has become evident that the effect of this modification can go well
beyond simple pharmacokinetic (PK) improvements to have a major
impact on drug efficacy and safety.

The incorporation of deuterium in drug compounds began in
the early 1960s, when two independent works on d,-tyramine” and
d;-morphine’ were published, but only a few studies followed up on
this topic over subsequent years. However, in the past two decades,
deuteration hasincreasingly been used to potentially improve the PK
profile of marketed drugs — an approach named ‘deuterium switch’,
in analogy with the term chiral switch®. This strategy has attracted
commercial interest, with a handful of companies having deutera-
tion as their core technology and several licensing deals, mergers
and acquisitions occurring in the field®. Such investments led to the
development of the first deuterated drug, deutetrabenazine, which
was approved by the FDA in 2017. This deuterated analogue showed
afarsuperior PK profile compared with undeuterated tetrabenazine, a
vesicular monoamine transporter 2 inhibitor approved in 2008 for
the treatment of chorea associated with Huntington disease®, which
allowed a significant reduction in dose and dosing frequency.

The pioneering experience with deutetrabenazine paved the way
for other deuterium switches. In 2021, donafenib, the result of a deu-
terium switch on the multi-kinase inhibitor sorafenib, was approved
in China for unresectable hepatocellular carcinoma and is currently
being developed for the treatment of various cancers’. In particular,
donafenib provided better PK properties, higher efficacy and less-
frequentadverse effects when compared head-to-head with sorafenib
inclinical studies. During the same year, the oral remdesivir derivative
VV116 was approved for emergency treatment of patients with corona-
virus disease 2019 (COVID-19) in Uzbekistan®. In this case, deuterium
incorporation combined with prodrug design allowed the development
of an orally bioavailable antiviral agent with the same mechanism of
action as remdesivir.

Overall, the clinical relevance of a potential deuterium switch
approach is underscored by the existence of at least 15 compounds
under clinicalinvestigation. However, the use of deuterium has recently
expanded beyond the improvement of already marketed drugs to
become an integral part of the drug discovery process, in which it
is often used at early stages to overcome PK shortcomings. Deucra-
vacitinib, an allosteric tyrosine kinase 2 (TYK2) inhibitor approved
for psoriasis in September 2022, is the first example of a novel deu-
terated FDA-approved drug. Here, deuterium incorporation avoids
the formation of a non-selective metabolite and preserves the exqui-
site specificity of the parent drug for TYK2 over the other enzymes
belonging to the Janus kinase (JAK) family®. At present, four novel
deuterated compounds are under clinical investigation: BMS-986322
and BMS-986202 (ref. 10), follow-up candidates of deucravacitinib;
deucrictibant, a bradykinin B2 receptor antagonist for hereditary
angioedema attacks"; and VX-984, a DNA-protein kinase inhibitor for
radiosensitizationin oncology®.

Inthis Review, we start by providing a briefaccount of deuterium
properties along with the rationale for its use in drug development.
We then elaborate on the different effects that deuterium can exert on
bioactive molecules. Given that the use of deuteriumin drug discovery
has already been reviewed elsewhere” ", and that a comprehensive
catalogue of examples is beyond the scope of this study, we focus on
the mostinstructive examples that showcase the multifaceted poten-
tial of deuterium in drug research and development (R&D), mainly
analysing primary peer-reviewed studies published between 2020 and
2022. We further highlight the progress madein the field by reporting
successful examples of both deuterium switches and de novo deuter-
ated compounds, either on the market or in the pipeline. Finally, we
share our perspectives on the challenges faced by drug developers
whentranslating deuterated drugs frominvitro settings to the market.

Deuterium and rationale for drug deuteration
Hydrogen, the most abundant element in the universe, has three
isotopes that exist naturally: protium (*H, hereinafter abbreviated asH,
which has one proton and one electron, with a 99.9844% abundance),
deuterium (*H, hereinafter abbreviated as D, bearing anadded neutron,
witha 0.0156% abundance)*® and tritium CH, hereinafter abbreviated
as T, bearingtwo added neutrons, presentintraces) (Fig.1).AsDand T
can be easily detected by mass spectrometry and radioactivity meas-
urements, respectively, they are extensively used in life sciences to
identify, monitor and understand biological and chemical processes'*.
Whereas Tisaradioactiveisotope, albeit withalonghalf-life (¢,,), Dis sta-
ble and canbe handled without any special requirements. As such, with
the advent of ultrasensitive mass spectrometry, D is complementing,
or evenreplacing, T in many biomedical areas.

Produced by nucleosynthesis during the Big Bang, D was first
discovered and named by Harold Urey in1932 (ref. 21). Even though this
heavyisotopeis madeinstars, it canalsobe foundinsmallamounts on
Earth (120-150 ppm), with slight variations between the marine and
non-marine worlds. Of note, the recent discovery that bone collagen
fromScotland’s grey seals has the highest level of D ever found in bio-
genicsamples has extended the upper limit of its natural abundance to
310 ppm. Even more surprisingly, thisenrichmentis only related to the
amino acid proline and its derivative hydroxyproline, a phenomenon
thatis still poorly understood®.

Prompted by reassuring data on D safety in humans that has
emerged over the years?>*, the popularity of this isotope in drug
discovery and development has increased owing not only to its
safety as a tracer in metabolism studies, in which the administration
of the D-labelled drug helps to track the fate of a molecule through
thebody and excreta, butalsoto the fact thatit canbeincorporatedin
pharmacologically active compounds as a bioisostere.

Arguably, the H to D substitution is one of the most conservative
examples of bioisosterism. The twoisotopes are very similar in terms of
physicochemical properties, with D displaying a smaller molar volume
(by 0.140 cm® mol™ per atom), alower lipophilicity (AlogP,..—0.006),
slightly altered pK, values (higher or lower depending on the specific
compound) and C-D bonds being shorter than C-H bonds by 0.005 A.
The only substantial difference is that D has a twofold larger mass
thanH (Fig.1a). As aresult, the C-D bond is associated with areduced
vibrational stretching frequency compared with the C-H bond, a
lower ground-state energy and, inturn, agreater activation energy for
cleavage (Fig. 1b). It follows that the C-D bond is more stable than the
C-H bond (with a difference of 1.2-1.5 kcal mol™)*, and its cleavage
occursinaslower fashion. Such adifference in reactivity is quantified
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by the so-called deuterium kinetic isotope effect (DKIE), which is
expressed as a ratio of the rate constants (k,,/k,)***’: the higher the
DKIE value, the slower the C-D bond breaking rate compared with that
of C-H. A primary isotope effect occurs when the rate of a C-H cleav-
ageis measured and compared with the rate of the same C-D cleavage,
with typical values between 1 and 5. In specific cases, DKIEs might be
<1 (inverse DKIE) or >5 (large DKIE), with a theoretical upper limit of
9 (ref. 28). Secondary isotope effects from adjacent atoms can affect
the cleavage rate as well, although to a lesser extent. However, given
that in certain contexts DKIEs accumulate and isotopic substitutions
influence cleavage even from a long distance in the molecule (that is,
distal DKIE)*, DKIEs might reach significant values and slow down the
rate of bond cleavage, with a profound impact on pure chemical as well
asenzyme-catalysed processes, and can therefore be capitalized upon
to improve drug profiles from different perspectives (Fig. 2).

Possible benefits of deuterium incorporation
indrugs

Influence on oxidative metabolism

Itis estimated that more than half of the marketed drugs are metabo-
lized by enzymes in the cytochrome P450 (CYP) family*°. Unfortunately,
oxidative metabolism might be associated with several drawbacks:
formation of unstable, reactive, non-selective and toxic intermediates
and/or metabolites; occurrence of inter-patient variability owing to
genetic polymorphisms; and saturation, induction or inhibition of
theisozyme, leading to potentially harmful drug-drug interactions.
Therefore, the replacement of Hwith D, based onthe DKIE, isastrategy
particularly pursued by drug developers to attenuate CYP-mediated
metabolism andits inherent disadvantages® * (Fig. 1c). Importantly, to
observe asignificant DKIE and animpact of D on oxidative metabolism
rate, the catalytic cycle mustinclude a C-D cleavage step that should
be, at least partially, rate limiting. Moreover, the magnitude of DKIE
depends on the route of metabolism, the enzyme involved and the
specificsubstrate, and it cannot be predicted a priori. Yet, as ageneral
rule, O-dealkylationisthe reaction that is most sensitive to deuterium
incorporation, followed by amide N-dealkylation, and oxidation of
alkyl groups. Conversely, amine N-dealkylation is the least sensitive
transformation, and aryl hydroxylation is not influencedby Hto D
substitution as it does not involve a direct abstraction step during
enzyme catalysis® (Fig. 1d).

The primary effect of the H to D switch is the improvement of
the PK performance, mainly at the level of ¢,,, area under the curve
(AUC) and maximum concentration (C,,,,). This may result in a lower
dose or dose frequency required to achieve adequate efficacious
drug exposure in patients. Nevertheless, caution must be exercised,
as deuteration at one site might divert the compound to other bio-
transformation routes and increase the metabolism at other sites,
a phenomenon termed metabolic switching or metabolic shunting.
Metabolic switchingis amore appropriate termwhena collateral and
undesired metabolic pathway is increased (for example, oxidation of
an alternative site)**. As CYPs usually oxidize substrates at multiple
sites through alternative pathways, a decrease in metabolite forma-
tion rate following deuteration of oxidizable soft spots may increase
the oxidationrate at one or more alternative undeuterated soft spots.
In contrast, metabolic shunting is the preferred expression when a
metabolic pathway that leads to desirable and non-toxic metabolitesis
increased (for example, glucuronidation). Inboth scenarios, the result
isthat the metabolic patternis modified upon deuteration, giving rise
to different levels of metabolites, while there is no significant change
inthe overall extent of metabolism.

