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In vitro and in vivo ADME of heterobifunctional
degraders: a tailored approach to optimize DMPK
properties of PROTACs©+

Christine Katharina Maurer,? Zhizhou Fang,® Christina Schindler, ©° Gianna Pohl,”
Fouzia Machrouhi-Porcher,® Marc Lecomte, @2
Carl Petersson? and Heide Marika Duevel & *2

Proteolysis-targeting chimeras (PROTACs©) have recently emerged as a promising new drug modality.
Residing beyond the rule-of-five space, they pose challenges in terms of physicochemical properties. With
this study, we contribute to enhancing the understanding of their early ADME characterization. For
permeability assessment, transwell assays such as Caco-2 remain challenging. Although the addition of
serum may reduce unspecific binding and improve recovery, the assay was not found predictive for
absorption. As a surrogate, we propose to focus optimization on molecular descriptors and support a
preferred space for oral PROTACs© with <3 H-bond donors (HBDs), molecular weight (MW) <950 Da and
number of rotatable bonds <12. We have developed a predictive score serving as initial guidance for design
and prioritization according to this property space. In addition, the reduction of exposed polar surface area,
e.g. through shielding of HBDs, is a powerful approach to optimize permeability. Using standard small
molecule-based methods for in vitro-in vivo extrapolation (IVIVE) of intrinsic clearance (CL) with
experimentally determined hepatocyte CL;, and fraction unbound in plasma, and predicted fraction
unbound in the incubation (f,inc). a systematic under-prediction from mouse hepatocytes was observed
for PROTACs®@. In line with our observation that the Kilford equation was not suitable for PROTAC® f,, nc
prediction, this bias could be overcome by using experimentally determined f, .. Taken together, this
study suggests a tailored in vitro DMPK discovery assay cascade and frontloading in vivo studies. It also
underlines the need for inclusion of surrogate permeability descriptors and experimentally determined
values for IVIVE of CLjn.

understanding of their absorption, distribution, metabolism,
and excretion (ADME) properties enables the clinical

Over the past few years, the development of small molecule
therapeutics has undergone a paradigm shift through the rise
of heterobifunctional degraders, also referred to as Proteolysis
Targeting Chimeras (PROTACs®©, trademarked by Arvinas, is
hereafter used as PROTACs® to describe the modality). These
molecules harness the cellular ubiquitin-proteasome system
to selectively degrade target proteins, presenting a novel
strategy for drug discovery in various disease areas,
predominantly in cancer' but also emerging in immunology.”
As for all non-topical therapeutics, a comprehensive
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translation of pharmacokinetic (PK) behavior, efficacy, and
safety profile. However, due to the physicochemical properties
of PROTACs®©, not all methodologies established for classical
small molecules can be applied to this modality.
Heterobifunctional degraders consist of two binding moieties,
one for the target protein of interest (POI), the other for the
E3 ligase, which are connected through a linker. Hence,
PROTACs®© reside within the beyond-rule-of-5 (bRo5) space
and, due to high lipophilicity, size and hydrogen bond donor
(HBD) count, pose challenges in terms of solubility and
permeability resulting in a low probability for oral
absorption.*™ Also, low solubility and/or unspecific binding
to in vitro assay systems can confound or even prevent reliable
experimental results and need to be accounted for.*” So far,
little has been reported on systematic metabolic stability
assessment, in vitro-in vivo extrapolation (IVIVE) of intrinsic
clearance (CLi,), and excretion pathways for PROTACs®.*’
For permeability assessment, several approaches for
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adaptation of the Caco-2 transwell assay®”'® as well as
surrogate methods such as exposed polar surface area (ePSA)
determination' are being described. Despite these efforts,
rational design strategies to optimize the drug-like properties
of PROTACs© based on in vitro assay results remain scarce.
Hence, the field is still relying largely on in vivo studies as
optimization strategy to identify orally absorbed PROTACs®.
Recently, several reports established wupper limits of
physicochemical properties that seem to be suitable
guidelines for design of oral PROTACs©. Hornberger et al
defined 2 unsatisfied HBDs, 15 hydrogen bond acceptors
(HBA), 14 rotatable bonds, a molecular weight (MW) of 950
Da and a topological polar surface area (TPSA) of 200 A* as
well as a calculated logP/D (clogP/D) of 7 as upper
boundaries, derived from a large dataset of 1806 PROTACs©
with intravenous (iv) and oral PK data in rats."” In another
report, most emphasis is put on the number of exposed
HBDs, with a number of <2 being recommended."® For the
other parameters, Schade et al. widen the boundaries of MW,
chromatographic logD (ChromlogD), ePSA, experimental
rotational bond count (eRotB) and solvent-exposed HBA
(eHBA) to 1000 Da, 7, 170 A% 13 and 16, respectively, when
the upper limit of solvent-exposed HBD (eHBD) to <2 is not
exceeded.

