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» Extended n-delocalization (fluorescent)

» High permeability
» Oxidative metabolism

* High polarity & solubility
* Poor permeability
* Direct renal clearance

ABSTRACT: Immunomodulatory drugs (IMiDs) thalidomide, lenalidomide, and pomalidomide engage cereblon and mediate a
protein interface with neosubstrates such as zinc finger transcription factors promoting their polyubiquitination and degradation.
The IMiDs have garnered considerable excitement in drug discovery, leading to exploration of targeted protein degradation
strategies. Although the molecular modes-of-action of the IMiDs and related degraders have been the subject of intense research,
their pharmacokinetics and disposition have been relatively understudied. Here, we assess the effects of physicochemistry of the
IMiDs, the phthalimide EM-12, and the candidate drug CC-220 (iberdomide) on lipophilicity, solubility, metabolism, permeability,
intracellular bioavailability, and cell-based potency. The insights yielded in this study will enable the rational property-based design

and development of targeted protein degraders in the future.
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he molecular mode of action of the immunomodulatory

drugs (IMiDs) thalidomide, lenalidomide, and pomali-
domide was elucidated in the past decade following affinity
isolation of their common binding protein cereblon.’
Following engagement of cereblon, a component of an E3
ubiquitin ligase complex, the IMiDs mediate new interactions
with “neosubstrates” such as the zinc finger transcription factor
Ikaros (IKZF1), resulting in polyubiquitination and proteaso-
mal degradation of the target.” IMiDs have also been
chemically linked to protein ligands to create heterobifunc-
tional molecules, called proteolysis-targeting chimeras (PRO-
TACs), that hijack the ubiquitination machinery to mediate
degradation of target proteins.’

IMiD drugs, often referred to as “molecular glues”, possess a
critical glutarimide motif that binds in a tritryptophan cage in
the cereblon pocket, but their aromatic ring structures
(phthalimide or isoindolinone) differ subtly (Figure 1).
Additionally, lenalidomide and pomalidomide contain a polar
amino group that has been shown to bind through a water
molecule to residues in cereblon and IKZF1.* Despite minor
variations in structure, we hypothesized that the physicochem-
ical features of the phthalimide, that possesses an extended
bicyclic delocalized n-electron system, may diverge substan-
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tially from the isoindolinone (the carbon atom of the —CH,—
group, which is formally sp® hybridized, hinders z-conjuga-
tion). Here, we detail these differences and, for completeness,
explore the properties of the related derivative EM-12 to be
able to perform a pairwise analysis. We also profiled the
elaborated and structurally differentiated molecular glue CC-
220 (iberdomide) that is currently in clinical trials for multiple
myeloma, non-Hodgkin lymphoma, and systemic lupus
erythematosus.

Physicochemistry plays a central role in drug design because
it determines important characteristics that influence candidate
development, including lipophilicity, solubility, membrane
permeability, nonspecific binding, metabolism, and chemical
stability, which in turn affect in vivo pharmacokinetics,
disposition, efficacy, and safety.® In this study, side-by-side in

Received: August 31, 2021
Accepted: October 5, 2021
Published: October 8, 2021

ASMedicinal
’ Chemistry Letters)

https://doi.org/10.1021/acsmedchemlett.1c00475
ACS Med. Chem. Lett. 2021, 12, 1861-1865


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nikki+R.+Kong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hu+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianwei+Che"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lyn+H.+Jones"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmedchemlett.1c00475&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00475?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00475?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00475?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00475?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00475?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00475?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00475?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.1c00475?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/amclct/12/11?ref=pdf
https://pubs.acs.org/toc/amclct/12/11?ref=pdf
https://pubs.acs.org/toc/amclct/12/11?ref=pdf
https://pubs.acs.org/toc/amclct/12/11?ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmedchemlett.1c00475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsmedchemlett?ref=pdf
https://pubs.acs.org/acsmedchemlett?ref=pdf

ACS Medicinal Chemistry Letters

pubs.acs.org/acsmedchemlett

Thalidomide

EM-12

Figure 1. Electronic structure calculations for thalidomide, EM-12,
pomalidomide, and lenalidomide using Jaguar (Schrodinger release
2021-1)."” The three highest occupied molecular orbitals are shown
as isosurfaces (depicted at the level of —0.5) for each molecule (color
indicates phase).

vitro profiling of the IMiDs revealed key differences in these
important characteristics, yielding useful insights that will
impact the future design, property-based optimization, and
development of cereblon-modulating drugs and chemical
probes.