The changes in metabolic pathways are not always predictable and
therefore are measured by in vitro and/or in vivo metabolism studies.
Forexample, caffeine deuteration at one methyl group atatime attenu-
ates the oxidation at the deuterated position, whereas it induces sig-
nificant metabolic switching at the non-deuterated soft spots***. Only
per-deuteration of all the three methyl groups (d,-caffeine) (Table 1)
can effectively reduce N-dealkylation reactions and improve the PK
profile**?, as judged by a fourfold higher exposure to d,-caffeine and
afivefold to tenfold reduced exposure to downstream metabolites
relative to unlabelled caffeine in a phase I trial®®. Even though the use
of dy-caffeine in food and beverages seems unlikely, the fact that this
deuterated compound requires lower doses and dosing frequency,
while ensuringless exposure to downstream metabolites, makesitan
alternative option to caffeine in the clinic, where it could be used to
treat apnoea in premature infants or, in combination with analgesic
agents, tomanage pain. Interestingly, following oral administrationin
rats, more gradual absorption was observed (C,.at 2 hfor dy-caffeine
versus1hfor caffeine)®, suggesting that, even though the differencein
lipophilicity between Hand Dis not significant, when multiple D atoms
are present, the variation might add up and resultin slower absorption.

Fig.1| The deuteriumkineticisotope effect

and its consequences. a, Comparison between
protium (H) and deuterium (D), showing the
difference in atomic mass between the two species.
b, The different extent of activation energy for
C-Hand C-D cleavage steps. ¢, Arepresentation
of'the deuterium kinetic isotope effect (DKIE)
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Fig. 2| Potential effects of precision deuteration and exemplifying
compounds. A key use of deuteration is to reduce metabolism at vulnerable
sites on the drug molecule, often called soft spots. This canimprove the
pharmacokinetic properties of the compound, resulting in lower and/or
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less-frequent dosing, as with deutetrabenazine. It could also decrease the
formation of non-selective drug metabolites and thereby improve drug
selectivity, as with deucravacitinib. These and other examples are described
indepthin the main text.

Lastly, astudy from1987 reported asignificant increase in d,-caffeine
binding to human serum albumin compared with that of caffeine (46%
versus 27%, respectively), suggesting that this feature, which is often
overlooked, should also be taken into consideration when developing
deuterated drugs*’.

In the case of enzalutamide, an androgen receptor inhibitor
approved for the treatment of castration-resistant prostate cancer,
nometabolic switching occurs, and deuteration at the amide N-methyl
group (deutenzalutamide, d;-enzalutamide; Tables 1and 2) is sufficient
to afford a superior analogue, at least from a PK perspective. Enzalu-
tamide undergoes two different reactions: hydrolysis leading to M1, a
non-active carboxylicacid metabolite, and N-demethylation mediated
by CYP2C8 and CYP3A4/5leading to M2, anactive metabolite, whichis
thought toincrease therisk of seizures. Notably, the observation that
M1 was mainly formed by hydrolysis of M2 rather than enzalutamide
itself led to the conclusion that deuteration reduced the production
ofbothM1and M2 in the absence of ametabolic switchin favour of M1.
These improved PK parameters in preclinical studies translated into
a stronger antitumour activity in xenograft models*. As expected,
in phase I trials the steady-state administration of 80 mg of deuten-
zalutamide achieved the same plasma concentration as 160 mg of
enzalutamide*’. However, only future head-to-head trials enrolling a
higher number of patients will provide conclusive evidence in terms
ofreduced risk of epilepsy and better safety profile.

Improved PK and no occurrence of metabolic switching events
were also reported with the deuteration of ivacaftor, the first drug
approved for cystic fibrosis. Ivacaftor has two tert-butyl moieties, but
its oxidative metabolismis mainly focused on only one, whereby one of
thethree methyl groups undergoes CYP3A4-mediated hydroxylation
toanalcohol and further oxidationto acarboxylicacid.Dwasincorpo-
rated at the soft tert-butyl moiety, affording deutivacaftor (dy-ivacaftor;
Tables 1and 2). No significant metabolic switching occurred on the
other tert-butyl moiety, as demonstrated by similar PK parameters
obtained when deutivacaftor and dg-ivacaftor, containing two per-
deuterated tert-butyl groups, were assessed in a single-dose crosso-
ver study conducted by Concert Pharmaceuticals in healthy human
volunteers (t,,15.9 h; AUC,_;,s 3,812 h ng mI™ versus t,,16.4 h; AUC, ;¢
3,196 h ng mI™)*, Additional clinical studies assessing the efficacy of
deutivacaftor versus ivacaftor, both given at a single dose of 150 mg,
showed that deutivacaftor could be administered once daily instead
of twice per day as needed for ivacaftor. Deutivacaftor is currently in
phaselll clinical trials as part of a triple combination therapy*.

Improving the PK profile of adrug through deuteration may also
decrease the amount of a co-administered booster (that is, a substance
withthe function ofincreasing the bioavailability of the co-administered
drug) required to achieve efficacious exposure. Dextromethorphan
is an active ingredient in many over-the-counter antitussive medi-
cations, and quinidine is an antimalarial and antiarrhythmic agent.
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Table 1| Selected examples of deuterated compounds

Structure Reaction Therapeutic indication or use Advantage given by deuterium Highlighted
(mechanism of action) incorporation inreference
29g CYP1A2-mediated amide ~ Apnoea of prematurity in infants; Increase in PK parameters (longer t,, 35-40
\1/ and amine N-dealkylation  pain medications associated with higher AUC); slower oral absorption
N NYO analgesic agents (adenosine
¢ L(N B receptor antagonist)
N
D% o ®°
p D
do-caffeine
= o D CYP-mediated amide Castration-resistant prostate cancer PK improvement; reduced formation of 41,42
F D ) ) . . .
F = /@fLNkD N-dealkylation (androgen receptor antagonist) metabolites associated with side effects
H
N= N»\N F
OW
Deutenzalutamide
(d;-enzalutamide, HC-1119)
D Dp CYP3A4-mediated Cystic fibrosis (CFTR modulator) Increased PK parameters (longer t,, 43,168,169
HO © D oxidations and higher exposure)
D
o O D
N D D
| H
N
H
Deutivacaftor
(do-ivacaftor, CTP-656, VX-561)
CYP2D6-mediated Agitation in Alzheimer disease Reduced amount of co-administered 45-47
O-dealkylation (multitarget modulator) booster
AVP-786 (d;-dextromethorphan
and quinidine)
b o CYP-mediated amine Non-small-cell lung cancer Reduced toxicity due to lower levels 50
N H OJ N-dealkylation (EGFR inhibitor) of non-selective N-demethylated
I metabolites
=N NH o
P —8-0H
N N— 5
\ N
D'p o —N_
Dosimertinib
) AO-mediated oxidation Cancer (ATP-competitive inhibitor Increased oral exposure and anticancer 5,57
= | P of MET kinase) activity; reduced nephrotoxic
N metabolites
N N\
I\GM:NN
d,-JNJ38877605
NH, Enantiomerization Haematological cancer and Reduced enantiomerization and higher 58,60
O O solid tumours (cereblon-binding efficacy
NH
N7{L_2=0 molecular glue)
N=§ D
DRX-164 (SP-3164)
B O Enantiomerization X-linked adrenoleukodystrophy Reduced side effects associated with 61,62
Z ] | X ".Y/I( and nonalcoholic steatohepatitis off-target agonism on PPARy
Sy o~F s NH (MPC inhibitor)
o)
PXLO65
(d,-(R)-pioglitazone)
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Table 1 (continued) | Selected examples of deuterated compounds

Structure Reaction

Therapeutic indication or use
(mechanism of action)

Advantage given by deuterium
incorporation

Highlighted
inreference

Epimerization COVID-19 (MP™ inhibitor) Reduced epimerization in vivo 63,64
el
Y180
o ROS-driven oxidation Neurodegenerative diseases Increased resistance to oxidative 68-70
0 (reduction of oxidative stress) damage
D D
- Opioid dependence Enhanced immune response 73
O-dealkylation Huntington chorea and tardive Increased exposure to active 6,75,77-93
dyskinesia (VMAT2 inhibitor) metabolites
N
Deutetrabenazine
(de-tetrabenazine)
D - Hepatocellular carcinoma and Higher drug absorption and exposure 7,95-99
Dj\ a .
® N other advanced solid tumours at steady state; longer median overall
3 (multi-kinase inhibitor) survival; lower incidence of adverse
= [ [¢] effects
FF »Z
> NJ\N
H H
Donafenib (d,-sorafenib)
Oxidation and ring COVID-19 and RSV (viral RNA- Contribution to the switch from 8,103-105
opening dependent RNA polymerase intravenous to oral administration
inhibitor)
Amide N-dealkylation Psoriasis and other autoimmune Avoiding the formation of non-selective 915,117,
diseases (JH2 TYK2 inhibitor) metabolites 118,120-127,
129,130,170,
- 7
/
30y Sqg
D —_—
D A
?‘ N N-n R
Deucravacitinib
(BMS-986165)
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Table 1 (continued) | Selected examples of deuterated compounds

Structure Reaction Therapeutic indication or use Advantage given by deuterium Highlighted
(mechanism of action) incorporation inreference
5 2D CYP-mediated oxidation Alopecia areata Increased exposure and t,, 132
5 D (JAK1/JAK2 inhibitor)
N
D Oy
D
N-N
(/
ad
N \N

H

Deuruxolitinib
(dg-ruxolitinib, CTP-543)

/N\j - Hereditary angioedema Decreased intrinsic clearance 11,134
N, (bradykinin B2 receptor antagonist)  in microsomes
Deucrictibant
(PHA-022121)
B NN AO-mediated oxidation Advanced solid tumours - 12,135,172
N - - (ATP-competitive inhibitor of the
)\\ | catalytic subunit of DNA-dependent
N~ 7D protein kinase)
N\
»
o) IIIH
VX-984 (M9831)

Compounds are presented in the order of their discussion in the article. AO, aldehyde oxidase; AUC, area under the curve; CFTR, cystic fibrosis transmembrane protein regulator; COVID-19,
coronavirus disease 2019; CYP, cytochrome P450; JAK, Janus kinase; JH2, JAK homology 2; MP®, main protease; PK, pharmacokinetic; PPARy, peroxisome proliferator-activated receptor-y;
ROS, reactive oxygen species; RSV, respiratory syncytial virus; t,, half-life; TYK2, tyrosine kinase 2; VMAT2, vesicular monoamine transporter 2.