However, even though solutions have been published to
solve issues in specific cases or for certain chemical matter,
they are not universally applicable. In this article, we present
our efforts to adapt our established small molecule in vitro
ADME assays to the chemical space PROTACs© reside in and
assess feasibility of methods published by others to our
internal PROTAC®© dataset. We evaluate various methods for
permeability assessment such as Caco-2 transwell assay and
surrogate determination of ePSA. In addition, we have
developed a predictive model that serves as an early
prioritization tool for design of oral PROTACs®©. This model
is based on molecular descriptors including MW and HBD
count. Lastly, we describe our key findings on IVIVE of CLj,¢
and suggest a tailored discovery assay cascade for early ADME
characterization of PROTACs©. As a perspective, we describe
alternative routes of administration as a surrogate to
overcome the issue of low oral bioavailability.

Experimental procedures

Details on materials used in this paper and additional
experimental procedures (ePSA, ChromlogD, and kinetic
solubility assays, PK in mice, UHPLC-MS/MS method for
CLi, assay) are described in the ESL}

Caco-2 assay

The Caco-2 assays were performed in a transwell assay setup
using Caco-2 cells (TC7 clone). The Caco-2 cells were seeded
into the apical wells (125000 cells per well) in DMEM
(Dulbecco's Modified Eagle's Medium) with 20% FBS (fetal
bovine serum) into Corning 24-well transwell plates, and
cultured for 14-21 days. Prior to the experiment, the plates
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were washed with HBSS (Hanks' balanced salt solution).
Apparent permeability P,,, was determined from apical-to-
basolateral direction (P,ppap) by adding 1 pL of the test
compound in HBSS into the apical compartment, and HBSS
into the basolateral compartment, and vice versa for Ppp pa
from basolateral-to-apical. Apical volumes were 250 pL,
basolateral volumes were 750 uL. DMSO content was <1% (v/
v) in all wells. Monolayer tightness was controlled using
melagatran as tightness marker.

Samples were taken from both compartments at timepoint
t0 and after 2 hours incubation at 37 °C in 5% CO, and
100% humidity, and analyzed via UHPLC-MS/MS. The

apparent permeability P,p, was calculated as follows:

P _ ACrec. Vrec
app At A-Cdonp

where Ac../At is the change of concentration in the receiver

compartment over the incubation time (i.e. 2 hours), Vi is
volume of the receiver compartment, cCgono is the
concentration in the donor compartment at time ¢,, and 4 is
the surface of the membrane on which the cells grew (i.e.
0.33 cm?).

Mass balance was checked after the experiment by
determining the recovery after the experiment:

Ndon,end + Ndon,rec Cdon,end'Vdon + Crec.endVrec
Recovery = =

Ndon,0 Cdon,0* Vdon

The efflux ratio (ER) describes the potential to be transported

by efflux transporters:

ER — Papp,BA

p app,AB

The geometric mean of P, ap and Pa,ppa Was used as

measure of passive permeability Ppp pass-

For some experiments, following modifications were
made: In the FCS (fetal calf serum) experiment, the HBSS
buffer contained 10% FCS on both sides. In the pre-
incubation experiment, 1 uM of the respective compounds
was added as DMSO stock on day 13, before the actual
experiment. The buffer during the experiment contained
0.25% BSA. In the pH 6.5 experiment, 10 mM HEPES was
added to the HBSS buffer, and the apical compartments were
adjusted to pH 6.5 instead of pH 7.4. In the FaSSIF
experiment, the apical buffer was FaSSIF instead of HBSS.
The basolateral wells were supplemented with 0.5% BSA. In
the mucin experiment, only direction A-to-B was measured.
After washing of the cells, 50 mg mL™" of mucin was applied
on top of the Caco-2 cells in the apical wells. The apical
buffer was FaSSIF instead of HBSS. The basolateral wells were
supplemented with 1% BSA.
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Determination of CL;,; in mouse hepatocytes