To understand the differences in electronic structures
between the IMiDs, a simple calculation of their molecular
orbitals was performed, as shown in Figure 1 (further
described in the Supporting Information). The extended
delocalization of the phthalimide system enhances the
resonance of the s-electron ring density. Replacement of an
imide carbonyl with the sp* hybridized —CH,— present in the
isoindolinones hinders z-conjugation into the five-membered

ring and localizes electron density to the remaining carbonyl
oxygen of the cyclic benzamide group (dotted ring, Figure 1).
These electronic features significantly influence the phys-
icochemical properties, pharmacokinetics, and disposition of
the IMiDs, as demonstrated in Table 1 and described in more
detail below.

The extended n-delocalization of the phthalimide ring in
pomalidomide, in conjunction with the electron-donating
amino group, creates a push—pull electronic system, not
dissimilar to that of benzoxadiazole dyes,” that renders the
drug fluorescent. The intrinsic fluorescence of pomalidomide
has been used as a clinical biomarker of drug levels in ex vivo
human plasma samples.® Fluorescent amino phthalimides were
described previously,” "' but surprisingly, the photophysical
properties of molecular glues and PROTACs containing this
motif have not been reported. The fluorescent nature of
degraders possessing the amino phthalimide structure should
be considered as a potential complicating factor when
screening such compounds in fluorescence-based assays.

The extended m-electron system of thalidomide and
pomalidomide also affords higher lipophilicity (higher LogD)
and lower solubility compared to the isoindolinone congeners
EM-12 and lenalidomide (Table 1). The calculated solvation
energies (Supporting Information) are also more favorable for
lenalidomide (—28.0 kcal/mol) and EM-12 (—23.7 kcal/mol)
compared with their counterparts pomalidomide (—25.8 kcal/
mol) and thalidomide (—22.4 kcal/mol), consistent with
higher polarity. Additionally, the intramolecular hydrogen
bonding of the amino group with the phthalimide ring of
pomalidomide further increases relative lipophilicity, cf.
ALogD (thalidomide/EM-12) = 0.4 versus ALogD (pomali-
domide/lenalidomide) = 0.85 (Table 1). The calculated LogPs
appear to capture the differences in lipophilicity resulting from
intramolecular hydrogen-bonding but not z-delocalization
(Table 1).

For these same reasons, lenalidomide has the highest
hydrophilicity of the IMiDs that imparts high aqueous
solubility and remarkably low permeability in Caco-2 cells
due to a high desolvation penalty in water (Table 1). The low
permeability of lenalidomide translates to impaired CNS
penetration, and the IMiD thus lacks the neurological side
effects (sedation and neuropathy) of thalidomide.'” Due to
enhanced permeability resulting from higher lipophilicity and

Table 1. In Vitro Profiling of Cereblon-Modulating Drugs®

thalidomide EM-12
molecular weight 258 244
cLogP 0.3 0.2
Chrom LogD (pH 7.4) 0.900 + 0.001 0.498 + 0.001
Caco-2 (107¢ em/s)” 35.6 + 1.6 (0.9) 222 + 0.9 (0.99)
kinetic solubility (#M) 345 + 47 451 + 48
HLM T, (min) >186 >186
human plasma T/, (min) 22 119
Focel 034 + 02 1.0°
K, 89 + 34 22401
F, 3.0 + 0.68 22+ 0.1
IKZF1 DCq, (nM) >10 000 192.7 £ 52.5

pomalidomide lenalidomide CC-220
273 259 449

0.2 -0.5 1.1

0.787 + 0.001 —0.058 + 0.001 1.900 + 0.001
24.9 + 2.0 (1.1) 1.45 + 0.05 (1.7) 5.6 + 2.5 (5.1)
78 + 17 461 + 47 380 + 28
>186 124 115