In2010, afixed-dose combination of these two compounds (AVP-923:
dextromethorphan 20 mg and quinidine 10 mg) became the first FDA-
approved treatment for pseudobulbar affect**. The reason for devising
this combination was that dextromethorphan undergoes extensive
first-pass O-demethylation mediated by CYP2D6, whereas quinidine
acts as a booster as it reversibly inhibits CYP2D6, thereby increasing
dextromethorphan ¢,, and brain penetration. Conversely, quinidine
administration may increase the risk of QT prolongation, torsades
de pointe and drug-drug interactions. Hence, D was incorporated in
dextromethorphanatboth the methoxy group and the tertiary amine
to give rise to di-dextromethorphan. In a phase I trial, a fixed-dose
combination of this deuterated compound and quinidine, termed
AVP-786 (Fig.2and Tables1and 2), was able toreplicate the steady-state
plasma levels of AVP-923 using a lower dose of quinidine (4.5 mg)*.
Two years later, the FDA granted fast-track designation to AVP-786
for the treatment of agitation in patients with Alzheimer disease, for
whichnoapproved therapy is currently available**. Fromaregulatory
standpoint, the FDA allowed the use of data available on AVP-923 based
onaprevious phase Il study of efficacy for the same disorder to support
the investigational new drug (IND) application and regulatory filings
for AVP-786. Consequently, from 2015 on, AVP-786 has been assessed

only in phase Ill trials without the need for a phase Il study. Neverthe-
less, the clinical trial data on the efficacy for the treatment of agitation
in Alzheimer disease shared so far have shown inconsistent results,
which await further clarification®’. AVP-786 is also being investigated
in clinical trials for the treatment of other disorders that affect the
central nervous system.

Deuteration might also decrease the formation of non-selective
metabolites and provide a more desirable safety profile. Osimertinib
isastandard-of-care therapy for previously untreated advanced EGFR
mutation-positive non-small-cell lung cancer*®. Although this drug
results in strong clinical responses, the metabolite resulting from
N-demethylation has reduced selectivity for mutant EGFR compared
withwild-type EGFR, whichmight be responsible for the adverse effects
of the drug®. Deuterium was therefore incorporated at both the termi-
nal CH, of the acrylamide moiety, the key site for covalent binding to
thecysteine of EGFR,and the N-methyl of theindole®*. Themesylate of the
resultingd;-compound, named dosimertinib (Table 1), showed asimilar
metabolic stability but a reduced generation of the N-demethylated
metabolite after oral dosing in rats (AUC 67.3 nM h versus 2.64 nM h).
Subsequentinvivo efficacy studies revealed that dosimertinib showed
comparable antitumour activity to its non-deuterated counterpart,

Nature Reviews Drug Discovery | Volume 22| July 2023 | 562-584

568


http://www.nature.com/nrd

Review article

Table 2 | Approved drugs and clinical candidates that use a deuterium switch

Deuterated Precursor Indication Identifier (year of data Highest Status® Note
compound registration) phase
Deutenzalutamide Enzalutamide Metastatic castration- NCT03850795 (2019) llI Recruiting Active comparator: enzalutamide
(ds-enzalutamide, resistant prostate cancer —
HC-1119) NCT03851640 (2019) I Recruiting -
COVID-19 respiratory NCT04986176 (2021) 1] Not yet -
infection recruiting
Deutivacaftor Ivacaftor Cystic fibrosis NCT05444257 (2022) 1l Enrollingby  In combination with VX-121and
(dg-ivacaftor, invitation tezacaftor
CTP-656, VX-561)
NCT05422222 (2022) Il Recruiting In combination with VX-121 and
tezacaftor
NCT05076149 (2021) 1! Active, not In combination with VX-121 and
recruiting tezacaftor
NCTO05033080 (2021) Il Active, not In combination with VX-121 and
recruiting tezacaftor
AVP-786 Dextromethorphan  Agitation in Alzheimer NCT04408755 (2020) Il Recruiting -
(ds-dextromethorphan  +quinidine disease —
+quinidine) NCT04464564 (2020) I Recruiting =
NCT03393520 (2018) Il Recruiting -
NCT02442765 (2015) 1] Completed -
NCT02442778 (2015) 11 Completed  Has results
NCT02446132 (2015) 1] Recruiting -
Schizophrenia NCT03896945 (2019) I/l Recruiting -
Intermittent explosive NCT03420222(2018) Il Terminated Has results; limited enrolment
disorder (n=10)
Neurobehavioural NCTO3095066 (2017) Il Completed -
disinhibition
Disinhibition syndrome NCT02534038 (2015) |l Terminated  Has results; difficulty with recruiting
Depressive disorder, NCT02153502 (2014) 1] Completed -
treatment-resistant
PXLO65 Pioglitazone X-linked NCT05200104 (2022) Il Not yet -
(d,-(R)-pioglitazone) adrenoleukodystrophy recruiting
Nonalcoholic NCT04321343 (2020) Il Completed -
steatohepatitis
ALKOO1 (ds-vitamin A)  Vitamin A Geographic atrophy NCT03845582 (2019) Il Active, not -
recruiting
Stargardt disease NCT04239625 (2020) |l Enrollingby -
invitation
NCT02402660 (2015) |l Recruiting -
RTOO1 (d,-linoleic acid  Linoleic acid Friedreich ataxia NCT04102501 (2019) 1! Completed  Hasresults
ethyl ester) - -
Skin ageing NCT02580370 (2015) Il Completed -
NCT01818076 (2013) 1 Terminated -
(sponsor
decision)
NCTO01776606 (2012) 1l Completed -
Infantile neuroaxonal NCT03570931(2018) i/ Active, not -
dystrophy recruiting
Amyotrophic lateral NCT04762589 (2021) Il Recruiting -
sclerosis
Progressive NCT04937530 (2021) Il Recruiting -

supranuclear palsy
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Table 2 (continued) | Approved drugs and clinical candidates that use a deuterium switch

Deuterated Precursor Indication Identifier (year of data Highest Status® Note
compound registration) phase
Deutetrabenazine Tetrabenazine HD and tardive Approved -
(dg-tetrabenazine; dyskinesia
SD-809; TEV-50717) Tardive dyskinesia NCT02291861(2014) 1] Completed  Hasresults
NCT02198794 (2014) il Completed  Hasresults
Tourette syndrome NCT03567291 (2018) 1 Terminated Has results; the parent trials did
completed not meet the primary end points of
reduction in motor and phonic tics
NCT03571256 (2018) 1l Completed  Hasresults
HD/chorea associated NCT01795859 (2013) 1l Completed  Hasresults
with HD NCTO1897896 (2013) il Completed  Has results
Cerebral palsy, NCT03813238 (2019) Il Completed -
Sl e NCT04200352 (2019) Il Terminated  Failure of TV50717-CNS-30080
(parent study) to meet the primary
efficacy endpoint
Dystonia NCTO04173260 (2019) 1I/1 Recruiting -
Donafenib Sorafenib Unresectable Approved -
(ds-sorafenib) hepatocellular
carcinoma
Nephrotoxicity NCT05673824 (2023) IV Not yet -
recruiting
Hepatocellular NCT05022628 (2021) IV Not yet In combination with radiotherapy
carcinoma recruiting
Metastatic colorectal NCT02870582 (2016) Il Completed -
cancer
Differentiated thyroid NCT03602495 (2018) Il Terminated  Based on IDMC recommendations
cancer during the interim analysis, “the
trial has reached the goal of early
termination of the trial”
Advanced hepatocellular NCT02645981(2016)  lli/Il Completed  Active comparator: sorafenib
carcinoma (Nexavar)
Unresectable NCT05507632 (2022) |l Not yet In combination with sintilimab
hepatocellular recruiting and TACE
calelioma NCT05493332 (2022) Il Not yet In combination with HAIC and
recruiting toripalimab
NCT05348811(2022) 1] Recruiting In combination with HAIC and
sintilimab
Hepatocellular NCT04962958 (2021) Il Not yet In combination with HAIC
carcinoma (after surgery) recruiting
Cholangiocarcinoma NCT05348811(2022) 1l Recruiting In combination with HAIC and
sintilimab
Biliary tract NCT05350943 (2022) |l Enrolling by  In combination with HAIC and
adenocarcinoma invitation toripalimab
Recurrent cervical NCT05310331(2022) 1l Recruiting In combination with paclitaxel and
cancer platinum=PD1 antibody
Metastatic pancreatic NCT05138159 (2021) 1l Not yet In combination with S-1
cancer recruiting (tegafur/gimeracil/oteracil)
Gastric cancer NCT02489214 (2015) 11/1 Suspended -
Advanced NCT04612712 (2020) 11/1 Recruiting In combination with PDL1/CTLA4
gastrointestinal tumours bispecific antibody (KNO46)
Advanced oesophageal NCT02489201 (2015) 11/1 Not yet -
cancer recruiting
Metastatic NCT02698111 11/1 Recruiting -
nasopharyngeal (2016)
carcinoma
Acute myeloid leukaemia NCT04402723 (2020) | Terminated  In combination with cytarabine

and daunorubicin; corporate policy
adjustments
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Table 2 (continued) | Approved drugs and clinical candidates that use a deuterium switch