The CL;,; values were determined using cryopreserved female
CD-1 mouse hepatocytes in suspension on a liquid handling
platform  (Hamilton  Microlab VANTAGE, Bonaduz,
Switzerland). Viability was determined in a Neubauer
chamber by trypan blue staining and always above 70%.
Compounds (1 puM final) were incubated with hepatocytes at
a cell density of 0.2 x 10° cells per mL in Krebs-Henseleit
buffer (pH 7.4). The final DMSO concentration did not exceed
1% (v/v). Incubations were carried out in duplicate at 37 °C
under an atmosphere of 5% CO, and 95% humidity. Aliquots
were taken at time points 0, 10, 20, 40, 60, and 90 min and
quenched with the two-fold volume of an ACN solution
containing 1.5 pM of internal standard. The supernatants
were further diluted 1:3 (v/v) with supernatants from other
compound incubations for bioanalytical cocktailing designed
to avoid analytical interference. The samples were analyzed
by a standard reversed phase liquid chromatography assay
coupled to tandem mass spectrometry (UHPLC-MS/MS) (for
details see supplementary information).

For quantitation, MS peak area ratios of compounds and
internal standard were calculated and transformed to
nanomolar concentrations determined based on a four-point
calibration comprising 1.2% to 150% of the incubation
concentration. Calibration standards were prepared using
heat-inactivated (60 °C for at least 15 min) hepatocytes as
biomatrix and processed in duplicate as described for the test
samples.

For data analysis, concentration data was plotted against
incubation time, the first order elimination rate constant (k)
determined by non-linear regression using the software
GraphPad Prism version 10.2.1, and CL;,, values (expressed
in uL min™" per 10° cells) obtained by normalizing k. with
the hepatocytes concentration.'*

IVIVE of mouse CL;,,; from hepatocytes

For IVIVE of CL;,, we used the ‘regression offset approach’
described essentially by Sohlenius-Sternbeck et al'® using
experimentally determined hepatocyte CL;, and fraction
unbound in plasma (f,,) data, fraction unbound in the
hepatocyte incubation (fyinc) data either predicted by the
Kilford equation'® with calculated logD at pH 7.4 (clogD-.4)
or determined experimentally, blood-to plasma ratio Ry
assumed to be 1 for bases and neutrals, regression correction
based on a small molecule regression line®'*** (slope: 0.85,
intercept: 0.25), and back-calculation of CL;,, by means of
the well-stirred model.

Prediction of f inc

The free fraction in the hepatocyte incubation (fyinc) was
predicted using equation 5 published by Kilford et al.'® using
Vr of 0.001 (given the cell density of 0.2 x 10° cells per mL)
and clog D, 4, for neutral and basic ion classes. The clog D5 4
was calculated using Percepta (ACD Labs)'” models for pka
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and lipophilicity, retrained with in-house experimental data
(GALAS method'®).

Determination of fraction unbound in plasma (f, ;) and in
the hepatocyte incubation (f, inc)

Free fraction in mouse or human plasma was determined
using rapid equilibrium dialysis (RED) in teflon-coated 96-
well RED devices using serum as surrogate, as in-house data
showed that f;, values do not differ between serum and
plasma. Mouse or human serum is dialyzed overnight to
exchange the carbonate with a phosphate buffer, and then
used as donor matrix in the experiment. Test compounds are
added as DMSO stock to the donor matrix (50% serum in
phosphate buffer pH 7.4) at 0.5 pM (final DMSO
concentration 0.5% and dialyzed against phosphate buffer
pH 7.4 in the receiver compartment for 4 hours at 37 °C.

Ju,ine is determined using RED in teflon-coated 96-well
RED devices. Mouse hepatocytes were inactivated by
incubating over night at RT, and then used as donor matrix
in the experiment. Test compounds are added as DMSO stock
to the donor matrix (0.2 million cells per mL in phosphate
buffer pH 7.4) at 0.5 uM (final DMSO concentration 0.5%),
and dialyzed against phosphate buffer pH 7.4 in the receiver
for four hours at 37 °C.

Samples were taken from both compartments after 4
hours incubation, and analyzed via UHPLC-MS/MS. The
fraction unbound f;, was calculated as follows:

Creceiver
fo =Tk
Cdonor
matrix

fu values can be interconverted from one

concentration to another using the following formula:
Jut

f“ZZMz_f M2
M1 7 A\M1

where f,, at matrix concentration M2 can be calculated from
the f,; value at matrix concentration M1.