159 284 >746

0.90 + 0.1 1.0° 0.06 + 0.006
4.5 + 04 5.0+ 04 93 £ 18
4.1 £ 0.04 5.0 £ 0.4 0.56 + 0.01
26.7 + 3.8 90 + 15.2 24 +£0.13

“Experimental details are provided in the Supporting Information. “Efflux ratios in parentheses. “Intracellular unbound fractions reported as 1.0 due
to homogenate unbound fractions marginally lower (<3%) than buffer (see Supporting Information). HLM = human liver microsomes. Chrom
LogD = chromatographic assessment of the logarithm of the distribution coefficient (LogD).*! Sucan = intracellular unbound fraction (4 h
incubation, MOLT4). K, = intracellular drug accumulation (4 h incubation, MOLT4). F,. = intracellular bioavailability = f, . X K, DCy =
concentration of drug required to reduce protein signal in the HiBiT assay by 50% (details in the Supporting Information).
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intramolecular hydrogen-bonding, pomalidomide appears to
possess improved CNS penetration over lenalidomide."’

Lenalidomide undergoes rapid urinary excretion resulting in
a short half-life of 3 h in humans, in concordance with its
physicochemistry.'>'* Indeed, lenalidomide is a very weak
substrate for CYP P450 enzymes and phase II conjugative
metabolism. Therefore, an important feature of the drug is that
renal impairment can affect drug clearance, resulting in patient
variability.'> Although the IMiDs possess excellent stability in
human liver microsomes (HLM), somewhat unexpectedly,
lenalidomide appears to be the least stable (Table 1), which
may be a reflection of the higher electron density of the aniline
ring being more prone to oxidation in this in vitro assay.
Although the differences in HLM stability do not directly
mirror in vivo human PK observations, a small amount (<5%)
of S-hydroxy-lenalidomide was identified in human plasma
following oral administration revealing a minor propensity for
oxidative metabolism.'®

It is also noticeable that lenalidomide is the most stable
IMiD derivative in human plasma, while thalidomide is the
least stable (Table 1). The propensity for glutarimide
hydrolysis is similar for all of the drugs, but the phthalimide
ring, essentially an imide derivative of phthalic anhydride,
appears to be more prone to nonenzymatic hydrolysis
compared to the isoindolinone.'® In humans, thalidomide
undergoes phthalimide and glutarimide hydrolysis, and these
polar products are renally excreted with little to no
metabolism.'” Although EM-12 is more stable than thalido-
mide, hydrolysis products are also formed and renally cleared
in marmoset monkeys.”’

CC-220 (iberdomide, Figure 2a) was developed recently as a
potent cereblon modulator that degrades IKZF1 (and the

a)

Hydrophobic tail
———
o™ o o
K/ N NH
/‘ N o)
Basic center
(0]
CC-220
(iberdomide)
b)

Figure 2. (a) Structure of the cereblon-modulating molecular glue
drug candidate CC-220 (iberdomide). (b) CC-220/cereblon crystal
structure (PDB SV30) highlighting binding surface (green =
hydrophobic residues, drawn using Maestro, Schrodinger).

related target IKZF3) more effectively than the IMiDs.”> CC-
220 possesses a lipophilic tail that binds in a hydrophobic
region of the cereblon pocket (PDB code SV30, Figure 2b).
The changes in molecular weight and lipophilicity compared to
the IMiDs (Table 1) leads to an oxidative mode of metabolism
in humans, mediated by CYP3A4/S (cf. lower HLM stability in
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Table 1), and a lower apparent total clearance than the
IMiDs.'>** CC-220 also contains a basic center that increases
the volume of distribution compared to the neutral IMiDs, and
together with the relatively low clearance, this yields a 9—13 h
half life in humans.”*

The “free drug hypothesis” states that unbound drug levels
are the pharmacologically relevant concentrations in cells and
in vivo.”> It is therefore important to measure free drug
concentrations to understand in vitro—in vivo correlations,
pharmacokinetic—pharmacodynamic (PKPD), and structure—
activity relationships (SARs) of derivatives with the same
mode of action, as for the cereblon modulators described here.
We were particularly interested in the effects of physicochem-
istry on the levels of free drug in cells, suspecting that the
higher lipophilicity and ionizable basic center of CC-220 would
reduce the unbound fraction relative to the IMiDs. The
protocols used to measure unbound fractions and cellular
accumulation are provided in the Supporting Information.***”