Deuterated Precursor Indication Identifier (year of data Highest Status® Note
compound registration) phase
Donafenib Non-small-cell lung NCT04059874 (2019) | Unknown -
(d,-sorafenib) cancer (was
(continued) recruiting)
Advanced solid tumours  NCT04472858 (2020) | Recruiting In combination with CS1001
(anti-PDL1 mAb)
VV116 (JTOOT1) Remdesivir COVID-19 Approvedin -
Uzbekistan
NCT05582629 (2022) 1lI Recruiting -
NCT05341609 (2022) 1l Completed  Active comparator: paxlovid
NCT05279235 (2022) Il Terminated  Active comparator: favipiravir;
development strategy adjustment
Deuruxolitinib Ruxolitinib Alopecia areata NCT05041803 (2021) 1lI Active, not -
(dg-ruxolitinib; recruiting
CTP-543)
NCT04797650 (2021) 1l Completed =
NCT04518995 (2020)  IlI Completed -
Renal impairment NCT05468749 (2022) | Completed -
Hepatic impairment NCT05467722 (2022) | Completed -
CYB0OO3 Psilocybin Major depressive NCT05385783 (2022) I/ Recruiting -
disorder
CTP-499 (PCS499) Major metabolite Necrobiosis lipoidica NCT04800562 (2021) |l Active, not -
of pentoxifylline recruiting
NCT03698864 (2018) Il Completed  Has results
Type 2 diabetes mellitus; NCT01487109 (2011) 1] Completed -
chronic kidney disease
Chronic kidney disease NCT01460199 (2011) | Completed -
Diabetic nephropathy NCT01328821(2011) | Completed -
Deupirfenidone Pirfenidone Idiopathic pulmonary NCT05321420 (2022) |l Recruiting Active comparator: pirfenidone
(d;-pirfenidone, fibrosis
SD-560, LYT-100)
COVID-19 NCT04652518 (2020) Il Completed -
Breast cancer-related NCT04243837 (2020) I/ Completed -
lymphoedema
JZP-386 (C-10323) Sodium oxybate Narcolepsy; excessive NCT02215499 (2014) | Completed  Active comparator: sodium oxybate
daytime sleepiness
ds-Atazanavir Atazanavir Healthy volunteers NCT01458769 (2011) | Completed  Active comparator: atazanavir, alone
(CTP-518) or in combination with CTP-518 and
a stable isotopologue
CTP-730 Apremilast Healthy volunteers NCT02404922 (2015) | Completed -
NCT02239081(2014) | Completed -
Deutarserine D-Serine Schizophrenia NCT04158687 (2019) 1] Completed -
(d-D-serine, CTP-692)
Deudomperidone Domperidone Diabetic gastroparesis NCT04208698 (2019) Il Terminated  Has results; trial was terminated
(CIN-102) owing to the impact of COVID-19
on trial activities
Gastroparesis NCT04026997 (2019) Il Completed -

This table details approved drugs and candidates in clinical trials that have an identifier (NCT number) in www.clinicaltrials.gov (see Related links). The most advanced study status per each
therapeutic use is indicated according to the latest data from www.clinicaltrials.gov. Compounds are presented in the order of their discussion in the article. AO, aldehyde oxidase; COVID-19,
coronavirus disease 2019; HAIC, hepatic arterial infusion chemotherapy; HD, Huntington disease; IDMC, independent data safety monitoring committee; mAb, monoclonal antibody; TACE,
transarterial chemoembolisation. *Study status information as of March 2023.

Nature Reviews Drug Discovery | Volume 22| July 2023 | 562-584

57


http://www.nature.com/nrd
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov

Review article

but did not cause any significant body weight loss, suggesting that the
alterations in metabolism might result in a better safety profile. This
preclinical observationis being further tested in ongoing clinical trials
in China (CXHL2000060 and CXHL2000061).

Significant DKIE values are associated not only with CYP-mediated
reactions, as mentioned earlier, but also with transformations catalysed
by enzymes other than cytochromes, including alcohol and aldehyde
dehydrogenases®, monoamine oxidases**, lysyl oxidase®, vascular
adhesion protein1(VAP1)** and aldehyde oxidase (AO)*. As highlighted

Box 1

in Box 1, AO is gaining increasing interest among drug developers as
some advanced clinical candidates have recently failed owing to metab-
olismmediated by this oxidase. Inthe case of JNJ38877605, an inhibitor
of MET kinase, a phase I study was terminated owing to the renal toxicity
caused by the AO-catalysed formation of quinoline-2-one and species-
specific insoluble metabolites*. Incorporation of D at the 2-position
of the quinoline ring (d;-JNJ38877605; Table 1) proved to be a success-
ful strategy in reducing the formation of nephrotoxic metabolites in
monkeys, both in vitro, using liver S9 fraction assay, and in vivo, after

Aldehyde oxidase in drug discovery and development

Aldehyde oxidase (AQ) is a cytosolic molybdenum-containing
enzyme that has a crucial role in the biotransformation of a wide
range of drugs. It exerts its catalytic activity not only in oxidation
reactions of azaheterocycles (for example, pyrimidine, quinoline and
purine) and aldehydes, but also in hydrolysis reactions of amides
and various reductions affecting nitro, N-oxide and isoxazole moieties.
AQ structure and biology have not been entirely elucidated,
and this enzyme represents a challenge when trying to accurately
predict human pharmacokinetics (PK) of candidates primarily
metabolized by the enzyme®®. For this reason, many candidates have
failed owing to poor PK caused by AO-driven metabolism, including
JNJ38877605 (ref. 56), BIBX-1382 (ref. 173), SGX523 (ref. 174) and
momelotinib'. Hence, this enzyme is gaining increasing interest in
drug discovery and development, and many strategies have been
developed to overcome AO-related liabilities®>".
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More specifically, the oxidative process takes place in the
active site of human AO in correspondence of the molybdenum
pyranopterin cofactor (MoCo), as shown in the figure. In the first
step, the nucleophilic -OH of the MoCo ligand (Mo"") attacks the
electrophilic carbon of the azaheterocycle, leading to the formation
of a transition state stabilized by hydrogen bonds from both Glu1270
and Lys8983. In the second step, the oxidized product and the
reduced MoCo (Mo") are released after hydrolysis of the transition
state by a water molecule. As hydride abstraction and its transfer
to the sulfur atom of MoCo is the rate-limiting step with typical
deuterium kinetic isotope effect (DKIE) values of >2, a valuable
strategy to decrease the rate of AO-catalysed oxidations might rely
on the deuteration at the sp? carbon adjacent to a nitrogen atom'”’,
shown at the top of the figure.

Transition state
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Box 2

Chiral switches

Given the role of molecular recognition in drug pharmacology,
chirality has become a major theme in drug discovery”. If one

or more stereocentres are present in a drug, the resulting
stereoisomers might differ in terms of activity and/or toxicity. The
advent of improved synthetic approaches, analytical and separation
technigues and FDA regulatory guidelines on drug chirality in

the 1990s have stimulated the separation and development of the
preferred stereoisomer, named eutomer, from already marketed
racemates or mixtures of diastereomers. Well-known examples
of such chiral switches are dexibuprofene, esomeprazole and
levofloxacin.
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0 O

D-stabilized (R)-enantiomer

oral administration. In the latter study, d,-JNJ38877605 treatment led
to a1.88- and 1.56-fold increase in AUC and C,,,, respectively, and to
decreased levels of the renal toxic metabolites when compared with its
undeuterated counterpart. Onthe other hand, incorporation of fluorine
atthesame position, whichisacommonstrategy in medicinal chemistry
to block metabolic soft spots, proved to be unfeasible asitimpaired an
essential hydrogen bond interaction between the quinoline nitrogen
atom and a key methionine residue in the enzyme?’, indicating that
Dmightbeabetteroptionwhennochangeinsterichindranceistolerated.
Based on these promising results, d;-JNJ38877605 will be advanced by
DeuterOncology into phasel trials as a potential lung cancer treatment’.

Influence on the interconversion between stereoisomers

Not only is deuterium able to affect metabolic processes, it also influ-
ences pure chemical events involving a C-H(D) cleavage step, such
as enantiomerization or epimerization, a phenomenon quite impor-
tantin the context of chiral switches (Box 2). Incorporationof D at the
stereocentre through the deuterium-enabled chiral switch (DECS)
approach can decrease the rate of atom abstraction and stabilize
interconverting stereoisomers. Over the years, DECS has been used
as ameans to stabilize, isolate, characterize and also administer the
preferred stereoisomer, thereby improving the therapeutic promise
of configurationally unstable drugs®. DECS was first validated on tel-
aprevir, aninhibitor of hepatitis C protease*, and subsequently applied

o
o N
O O

/
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o
(¢] N
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D

This eutomer-focused approach, though, failed to resolve those
drugs that bear a non-configurationally stable stereocentre and are
prone to interconversion between stereoisomers. For instance, if
the stereocentre is adjacent to an enolizable carbonyl group, the
chiral carbon-hydrogen bond breaks, an enol intermediate forms
and a rapid interconversion occurs that prevents the isolation of
the corresponding stereoisomers. An infamous case is given by
thalidomide, where the rapid in vitro and in vivo interconversion
does not allow the safe use of the non-teratogenic (R)-enantiomer.
Deuteration reduces enolization and stabilizes the configuration of
the stereocentre, as shown in the figure.
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to theimmunomodulatory drugs thalidomide (Box 2), lenalidomide
and avadomide. DRX-164 (Table 1), the D-stabilized (S)-enantiomer of
avadomide, proved to be 20-fold more potent than the (R)-enantiomer
ininhibiting tumour necrosis factor (TNF) production in human periph-
eral blood monocytes after lipopolysaccharide stimulation®*°. Based
on greater efficacy in a myeloma xenograft model compared with
avadomide, DRX-164 hasbeenrecently selected as a clinical candidate
for the treatment of haematological cancers and solid tumours.
DECS can also be used to perform a thorough characterization
of the two stereoisomers and to decipher their activities, as in the
case of pioglitazone, an antidiabetic drug, sold as racemate, recom-
mended for the off-label treatment of nonalcoholic steatohepatitis
(NASH). Although bothits enantiomers equally inhibited the mitochon-
drial pyruvate carrier, a mechanism responsible for the therapeutic
effect, only the d,-(5)-enantiomer displayed agonism for peroxisome
proliferator-activated receptor-y (PPARY), an off-target effect associ-
ated with adverse events, such as weight gain, oedema and bone loss.
Conversely, d;-(R)-pioglitazone (PXLO065; Fig. 2 and Tables 1 and 2)
showed no activity on PPARy and, therefore, no weight gain in mice.
In a subsequent phase Ia study, PXLO65 treatment resulted in prefer-
ential exposure to the (R)-enantiomer compared witha higher dose of
racemic pioglitazone. As it was well tolerated, PXLO65 was advanced
into a phase Il trial for NASH®'. Owing to the lack of PPARy agonism
and side effects, PXL0O65 has also been assessed in preclinical models

[—
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of X-linked adrenoleukodystrophy, arare neurometabolic disease®"*?,
and the evaluation of its clinical efficacy in patients with X-linked
adrenoleukodystrophy is planned to beginin 2023.