Ethical statement

All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of
Merck KGaA/EMD Serono and approved by the internal
Animal Ethics Committee of Merck/EMD Serono. All used
laboratories and CROs have been audited by the Merck/EMD
Serono animal welfare office, and the animal work has been
approved by the local ethics committees responsible for the
respective CROs/laboratories.

Results & discussion

To evaluate the applicability of our early in vitro ADME assay
cascade, we selected representative heterobifunctional
degraders from internal drug discovery projects as well as

This journal is © The Royal Society of Chemistry 2025
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external molecules known to be in pre-clinical or clinical
development. We have compiled several datasets, one for
Caco-2 measurements comprising 57 heterobifunctional
degraders, for which P,;ap and Pupppa were determined
(37% rigid linker, 65% CRBN, 33% VHL). For CL;, IVIVE, the
dataset contained 25 PROTACs© (20 rigid linkers, 5 flexible
PEG or alkyl linkers) mostly relying on CRBN as the E3 ligase
(80% of PROTACs®©). 8 PROTACs®©, including KT-474 and
ARV-110, are published examples, and 17 are from 3 internal
programs. A table in the supplemental information
summarizes the physicochemical properties of the
PROTACs® used in this study (Tables S6 and S77).

Caco-2 adaptions and results

Caco-2 cells are widely employed in a transwell setup to
determine bi-directional permeation rates in apical-to-
basolateral direction and vice versa. The apparent
permeability (P,pp) values can be used to quantify passive
permeability (Pupppass) and transporter activity (efflux ratio
ER). Papppass i typically used for assessing oral absorption
properties of small molecules as it correlates with fraction
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Fig. 1 Correlation of f,fy from mouse PK studies vs. Pypppass in
presence of CsA (A) or P, ag Without inhibitor (B) reveal a lack of
predictiveness of oral absorption for PROTACs©. Colour-coding
indicates ER under respective conditions: <3 (green) via yellow to =20
(red). Triangles represent qualified data, i.e. the P,pp pass/Papp,as Values
are actually lower than where they are depicted.
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absorbed (f;). Due to the lack of human f, data for
PROTACs©, mouse f,f, derived from oral bioavailability in
in-house PK studies was used as surrogate to assess
predictiveness of Caco-2 for oral absorption of PROTACs®©.
We have evaluated both passive permeability as a measure of
absorption rate when active transport in the GI tract is
saturated, as well as P,p, ap fOr assuming transport is not
saturated.

Under standard conditions that we employ for other small
molecules, no clear correlation of mouse f,f, with neither
Popp,pass (Fig. 1A) nor Py, 4 (Fig. 1B) could be established for
PROTACs®©.

PROTACs© often exhibit high lipophilicity, high MW, low
permeability, and low solubility. Therefore, they pose various
challenges to in vitro models. In transwell setups such as the
Caco-2 assays, these challenging properties can result in loss
of free compound from incubation by non-specific binding
(NSB) to plasticware or precipitation, or in slow equilibration
rates. Several modifications to the standard protocol have
been described in the literature to overcome these
limitations. Cantrill et al.® have reported a method utilizing
the addition of 10% FCS to mitigate NSB and precipitation.
Cui et al.™ and Muschong et al.® have addressed a potentially
slow equilibration of intra- and extracellular compartments
of bRo5 compounds (such as PROTACs®©) by pre-incubating
cells with the respective compound of interest prior to
running a bidirectional transwell assay. For the PROTACs®© in
our study, we found that these modifications provided only
limited benefits.

While the addition of 10% FCS into the Caco-2 assay
increased recovery values (Fig. 2A), this increase did not
result in elevated P,p, values in general. While some
PROTACs© exhibited increases in both recovery and Pupp,
there were equally as many PROTACs© in which recovery
improvement did not affect the P,,, value, and vice versa
(Fig. 2B). We therefore conclude that P,,, values in the
absence of FCS had not been under-estimated due to loss of
compound in the receiver compartment after permeating
through the cell layer. In fact, the compounds that were most
affected by the FCS addition and exhibited the biggest
changes in P,p,, were low solubility PROTACs® (Fig. 2C). This
suggests that the increase in Py}, is linked to a higher free
concentration of the PROTAC® in the donor compartment,
aided by the solubilizing effect of FCS. Without FCS, the
actual donor concentration of PROTAC© was presumably
below the targeted 1 uM, leading to low compound flux rates.