EM-12, pomalidomide, and lenalidomide achieved high
unbound levels (f, .y ~ 1) in MOLT4 cells due to their
physicochemistry (low molecular weight, polar and non-
ionizable at physiological pH). Thalidomide instability, as
described above, yielded a large error in the results obtained
for this IMiD in the assay (Supporting Information, Figure S1).
Interestingly, pomalidomide and lenalidomide accumulate in
MOLT#4 cells and the intracellular bioavailability F;_ is greater
than 1 which is indicative of potential cellular uptake processes
(Table 1).%° Due to the significantly higher lipophilicity of CC-
220, and the presence of an ionizable basic center, an increase
in nonspecific binding to proteins and membranes would be
expected, and this was reflected in the lower observed f, ..
However, intracellular accumulation K, is elevated compared
to pomalidomide and lenalidomide, and although uncon-
firmed, CC-220 may accumulate to a certain degree in the
acidic lysosome (pH ~ 5) due to protonation of the
morpholine nitrogen basic center, which is a common
lysosome-targeting motif used in fluorescent imaging probes.”®

To explore the implications of these effects on cell-based
pharmacology, an IKZF1 HiBiT assay was developed in the
same cell line (MOLT4) which uses CRISPR-mediated tagging
of the endogenous protein with a luminescent peptide to
enable quantitative measurement of IKZF1 degradation by the
cereblon-modulating molecular glues (Supporting Information,
Figure $2).”” MOLT4 is a human T-cell line which was
originally chosen for this study due to the involvement of
IKZF1 in immune cell differentiation, and the line serves as a
workhorse screening model in our center.”” The IKZF1 DCy,
(half degradation concentration) of CC-220 was found to be
2.4 nM (in agreement with published potency data in an ePL
fusion chemiluminescence assay)’” yielding an intracellular
unbound DCg, of 1.3 nM, compared to 111 and 450 nM for
pomalidomide and lenalidomide, respectively. These data thus
enable a direct comparison of the cell-based activity of different
drugs that possess distinct intracellular bioavailabilities. The
considerably higher potency of CC-220 translates to
antimultiple myeloma activity greater than that of pomalido-
mide and lenalidomide, particularly in IMiD resistant cells that
have low cereblon expression.”’

Immunomodulatory drugs represent an exciting therapeutic
modality of targeted protein degraders that have garnered
considerable R&D investment in recent years. Despite
numerous pharmacological studies of the IMiDs and related
degraders, there has been little investigation into their
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fundamental physicochemical properties. Property-based de-
sign, which describes the optimization of absorption, metabolic
and chemical stability, distribution, and biopharmaceutical
properties, requires a deep understanding of physicochemical
parameters.”” Here, we show that the phthalimide ring is less
polar than the isoindolinone motif due to extended z-
delocalization over the heterobicyclic system. Further analysis
highlighted physicochemical differences among the IMiDs that
govern their pharmacokinetics and disposition.

These findings are of significance to the design and
development of future degraders, including PROTACsS,
because they provide insights that will impact the optimization
of physicochemical parameters needed to achieve desirable
PKPD profiles. For example, the metabolic stability of a
lipophilic phthalimide/pomalidomide-based degrader could be
improved by switching to the more polar isoindolinone/
lenalidomide scaffold. Conversely, the low permeability of a
polar lenalidomide analogue could be addressed through
conversion to the phthalimide congener.

Determination of free drug levels in cells enabled the
assessment of intracellular unbound DCs, values, which
confirmed the exceptional functional potency of the clinical
molecular glue degrader CC-220. Therefore, these assays may
supplement an experimental screening platform to help
advance the development of targeted degraders.”” Such
analyses could also become important for elucidating complex
degrader cell-based SARs because off-target competitive
recruitment of cereblon determines on-target activities due to
a limiting pool of the E3 ligase.”*
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Experimental section containing computational calcu-
lations of molecular orbitals and desolvation energies
and methods for determining Chrom LogD, kinetic
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potency (including dose—response curves) (PDF)
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