Finally, the deuteration approach has been exploited for the dis-
covery of antivirals against COVID-19 (ref. 63) and in particular novel
inhibitors of the main protease (M), given the success of paxlovid,
an oral combination of the MP® inhibitor nirmatrelvir and the PK
boosterritonavir thatis authorized for emergency use. In this context,
a-ketoamides were generated as epimeric mixtures through the Ugi
multicomponent reaction. However, in vitro biological evaluation of
the pure epimers showed that the (R)-epimers had a higher inhibitory
potency than the (S)-epimers. Notably, the d;-(R)-compound Y180
(Table 1) showed low conversion rate from (R)- to (S)-epimers in vivo
when orally administered inrats, as well as excellent oral bioavailability
in mice and dogs. Oral treatment with Y180 ameliorated the virus-
induced tissue damage in both nasal turbinate and lung of transgenic
humanized ACE2 mice infected with the Alpha/B.1.1.7 severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) variant. Lastly,
the antiviral activity of the Y180-ritonavir combination against the
Omicron variant was more potent than that of nirmatrelvir-ritonavir
in the same transgenic mouse model®*.

Influence on mechanisms of action: RT001 as a case study
Deuterium has been incorporated in nutritional agents to slow down
processes such as dimerization or lipid peroxidation, and thereby
provide novel pharmacological activities. This approach has led to
the generation of deuterated dietary compounds such as d;-vitamin A
(ALKOO1; Table 2), which is in clinical trials for ophthalmological dis-
orders® ¥, and d,-linoleic acid ethyl ester (RTOOL; Fig. 2 and Tables 1
and2), whichisin clinical trials for several neurodegenerative diseases.
Linoleic acid, one of the most abundant dietary polyunsaturated
fatty acids (PUFAs), is highly susceptible to reactive oxygen species
(ROS)-driven oxidation owing to its labile bis-allylic position, where
hydrogen abstractionyields aradical that cantrigger a self-propagating
PUFA oxidation chain reaction and initiate lipid peroxidation. Deutera-
tion at this soft position led to the generation of RTO01, a compound
more resistant to oxidative damage, which is being tested in several
neurodegenerative diseases in which lipid peroxidation has a crucial
pathophysiological role. Onthe basis of satisfactory PK and safety datain
humans®®, RTO01 has beenadvanced into clinical trials for the treatment
of Friedrich ataxia®, infantile neuroaxonal dystrophy, amyotrophic
lateral sclerosis and, more recently, progressive supranuclear palsy™.

Influence on drug-targetinteractions: an open question

The Hto D switchisnotthoughttoinfluence the biochemical potency
or the selectivity profile of a molecule given that electronic proper-
ties, shape, size and steric flexibility of the deuterated analogue are
very similar to those of its undeuterated counterpart. This is consist-
ent with all the examples described above, in which deuterated and
undeuterated versions had overlapping in vitro activities.

However, a few recent reports have questioned this common
belief — derived from unrelated and different perspectives — and
have argued that D might actually be able to modulate drug-target
interactions. For instance, a recent study by Ben Abu et al.” showing
that humans are able to distinguish the taste of heavy water (D,0)
from that of normal water (H,0), with D,O having a distinct sweeter
taste than H,0, has seemingly put an end to a long-standing contro-
versy dating back to the 1930s with a paper by Urey and Failla’. In the
same study, it was shown that D,0 but not H,O treatment activated

TAS1R2/TASIR3, the main receptor for sweet taste, when transiently
expressed in human cell lines. Interestingly, computational simu-
lations showed that exposure to D,0 versus H,0 promoted a slight
attenuation of the structural fluctuations of most receptor residues,
particularly those directly exposed to the aqueous environment, with
the whole protein becoming more rigid. Even though the specific
molecular mechanism underlying the activation of TASIR2/TASIR3
by D,0 remains to be fully established, this work clearly demonstrates
that surrounding heavy water molecules can trigger TASIR2/TASIR3
signalling so that D,0 tastes sweet to humans.

Another example is related to the management of opioid depen-
dence through immunopharmacotherapy. The rationale behind this
approachisthatanantibody harbouring a hapten structurally similar
tothetarget drugcangenerate animmune response against an opioid
molecule, thereby reducing its concentration at the site of action and
minimizing its pharmacodynamic effects. This has drawn increasing
interest in the development of heroin vaccines bearing deuterated
heroin-like haptens. Indeed, by postulating that D might influence the
binding to B cell receptors, thus modulating B cell recognition, Janda
and colleagues™ have recently compared the host immune response
to heroin vaccines harbouring a non-deuterated hapten with that of
their ds-analogue (Fig. 2 and Table 1). Specifically, both haptens were
coupledto the highlyimmunogenic T cell-dependent antigen keyhole
limpet haemocyanin (KLH) as a carrier to generate the corresponding
conjugates (H,.and Hy,, respectively). Notably, when these molecules
were compared in an inclusive vaccine study in mice, Hy,-vaccinated
animals produced higher antibody titres than those observedinthe H,.
groups. Asurface plasmon resonance experiment also showed tighter
binding affinity for heroin for Hy,. (half-maximalinhibitory concentra-
tion (ICsp) 136 nM) versus H,. (IC5, >2 uM). As aresult, the Hy, . vaccine
displayed agreater efficacy in two murine behavioural models (that is,
hot plate antinociception and tail-flick assays) than H,.. The authors
ruled out that their results may have been due to differences in terms
of stability towards aqueous hydrolysis, consistent with the fact that
hydrolytic transformations are devoid of DKIE. However, the exact
mechanism responsible for the boost in the immune response by the
Hgs Vaccine remains to be determined.

Deuterium switches approved so far

Over the past two decades, several companies have invested in deute-
rium switches, attracting significant commercial interest, with total
transactions estimated to have exceeded US$7 billion dollars®”. These
effortsled to FDA approval of deutetrabenazine and the development
of two new drug candidates, donafenib and VV116, which have so far
received approval in China and Uzbekistan, respectively. On awave of
enthusiasm following the deutetrabenazine approval, at least 15 more
candidates are currently being evaluated in clinical trials (Table 2), six
of which are in phase Ill and might obtain approval in the near future.

Deutetrabenazine, the first FDA-approved deuterated drug

As mentioned above, deuterium substitution is particularly effective
inreducing O-dealkylation by CYP isozymes. This characteristic has
been exploited to synthesize deutetrabenazine (d,-tetrabenazine;
Fig. 2 and Tables 1 and 2), the first deuterium switch-derived drug to
be granted marketing approval”. Its undeuterated counterpart, tetra-
benazine, aninhibitor of vesicular monoamine transporter 2 (VMAT2),
was first discovered in the 1960s as an antipsychotic agent”. How-
ever, later on it proved to be far more valuable for the treatment of
involuntary movement disorders, which led to its FDA approval for
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chorea associated with Huntington disease in 2008. Unfortunately,
it soon became apparent that tetrabenazine administration reduced
serotoninlevels, which could worsen depression and suicidal ideation
in certain psychiatric patients. This resulted in the FDA issuing ablack
boxwarning, restrictingits use in patients who were actively suicidal or
suffered fromuntreated depression. Another disadvantage of this drug
isthatitis metabolized through reduction by carbonylreductasetoan
active metabolite and subsequent CYP2D6-mediated O-dealkylation
toaninactive O-desmethyl metabolite, which oftenleads to subthera-
peuticdruglevelsrequiringincreased dosing frequency (that s, three
times daily).

Thus, seeking to improve dose regimen and adherence to treat-
ment, Auspex Pharmaceuticals developed a deuterated analogue of
tetrabenazine, d,-tetrabenazine, that, thanks to the incorporation
of D at the two soft spots, made the active metabolite more resistant
to O-dealkylation by CYP2D6. A phase I crossover study to assess the
PK of deutetrabenazine versus tetrabenazine in healthy volunteers
showed increased exposure to the active metabolites””’®. As a result,
deutetrabenazine could be administered twice a day at a lower dose
than tetrabenazine.In 2015, Teva Pharmaceuticals acquired the rights
from Auspex Pharmaceuticals, and deutetrabenazine was approved by
the FDA for the treatment of both chorea in 2017 (ref. 79) and tardive
dyskinesia the following year®. Conversely, trials evaluating both fixed*°
and flexible® doses of this heavy drug for the treatment of Tourette
syndrome did not meet the primary end point. Currently, deutetra-
benazine is being evaluated in phase Il studies for the treatment of
involuntary movements in patients with cerebral palsy.

Although deuterium incorporation can significantly improve
the dosing regimen of tetrabenazine, it is still not clear whether its
improved PK profile results in better efficacy and/or safety than that
of the undeuterated compound. Over the years, a cluster of placebo-
controlled studies evaluating the efficacy and safety of deutetra-
benazine in patients affected by Huntington disease® ®* and tardive
dyskinesia®* and subsequent retrospective analyses®*’ have shown
how theimproved dosing regimen is more effective in attenuating cho-
reaand mitigating some undesirable side effects, mainly of aneuropsy-
chiatric nature. Nonetheless, datain this regard are still conflicting and
inconclusive®. Hence, there is a clear need for a direct head-to-head
clinical trial torigorously evaluate the long-term safety and efficacy of
deutetrabenazine versus tetrabenazine and its added clinical value®.
Until then, caution is advised when administering deutetrabenazine,
which should not be given to patients with active suicidality, untreated
depression or hepatic impairment or to patients taking monoamine
oxidase inhibitors, reserpine or tetrabenazine.

From a regulatory standpoint, deutetrabenazine represented
a major milestone in the advancement of deuterium switches and
established a clearer framework in the deuterium switch field. Indeed,
it received the new chemical entity (NCE) exclusivity, a status that
providesthelicence holder witha5-year protection from market com-
petition. Subsequently, it obtained approval via the 505(b)(2) pathway,
which allows the applicant to leverage safety and efficacy data already
collected for approval of the undeuterated counterpart even when
“some of the information required for approval comes fromstudies not
conducted by or for the applicant and for which the applicant has
not obtained a right of reference”*%. Although 505(b)(2) applications
generally consist of modifications of previously approved drug pro-
ducts that do not change the chemical structure of the active species
(that is, new dosage forms, routes of administration and prodrugs)®,
the deutetrabenazine case has proved that deuteration may also be a

viable bridging approach, whichis now being pursued for at least two
other deuterated drugs, deutenzalutamide and PXL0O65.