Nevertheless, despite increasing P,,, values for some
PROTACs®©, no correlation between mouse f, fy and Papp pass
(Fig. 3A) nor Py, ap (Fig. 3B) was observed. Similarly, when
we pre-incubated Caco-2 cells with PROTACs© for 24 hours
prior to running the assay in order to ensure equilibrium
between the intracellular and extracellular compartments, we
observed higher P, values in general for all compounds;
however, neither the Py, hass (Fig. 3C) nor the Py, a5 values
(Fig. 3D) were predictive of mouse f,f, under these pre-
equilibrated conditions. The accuracy of correctly predicting

RSC Med. Chem., 2025, 16, 1746-1757 | 1749
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Fig. 2 (A) Average recovery in the Caco-2 assay with and without 10%
FCS in the incubation. The addition of FCS increased recovery values
to 80-100%. Colour-coding indicates clogD: from <1 (green) via
yellow to =6 (red). (B) Correlation of fold-changes in P, vs. changes
in recovery. The black lines represent the respective 95% confidence
intervals for the 2 parameters. Colour-coding indicates average
recovery under standard conditions from colour-coding indicates clog
D: from <20% (red) via yellow to >80% (green). (C) Fold-changes in
P.pp Vs. kinetic solubility. While those exhibiting a kinetic solubility of
>4 uM largely did not show differences in P,,,, most PROTACs© with
a kinetic solubility <4 uM showed a significantly different P,y value.
Colour-coding indicates clog D: from <1 (green) via yellow to >6 (red).

well-absorbed PROTACs© was similar to what was reported
by Muschong et al:® 56% probability of a PROTAC®O
exhibiting an f,f; >0.5 when Pypp pass is >5 X 10°em s, and
a 43% probability of a PROTACO exhibiting an f,f, >0.3
when Py, ap is >3 x 10 ° em s
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Due to their large size and elongated shape, PROTACs©
are known to adopt different conformations depending on
their environment, forming secondary structures via e.g.
intramolecular HBDs (chameleonicity), which could influence
their permeability.>® It is hence possible, that the
conformation that PROTACs© adopt in in vitro systems such
as in the Caco-2 assay is not representative of the one
exhibited in the gut environment. Therefore, additional
modifications to the Caco-2 assays have been explored,
aiming to provide incubation conditions in vitro that have a
better resemblance of the in vivo conditions in the GI tract.
However, neither the introduction of a pH gradient, nor the
utilization of FaSSIF as apical incubation buffer, nor the
addition of mucin'® yielded a predictive Caco-2 model for our
selection of PROTACs®© (data shown in ESIf).

In conclusion, the regular Caco-2 assay protocol has
limited applicability to PROTACs®©. Various modifications to
the assay have been described in the literature to address
these limitations encountered in the laboratories of the
authors. However, none of those modifications was effective
in enhancing the Caco-2 assay's ability to predict the in vivo
behaviour of PROTACs©. The observed discrepancies may
stem from differences in the test substances employed. This
underlines the chemical diversity among PROTACs©, each
presenting unique challenges, e.g. instability or low solubility,
binding to the assay system, or inconclusive permeability.
This observation is not exclusive to the Caco-2 assay, but was
also found in other in vitro assays. Consequently, published
adapted methods may not be universally applicable to all
PROTACsO. A fit-for-purpose assay setup is often required to
effectively address the distinct chemical space of PROTACsO,
and alternative systems need to be considered.

Experimental polar surface area as surrogate for intestinal
permeability

As outlined before, PROTACs© can form intramolecular
contacts and adopt a more compact structure, reducing PSA.
Astra Zeneca recently described an NMR-based method to
determine the number of exposed HBDs"® and showed that
all four clinical PROTACs© studied expose fewer HBDs in
solution than present in the chemical structure reducing
their polar surface area. In line with this finding, we
established a method to determine the ePSA (see ESIf for
experimental procedure). This is a chromatographic
technique employing a column mimicking the passage
through the cellular lipid bilayer. A polar column is eluted
with a non-polar solvent which enables a shorter residence of
molecules harboring the ability to reduce their polar surface
area by e.g. intramolecular HBD formation.”" Since the cell
membrane is lipophilic, a less polar surface in this
surrounding should allow for a better passive permeability.
Based on results from two very similar series within one
internal project, we found that ePSA was inversely correlated
with observed mouse f,f, (low to moderate correlation
confirmed by linear regression, r = -0.38). Hence a lower

This journal is © The Royal Society of Chemistry 2025
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ePSA value resulted in a higher fraction absorbed (Fig. 4).
However, as for many in vitro techniques, the correlation
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Fig. 4 Experimental polar surface area (ePSA) as optimization
parameter. Data from one in-house PROTAC® project is shown where
smaller ePSA enhances the likelihood of observing increased f.fy. PK
studies were performed in mice at an oral dose of 10 mg kg™.