Donafenib for hepatocellular carcinoma

Sorafenib is a multi-kinase inhibitor approved for the treatment of
unresectable or metastatic liver carcinoma and advanced renal car-
cinoma. Despite its misleading name, donafenib (d;-sorafenib; Fig. 2
and Tables1and2)istheresult of adeuterium switch, whereby three D
atomsareincorporated at the secondary amide on the pyridine ring of
sorafenib. Curiously, aclear rationale for the deuteration of sorafenib
cannot be found in the literature, probably owing to the fact that the
main circulating metabolite of sorafenib is the equally potent pyridine
N-oxide. Developed by Suzhou Zelgen Biopharmaceuticals, donafenib
was approved by the National Medical Products Administration of
Chinain2021forthefirst-line treatment of patients with unresectable
hepatocellular carcinoma® who had not previously received syste-
mictreatment’,and itis beingevaluated, alone orin combination, for the
treatment of other cancers.

Following encouraging phase I trials®*¢, donafenibwas compared
with sorafenib in a phase II/11I trial. Although drug absorption and
exposure were lower onday 1in patients with hepatocellular carcinoma
who received twice-daily oral donafenib 200 mg than in those who
received twice-daily sorafenib400 mg, PK values at steady state (day 14)
were slightly higher in donafenib-treated versus sorafenib-treated
patients (C,., 6.6 pg ml™ versus 5.0 pg ml™; mean AUC 45.4 h pyg ml™
versus 38.1 h ug ml™). Moreover, the authors reported that median
overall survival was longer in the donafenib group than the sorafenib
group (thatis,12.1versus10.3 months; hazard ratio 0.831), and that the
incidence of adverse events (AEs) was lower (25% versus 36% for AEs,
which led to treatment suspension and dose reduction; 38% versus
50% for drug-related AEs grade >3)°%%, This study represents the first
head-to-head comparison to show astatistically significant superiority
ofthe deuterated drug compared with the non-deuterated compound
in terms of PK, efficacy and safety. Nevertheless, it should be pointed
out that these results were obtained in a study population that con-
sisted for the most part of Chinese patients and therefore cannot be
generalized to other populations. Finally, results from an analysis have
suggested that donafenib is unlikely to be cost-effective atits current
price, which is much higher than that of generic sorafenib®.

VV116 for COVID-19

Remdesivir,abroad-spectrumantiviral agent originally developed by
Gilead Sciences as a potential agent for Ebola virus infection, was repur-
posed for COVID-19 and approved by the FDA in 2020 for emergency
use'’’, It is a monophosphoramidate prodrug of GS-441524 (ref. 101),
aninhibitor of the RNA-dependent RNA polymerase of coronaviruses
thatrequiresintravenous administration owing to extensive oxidation
andring openingreactionsinvolving its adenine-mimicking pyrrolotria-
zine moiety'®% In aneffort to circumvent these PK limitations, the soft
spot of GS-441524 was deuterated to reduce degradation of the ring,
the hydroxyl groups of the ribose fragment were esterified to afford a
prodrug and improve the oral bioavailability, and the hydrobromide
salt was prepared to increase water solubility, yielding VV116 (Fig. 2
and Tables1and?2).Inpreclinical investigations, VV116 showed optimal
oral bioavailability as well as wide distribution of the active metabolite
in tissues targeted by SARS-CoV-2. In amouse model of SARS-CoV-2
infection, VV116 was more effective than molnupiravir, an oral RNA-
dependent RNA polymerase inhibitor approved for emergency use,
decreasing the virus titres below the detection limit'®,

Nature Reviews Drug Discovery | Volume 22| July 2023 | 562-584

575


http://www.nature.com/nrd

Review article

Onthe basis of encouraging results on safety, tolerability and PK
obtainedinphaselstudies, VV116 has advanced intointernationaland
registrational clinical trialsin patientsinfected with SARS-CoV-2 (ref. 8).
So far, its efficacy seems promising'®*, but no direct comparison with
other drugs for COVID-19 has been performed, except for a study
comparing VV116 with paxlovid, for which results have not yet been
disclosed. In the meantime, VV116 has been approved for emergency
useasanoral treatment for COVID-19 in Uzbekistan. Remarkably, VV116
hasbeenrecently found to be highly effective against respiratory syn-
cytial virus. Specifically, 25 mg kg™ of VV116 in mice had a comparable
antiviral effect to 100 mg kg™ of ribavirin, an off-label drug used to
treat this infection'®,

Deuterium in de novo drug discovery

Deucravacitinib is the first approved drug incorporating D without
having an undeuterated counterpart on the market. Other de novo
deuterated candidates that have reached clinical trials include two

follow-up compounds for deucravacitinib (BMS-986202 (ref. 10) (Fig. 3)
and BMS-986322), deucrictibant' and VX-984 (ref. 12). Besides these
advanced candidates, other examples canbe foundintheliteraturein
whichDisused atanearly stage of the R&D process to overcome PK hur-
dles, inaddition to potentially improving other drug properties. These
include inhibitors of the MDM2-p53 protein-protein interaction for
cancer'®®, MNK1/2 protein degraders for triple-negative breast cancer'”,
MPinhibitors for COVID-19 (refs. 108,109), memantine analogues
for Alzheimer disease"’, dual TYK2/JAK1 inhibitors for autoimmune
diseases">and PET ligands for Huntington disease'”.
Deuterated JAK inhibitors for autoimmune and inflammatory
disorders

TheJAK family consists of four non-receptor tyrosine kinases (JAK1-3
and TYK2), which are involved in the pathogenesis of many immune-
mediated diseases. Their inhibition is considered a treatment option
for multiple autoimmune and chronic inflammatory conditions™*',
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Fig.3|Streamlined representation of the campaigns that led to the
development of deucravacitinib and BMS-986202. Starting from hit
compound 1, an extensive chemical refinement led to the discovery of
deucravacitinib, the first clinical pseudokinase inhibitor endowed with selectivity
for tyrosine kinase 2 (TYK2) over other isoforms. First, a‘magic’ methylation of
the primary amide of compound 1to give compound 2 boosted selectivity for

TYK2 over other isoforms. Adoption of the deuterium switch approachincreased
the metabolic stability of compound 4, reducing the formation of non-selective
metabolites such as compound 3. Subsequent late-stage optimizations afforded
deucravacitinib. A parallel medicinal chemistry campaign led to the discovery of
the back-up compound, BMS-986202.
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JAK kinases have two domains, a catalytically active JAK homology 1
(JH1) domain and a regulatory domain JAK homology 2 (JH2, also
known as a pseudokinase domain), proximal to each other. Although
the former domain shows high sequence homology among the differ-
entJAKs, thelatter domain has much greater differencesin the binding
pockets. Therefore, JAK inhibitors that are JH1 competitive inhibitors
have moderate selectivity and show an increased risk of serious side
effects (for example, infections, heart-related events, malignancies
and vascular events), with narrow therapeutic margins. For this reason,
they are currently under the lens of regulatory agencies, and a black
box warning has been issued for JAK inhibitors that are approved for
the treatment of chronic inflammatory conditions"®. Hence, interest
has recently focused on targeting TYK2 (refs. 117,118), an isoform that
mediates signalling of IL-12, IL-23 and typel interferons, sustaining both
signalling and functional responses of immune cells'”. A special and
leading place in this area is held by deucravacitinib'’ (Figs. 2 and 3
andTable 3), afirst-in-class pseudokinase inhibitor that binds to the JH2
regulatory domain via a highly specific allosteric mechanism, resulting
inexquisite selectivity for TYK2 over other isoforms.

Deucravacitinibis the result of an elegant and extensive medicinal
chemistry campaign started at Bristol-Myers Squibb with the dis-
covery of the hit compound 1 (Fig. 3) by high-throughput screening.
Both potency and selectivity of the TYK2 inhibitor were improved,
thanks to iterative cycles of chemical refinement, and resulted in the
potent and specific TYK2inhibitor 2 (TYK2JH21C,, 0.9 nM; TYK2/JAK1/
JAK2 JH11C,, >50 puM; Fig. 3). Unfortunately, the compound under-
went an N-dealkylation reaction, forming metabolite 3 that showed a
significant drop in selectivity (TYK2 IC;, 42 nM; JAK11C,, 43 nM; JAK2
IC;, 18 nM; Fig. 3). Indeed, the presence of the methylamide has a piv-
otal role in conferring specificity for TYK2 as it fits a unique ‘alanine
pocket’, whereas it is not tolerated by other kinases with larger resi-
dues. Incorporation of three D atoms shunted the metabolism away
from the methylamide, avoided the formation of the non-selective
metabolite and led to the discovery of compound 4 (Fig. 3), which is
equally potent and selective but more stable than 2in terms of oxidative
metabolism ofthe N-methylamide. A late-stage optimization eventually
led to deucravacitinib, a potent and oral inhibitor of the TYK2 pseu-
dokinase domain (TYK2 JH2 IC,, 0.2 nM; K; 0.02 nM), displaying high
selectivity over other kinases (>10,000 nM)’, with the only exception
being JAK1 (JAK1JH2 IC;, 1 nM; K;0.33 nM). The in vitro selectivity for
TYK2 over otherisoformsis supported by clinical datademonstrating
that deucravacitinib given at therapeutic doses does not cause any
meaningful treatment-related laboratory abnormalities usually seen
with JAK1/2/3 inhibitors (for example, decrease in haemoglobin or
neutrophil number, or altered platelet homeostasis)™'.

Onthebasis of preclinical datain multiple models of autoimmune
and chronicinflammatory diseases'??, deucravacitinib progressed into
clinical development. A phase I trialindicated that the compound was
able toattenuate multiple signalling and functional responses related
to autoimmunity in healthy volunteers'?>'?*, In a subsequent rand-
omized, double-blind, placebo-controlled phase Il trial, the therapeutic
benefit of deucravacitinib in resolving moderate-to-severe psoriasis
was clear, despite the limitations of the study in terms of sample size
and duration'. These data correlated with the pharmacodynamic
changesinbiomarkers of both theIL-23 and type l interferon pathways
observed in skin biopsy samples of patients with moderate-to-severe
psoriasis'?. Patients with greater improvement in psoriasis-related
clinical signs and symptoms also reported substantial amelioration of
quality-of-life outcomes'”. From a safety perspective, deucravacitinib

Glossary

Bioisosterism

Bioisosteres are structurally distinct
compounds bearing atoms or groups
that owing to chemical and/or physical
similarities elicit broadly similar
biological effects.

Chiral switch

Aterm used to describe the
development of a single enantiomer
of a previously approved racemic
drug with the goal of improving on the
characteristics of the racemic version.

Enantiomer
One of two stereoisomers that cannot
be superimposed on each other and are

other in the absolute configuration at
only one stereocentre.

Isotopes

Species of the same element that
differ in the number of neutrons in the
nucleus.

Isotopologues

Molecular entities that differ only in
isotopic composition (number of
isotopic substitutions).

Isotopomers

(Also known as isotopic isomers).
Isomers having the same number
of each isotope, but differing in their

mirror images of each other. positions.

Metabolic shunting
A shift towards a desirable and
non-toxic metabolic pathway.

Enantiomerization
The process of interconversion of one
enantiomer into the other.

Metabolic switching
A shift towards a collateral and
undesired metabolic pathway.

Epimerization

The process in stereochemistry in which
there is a change in the configuration of
only one stereocentre in a compound
that has more than one stereocentre.

Soft spots

Sites on molecules that are vulnerable
to metabolism by enzymes such as
those in the cytochrome P450 family.

Epimers
Diastereomers that contain more than
one stereocentre and differ from each

was generally well tolerated'”. Given the chronic nature of psoriasis,
larger trials over longer durations were needed to understand the risk
associated with the compound and to validate the maintenance of
response. Thus, deucravacitinib underwent a pivotal phase Ill trial for
the treatment of moderate-to severe plaque psoriasis (POETYKPSO-1),
which was conducted during the COVID-19 pandemicin 2020 (ref. 127).
Efficacy and safety were evaluated in patients treated for 1 year with
a single daily dose of deucravacitinib (6 mg) compared with placebo
and apremilast (30 mg). The results revealed that deucravacitinib was
superior to placebo and apremilast across multiple end points, and
that it was also well tolerated, with AEs being predominantly of mild
to moderate severity. A slightly increased rate of non-serious viral
infections, particularly those due to herpes zoster reactivation, was
observed. Notably, this AE has also been documented with other JAK
inhibitors, independently of differencesin JAK selectivity'*. Addition-
ally, deucravacitinib has recently completed the phase 11l POETYK
PSO-2 trial and a 2-year POETYK PSO long-term extension trial. On
thebasis of theseresults, it has received FDA and EMA approval for the
treatment of adults with moderate-to severe plaque psoriasis'?’, and
itis under evaluation in clinical trials for multiple immune-mediated
diseases (that is psoriatic arthritis”’,inflammatory bowel diseases and
systemic lupus erythematosus™).
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Table 3 | De novo deuterated compounds approved and in clinical trials

Deuterated compound Indications Identifier (year of data Highest Status® Note
registration) phase
Deucravacitinib (BMS-986165) Plaque psoriasis - - Approved -
Plaque psoriasis NCT05701995 (2023) IV Recruiting -
Psoriasis NCTO05478499 (2022) 1l Recruiting -
NCT04036435 (2019) Il Active, not -
recruiting
NCT03924427 (2019) 1} Completed Has results
NCT04167462 (2019) 1 Completed Has results
NCT03624127 (2018) 11l Completed Has results; active comparator:
apremilast
NCTO03611751(2018) 1} Completed Has results; active comparator:
apremilast
Plague psoriasis NCT04772079 (2021) 1} Recruiting -
Psoriatic arthritis NCT04908189 (2021) 1 Recruiting -
NCT04908202 (2021) 1] Recruiting -
Active psoriatic arthritis NCT03881059 (2019) |l Completed Has results; alone or in combination
with ustekinumab
Lupus nephritis NCT03943147 (2019) Il Terminated In combination with mycophenolate
mofetil; insufficient enrolment
Systemic lupus erythematosus NCT05620407 (2023) Il Recruiting -
Active discoid and/or subacute NCT04857034 (2021) |l Recruiting -
cutaneous lupus erythematosus
Granulomatous colitis; Crohn’s NCT03599622 (2018) 1] Active, not -
disease; Crohn’s enteritis; recruiting
granulomatous enteritis
Crohn’s disease; ulcerative colitis  NCT04877990 (2021) 1] Recruiting -
Ulcerative colitis NCT04613518 (2020) 1] Active, not -
recruiting
NCT03934216 (2019) Il Active, not Has results
recruiting
Liver dysfunction NCT03890809 (2019) | Completed -
Renal impairment NCTO03890770 (2019) | Completed -
Autoimmune diseases; NCT03956953 (2019) | Completed -
inflammattory dissases NCT03044873 (2017) | Completed -
Lupus; psoriatic arthritis NCT03402087 (2018) | Completed In combination with methotrexate
and leucovorin
Systemic lupus erythematosus; NCT03262727 (2017) | Completed In combination with loestrin 1.5/30
arthritic psoriasis; psoriasis; (1.5 mg norethindrone acetate-30 ug
inflammatory bowel diseases ethinyl oestradiol)
NCT03254784 (2017) | Completed -
Nail psoriasis NCT05124080 (2021) Early Not yet -
phasel recruiting
BMS-986202 Psoriasis NCT02763969 (2016) | Completed Alone or in combination with IFNo2a
recombinant or famotidine or
ustekinumab
BMS-986322 Psoriasis NCT05730725 (2023) I Not yet -
recruiting
Deucrictibant (PHA-022121) Hereditary angioedema NCT05396105 (2022) I/l Recruiting -
VX-984 (M9831) Advanced solid tumours NCT02644278 (2015) | Completed Has results; alone or in combination

with pegylated liposomal
doxorubicin

This table details approved drugs and candidates in clinical trials that have an identifier (NCT number) in www.clinicaltrials.gov (see Related links). The most advanced study status for each
therapeutic use is indicated according to the latest data from www.clinicaltrials.gov. Compounds are presented in the order of their discussion in the article. *Study status information as of

March 2023.
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Overall, deucravacitinib is expected to be a game changer in the
JAK field thanks to its mechanism of action, which makes this drug
highly specific for TYK2. However, recent reports on serious AEs associ-
ated with pan-JAK inhibitors call for athorough follow-up, given that it
isstillnot clear whether the reported events are associated with broad
activity against multiple JAK isoforms.

Deuterium incorporation has also been used for another JAK
inhibitor, ruxolitinib, aJAK1 and JAK2 inhibitor approved for the oral
treatment of myelofibrosis, polycythemia vera and graft-versus-host
disease, and for the topical treatment of atopic dermatitis. The deuter-
ated analogue deuruxolitinib (dg-ruxolitinib; Tables 1and 2) has been
recently developed'?, which avoids extensive oxidative metabolism
around the cyclopentyl ring and provides more sustained JAK inhib-
ition. A phaselll trial of this compound for the oral treatment of alope-
ciaareatahas recently concluded, and if approved, it willbecome the
second FDA-approved drug for alopecia aerata after baricitinib. Sun
Pharmahasrecently announced thatit would acquire the deuruxolitinib
developer, Concert Pharmaceuticals, for US$576 million°.

Deucrictibant for hereditary angioedema

Hereditary angioedema (HAE) is arare disease characterized by recur-
rent episodes of localized oedema of subcutaneous and submucosal
tissues. As these episodes are mainly caused by the release of the
nonapeptide bradykinin (BK), bradykinin B2 receptor (B2R) antago-
nists are effective in treating patients with HAE. Icatibant, a synthetic
peptidomimetic B2R antagonist consisting of ten amino acids that is
administered subcutaneously, is approved for the treatment of acute
HAE episodes'. However, givenits short ., icatibant requires multiple
injections, thus reducing treatment adherence.

With the aim of improving patient adherence, deucrictibant
(Tables1and 3) is being developed by Pharvaris as an oral on-demand
treatment™*. It has improved intrinsic clearance characteristics com-
pared with the corresponding undeuterated compound, as judged
by in vitro microsomal stability assay, even though the full rationale
forits deuterationis not clear. Moreover, when orally administeredin
cynomolgus monkeys after BK intravenous injection, this deuterated
drug showed a faster onset of action and prolonged efficacy com-
pared with icatibant™. On the basis of the results from early clinical
studies in healthy subjects showing a good safety profile and oral
bioavailability”, deucrictibant has been taken into phase Il and IlI
trials for the acute treatment and prophylaxis of oedema attacks in
patients with HAE.

VX-984 for radiosensitizationin oncology

VX-984 (Tables1and 3)isaninhibitor of DNA-dependent proteinkinases
(DNA-PKs). The compound bears two D atoms on the pyrimidine ring
andisone of the few examples of DKIE applied to mitigate AO metabo-
lism*, although no data have been published in this regard. DNA-PKs
are enzymes that repair double-strand breaks (DSBs) in DNA using
non-homologous end joining (NHEJ) and have arole in the resistance
of tumour cells to chemo-and radiotherapy. Therefore, pharmacologi-
calinhibitors of DNA-PKs are able to prevent DSB repair and enhance
the cytotoxicity caused by chemotherapeutic treatment or ionizing
radiation. In this context, VX-984 proved to act as aradiosensitizer in
bothin vitro and in vivo assays, with a greater therapeutic specificity
for transformed compared with normal target cells'>**, VX-984 was
licensed to Merck KGaA from Vertex Pharmaceuticals in 2017 and has
completed a phase I trial, but no information on the compound
has been posted on ClinicalTrials.gov since 2019.

Strengths Weaknesses

o Stability of C-D bond towards
cleavage > C-H bond

« No difference between H and D in
terms of steric hindrance and
electronic properties

« Safer bioisostere than fluorine

» Unclear issues in terms of D effects

» Unpredictability and attrition rate
from in vitro studies to the clinic

» Synthetic and analytical
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extent of D enrichment

o High manufacturing costs
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» Low cost-effectiveness and
willingness to pay for deuterium
switch
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Fig.4 | SWOT analysis of the deuteration approach. The strengths, weaknesses,
opportunities and threats (SWOT) of deuteration in drug discovery and
development are highlighted.

Opportunities and challenges for deuteration
Although the use of Din drug discovery offers many advantages, italso
has several shortcomings. The SWOT analysis shown in Fig. 4 summa-
rizes the main strengths and weaknesses, along with opportunities and
threats, of the deuteration approach, and the outlook for it is further
discussed below.