This journal is © The Royal Society of Chemistry 2025

needs to be investigated for its suitability to the respective
chemical series and cutoffs can often not be transferred
across projects. Often, every chemical series has its own
“sweet spot” of physicochemical properties that needs to be
identified during optimization. While we think ePSA is a very
useful parameter and should be included in PROTAC®©
optimization strategies in general, its importance and
relevant numeric values need to be assessed for each
chemical series individually. Strategies to lower ePSA could
be shielding of HBDs, reducing polar groups or introducing
other intramolecular interactions that reduce the ePSA.

Development of a predictive score for mouse oral
bioavailability based on molecular descriptors

We sought for physicochemical or structural characteristics
elevating the likelihood of a PROTACO being orally
bioavailable in response to the challenges associated with
in vitro permeability. Several publications showed the benefit
of reducing and/or shielding HBDs to keep the number of
exposed HBDs as low as possible. For other physicochemical
parameters such as MW and PSA a beneficial property space
was established.'*** Our mouse in vivo dataset comprised 11
reference PROTACs® (e.g. ARV-110, ARV-471, KT-474) and 22
PROTACs© from two internal projects, with rigid linkers and
a total CL of less than 33 mL min™" kg™'. The exclusion of
flexible linkers and moderate to high clearance (CL)

RSC Med. Chem., 2025, 16, 1746-1757 | 1751
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compounds was undertaken to be able to directly relate oral
bioavailability (F%) to molecular descriptors since we
assumed in this case oral F was mostly determined by f,. We
related oral bioavailability to several structural parameters
such as number of HBDs, MW and number of rotatable
bonds (Fig. 5). Importantly, all these parameters are derived
from the chemical formula and no intramolecular
connections or shielding of HBDs was considered. As a result
of the analysis, we identified thresholds of several
physicochemical parameters below which the likelihood for
oral bioavailability was increased in mice. We selected to take
10% oral F as an arbitrary threshold. This led us to an upper
border of 3 HBD, a MW of 950 Da and 12 rotatable bonds
which is in line with the property budget and boundaries
published by Hornberger et al.*?

When examining individual plots, we realized that an
orally bioavailable PROTAC® with a relatively high MW would
most likely have a low HBD count or lower number of
rotatable bonds suggesting that properties could compensate
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for each other. Therefore, the probability of a PROTAC©
being orally available is a composite of individual
parameters. Hence, we tested if a composite score could be
developed to predict oral bioavailability based on calculated
molecular descriptors similar to previously proposed scores
for the bRo5 chemical space (e.g. AB-MPS>?). We decided to
concentrate on calculated values for ChromlogD and
standard molecular descriptors (MW, TPSA, HBA, HBD,
N_Aro, N_rot) to be able to already apply such a score in silico
before synthesizing a molecule. A number of regression
models and the transformation into a sigmoidal model for
different combinations of the above-described parameters
were tested and the final empirical model was chosen for
high performance and minimal number of descriptors. Here
we found that the inclusion of MW, HBA and HBD to the
model in contrast to the AB-MPS score that only considers
clogD, N_Aro and N_rot, greatly enhanced the predictive
power. Despite the small dataset, we achieved a high
confidence (R* = 0.74) and the model became an integral part
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Fig. 5 Predictive physicochemical parameters for oral bioavailability identified. 33 reference and internal PROTACs© were profiled in mouse PK
(iv/po) and molecular determinants as number of rotatable bonds (A), MW (B) and HBD (C) were plotted against oral bioavailability. To reduce
impact of f,, on the correlation, only PROTACs®© with low to moderate CL (<33 mL min™ kg™}) were chosen. PROTACs© were administered at 0.2-

1 mg kg™ intravenously and at 10 mg kg orally.