Theability toincrease theresistance of amolecule tobond cleavage
withoutsignificantly alteringits steric hindrance or electronic proper-
tiesisthe greatest advantage of deuteriumincorporation, which clearly
makes this approach stand out from other metabolic blockers, such as
halides™®. Moreover, in some instances D might represent a safer bio-
isostere compared with fluorine, based onrecent reports raising aware-
ness of instability and metabolismissues around fluorinated drugs that
may produce species that are dangerous toboth human healthand the
environment (for example, fluoride or fluoroacetate)*”'*5,

The impact of D atoms on absorption, distribution, metabolism,
excretion and toxicity (ADMET) parameters goes beyond metabo-
lism. Although the difference in lipophilicity between H and D is negli-
gible, when multiple D atoms are present the additive effect might lead to
significant differencesinterms of plasma proteinbinding (forexample, as
withd,-caffeine)*, extent and/or rate of absorption® and P-glycoprotein
efflux, all effects that are stillunderexplored and warrant future investi-
gations. Inthisregard, arecent report showing alower brain-to-plasma
ratio of d,-methadone thanthat of its unlabelled counterpart uponintra-
venous injection in mice suggests that the reductionin lipophilicity due
totheintroduction of nine D atomsis sufficient to reduce the passage of
deuterated molecules across the blood-brain barrier™.

Other benefits of deuteration that are emerging —but are still not
completely understood —include a potential effect of Donboth drug-
targetinteractions (as discussed above) and time-dependent inhibition
of CYP enzymes"° ™, Inhibition of cytochromesis undesirablein drug
R&D asit mightlead to drug-druginteractionsin patients undergoing
multiple therapies. Very recently, a few reports have highlighted that
deuteriumincorporation might reduce the time-dependentinhibition
of CYP enzymes, although the reason behind this effectis still not clear
(for example, BMS-986144'*° VU6032952'* and d;-clopidogrel**'**).

Deuteration is a challenging technique limited to defined and
well-known pathways that require a rate-limiting bond cleavage step.
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Evenwhen aninformed decision on DKIEs is made, the impact of deu-
teration might not be the one expected, and translating deuterated
compounds from bench to bedside is quite challenging. The reasons
behind drug failure of deuterated analogues are diverse and include:
deuterium-promoted multidirectional metabolic switching (for exam-
ple, d,-doxophylline'*); reduced metabolite-induced efficacy in vivo
(forexample, d,-N-demethyldiazepam'*®, d,-6-tocotrienol**’); masking
of DKIE by competing conjugating enzymes or nonmetabolic elimina-
tionmechanisms (for example, deuterated analogues of propofol'*®);
andinterspecies variability jeopardizing the predictivity of preclinical
testing (for example, dy-imatinib'*®).

Thanks to the increased availability of deuterated reagents and
synthetic methods (Box 3), which have enriched the repertoire of deu-
teration approaches, most active pharmaceutical ingredients (APls)
can be prepared with D in the desired soft spots. However, isotopic

Box 3

Synthesis of deuterated drugs

Requests for deuterated compounds in drug discovery have
inspired the development of site-selective, efficient and reliable
methodologies for the large-scale preparation of deuterated active
pharmaceutical ingredients (APIs) in industrial settings. We refer
the reader to a comprehensive review that discusses the recent
developments in this area'®, and we list here the main approaches
used so far, providing the most significant recent reviews or primary
sources for further information.

The use of commercially available and conventional deuterated
reagents, the so-called ‘deuterated pool’, such as CD;l, CD;0D,
Dg-acetone, is the most common method to access deuterated
APIs, as emerged from an analysis of the strategies used to
prepare advanced deuterated candidates'® and as exemplified
by the commercial processes developed for deutivacaftor'® and
deucravacitinib"®. Unfortunately, it is not always possible to rely on
deuterated building blocks, and as an alternative, hydrogen isotope
exchange (HIE)"®"® might be performed on the target compound
or on a late intermediate, even if harsh experimental conditions are
usually required, and selective and quantitative D enrichment is
particularly challenging. Reductive deuteration of carbonyls in the
presence of deuterated metal hydrides such as NaBD, or LiALD,,
or of alkenes using D, gas and a catalyst, or more sophisticated
procedures, are another option. Recently, biocatalytic reductive
deuteration of an array of double bonds has been reported for the
enantiospecific incorporation of D at stereocentres'®. Following
the pioneering work by MacMillan and co-workers reporting photo-
redox reactions to deuterate the a-position of N-alkyl amine-based
drug molecules™, photocatalysis'®*'®, electrochemistry™®’ and
radical chemistry'® are entering the deuteration field at a fast
pace to offer methods appealing to the pharmaceutical industry.
Of note, owing to their prominent role in improving drug profile,
special attention has been paid to the synthesis of per-deuterated
methyl groups™®'*°, but methods for mono-deuteration of alkyl
positions are becoming available™' and will pave the way for future
investigations on the effect of one single D atom on oxidative
metabolism of drugs, a feature that is at present unknown.

mixtures are inseparable using common purification techniques,
and the challenge is to synthesize deuterated APIs with high isotopic
purity at the soft spot (preferably >98%) and on a scale large enough
to supply the market. Indeed, suboptimal isotopic purity of reagents
and low-efficiency labelling reactions can resultin under-deuteration
of APls, requiring extra steps, reiteration of the deuteration process
and/or the use of deuterated solvents to prevent H to D exchange.
Moreover, process chemists have to devise specific conditions to
preventover-deuteration atsites other than the soft spot or the genera-
tion of isotopologue impurities. In general, deuterated reagents cost
more than non-deuterated reagents, and other deuterated building
blocks may not be commercially available and may require special-
ized procedures, which can add costs and difficulty to the synthesis.
Itfollows that the manufacturing costs for deuterated APls are higher
than for non-deuterated APls, and in some instances the synthesis of
adeuterated drug may not be financially sustainable. The challenges
are not only synthetic but also analytical, as common spectroscopic
techniques used to characterize organic compounds (liquid chroma-
tography-mass spectrometry (LC/MS) and NMR) are insufficient to
measure the precise location and quantity of deuterium in isotopic
product mixtures. A less common method that can assist this deter-
minationis molecular rotational resonance (MRR)*°, a technique that
has not been fully adapted yet.

Currently, there are no established guidelines from the FDA or
other governing bodies outlining how to addressisotropicimpurities
indeuterated APIsin terms of analytical, toxicological and regulatory
matters. This has led the International Consortium for Innovation &
Quality in Pharmaceutical Development to recently establishaworking
group to frame the problem and develop viable practices™". As such,
thereis mounting concern that regulatory agencies may defaultto the
use of ICHQ3a™” and treat isotopologues and isotopomers as regular
impurities. If this were the case, it could make it very difficult for com-
panies to meet specifications forisotopicimpurities, as these depend
ontheisotopic purity of the D sources or deuterated pools fromwhich
the APIs are made.

Itis also interesting to note that no official rule has been estab-
lished so far by the WHO regarding the assignment of international
non-proprietary names (INNs) to deuterated APIs™*. To our knowledge,
thisissue has been recently discussed by the INN Programme and Clas-
sification of Medical Products Unit, which, according to the publicly
available executive summary™*, declared that “Ways in which deuter-
ated substances should be named include the well-used deu(t)- prefix
onapre-existing or new INN, the incorporation of -deu- as an infix, or
the use of asecond word such as xxdeuter, where ‘xx’ could indicate the
number of D atoms”. However, as no final decision has yet been made,
at presentany novel deuterated drugis conventionally named by add-
ing the prefix deu-, regardless of the existence of its non-deuterated
counterpart. There are, however, some exceptions to this convention
thatlack the prefix ‘deu-, such as poyendarone™ " and dosimertinib*°,
which are at early stages of development or are being developed in
countries that have their own naming agencies.

Deuterium switches offer many opportunities, including the
possibility to overcome the issues associated with pharmaceuti-
cal development of natural compounds®®, as testified by CYBO03
(Table 2), a deuterated analogue of the natural product psilocybin
that was recently designated by the FDA as a breakthrough therapy
for treatment-resistant depression and major depressive disorder.
Of note, CYB0OO3, the structure of which has not yet been disclosed,
is currently being tested in a phase I/1la trial in patients with major

Nature Reviews Drug Discovery | Volume 22| July 2023 | 562-584

580


http://www.nature.com/nrd
https://cdn.who.int/media/docs/default-source/international-nonproprietary-names-(inn)/73rd_executive_summary.pdf

Review article

depressive disorder™”. Similarly, several deuterated analogues of
N,N’-dimethyltryptamine (for example, d;-DMT), a serotonergic hal-
lucinogen found in several plants, are being developed with the goal
of reducing monoamine oxidase A (MAO-A)-mediated metabolism
and obtaining more stable inhalable formulations for the treatment
of psychiatric or neurological disorders'*°.

However, the development of drugs resulting from a deuterium
switch has become an increasingly challenging task for several rea-
sons. As with all compounds, the patentability will have to be evalu-
ated on a case-by-case basis based on the improvements made by the
discoveries during development'® %>, Another complication is that
regulatory agencies require awell-established advantage of the deuter-
ated drugin terms of effectiveness, safety profile or dosing frequency
over the existing undeuterated compound before granting approval,
and more rigorous head-to-head comparisons with the undeuterated
drug aredemanded to demonstrate asignificant clinical added value.
Finally, given that the cost of goods for deuterated drugs can be higher
than those for their undeuterated counterparts, it isimportant that
deuterated analogues offer value to patients and other stakeholders
proportionate to their cost. For all these reasons, the use of Din drug
discoveryisnow at a crossroads: deuterium switches are slowly going
out of fashion, whereas de novo deuteration is becoming an integral
partofdrug discovery campaigns, whereitis widely used to overcome
PK liabilities, in addition to other ADMET property considerations, at
anearly development stage.

In conclusion, deuteration is an ever-evolving and exciting
approach with manifold applications, including those beyond the
pharmaceutical industry, which include neutron scattering for
theinvestigation of polymers'**, electronicmaterialsand TV screens, the
brightness of whichis enhanced in the presence of the heavy isotope®,
and fluorescence microscopy'**'?, for which D leads to more stable and
brighter fluorescent dyes. In this Review, we summarize recent
advances in the use of deuteration in drug R&D, and we foresee that,
in spite of the associated challenges, its systematic embedding into
medicinal chemistry campaigns willimprove the PK and safety profiles
of innovative drugs and help to reduce attrition rates.
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