1752 | RSC Med. Chem., 2025, 16, 1746-1757

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4md00854e

Published on 21 February 2025. Downloaded on 2/3/2026 8:22:46 PM.

RSC Medicinal Chemistry

40 L

30 1

measured oral F [%]

pred. oral F [%]

Fig. 6 A weighted, composite score for prediction of oral
bioavailability (oral F score). Using a subset of the mouse PK data, a
predictive score was developed based on molecular descriptors. The
score helps to prioritize design ideas and facilitate compound
selection for animal studies. 95% confidence interval of the regression
line is depicted in light blue.

of our early PROTAC© design and optimization strategy
(Fig. 6). We obtained the following equation:

L

9 =
%o Fpred 1 -+ e(kiabs(chromlogDeate-3)+kaNrot+ks Naro-+ Ky MW +ks HBA+ k- HBD-+d)

where L = 24.4581, k, = —0.02286, k, = 0.3125, k; = 0.8190, k,
=0.01755, ks = —0.2864, ke = 0.4421, d = -19.1738.

Systematic under-prediction of mouse CL;,, from hepatocytes
using standard small molecule IVIVE approach

Residing beyond the rule-of-five chemical space, PROTACs©
may exhibit physicochemical properties outside of the
property space of classical small molecules. This warrants
investigation of the applicability of small molecule-based
standard methods for IVIVE of metabolic CL;,; to PROTACs®©.
While IVIVE of CLj,, for PROTACs© is subject to on-going
discussions in the scientific community,>*>* little has been
published about it. Cantrill et al. reported a three-fold under-
prediction of CL;,, using scaling from rat hepatocytes for one
internal compound.® Using standard IVIVE method"® Pike
et al. reported the scaling of CLj, from mouse hepatocytes
for 27 internal compounds with 16 compounds (59%)
predicted within 3-fold of wunity, concluding that the
approach had performed as expected for typical small
molecules.® However, in vivo CL;,, values of the selected data
set were >316 mL min™" kg ™" (i.e. logCL;, > 2.5) and thus
not applicable to our desired ADME space.

Therefore, we investigated the applicability of classical in
silico and in vitro methods required for IVIVE of PROTACs®.

This journal is © The Royal Society of Chemistry 2025
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To this end, we selected 25 compounds, among them 17
molecules from internal projects representing the Merck
chemical space and 8 published reference PROTACs®. In vivo
CLj,c data was collected from female CD-1 mice, typically
used for in vivo pharmacology testing. We chose mouse
hepatocytes as in vitro system, as they covered the full
spectrum of drug-metabolizing liver enzymes and have been
used for metabolic stability assessment of PROTACs®©.>%>*?°
For IVIVE, we applied the approach suggested by Sohlenius-
Sternbeck et al,” wusing experimentally determined
hepatocyte CLj,; and f;, and f;in. predicted by the Kilford
equation.'® Plotting in vivo against in vitro CLi,, data (Fig. 10)
demonstrated a systematic under-prediction of CL;, for both,
internal and external compounds with only 4 of 25
compounds (16%) predicted within 2-fold and 6 (24%) within
3-fold of unity (Fig. 7).

Experimental f, ;. is required for IVIVE of CL;,¢

As discussed by Pike et al., f, inc is an important factor to be
considered for scaling of CL;,, for PROTACs®© in particular,
given their potential for high binding to lipid membranes.®
Accordingly, we suspected that the under-prediction of CLj,,
was due to an over-prediction of fin., given that the
underlying Kilford equation was built on small molecules
only and inaccurate for compounds with logD >3,'° a
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Fig. 7 In vitro-in vivo extrapolation of intrinsic clearance from mouse
hepatocytes using predicted fraction unbound in the incubation
(standard approach). CL., intrinsic clearance; obs., observed in mice;
pred., predicted from mouse hepatocytes; black line, unity; red solid
line, two-fold of unity; red dotted line, three-fold of unity; filled dots,
internal compounds; open squares, external compounds.

RSC Med. Chem., 2025, 16, 1746-1757 | 1753


https://doi.org/10.1039/d4md00854e

Published on 21 February 2025. Downloaded on 2/3/2026 8:22:46 PM.

Research Article

lipophilicity range often observed for PROTACs©>° (Table
S7t).

To confirm our hypothesis, we determined the f inc
experimentally using RED. When comparing the
experimental data with the predicted ones, no correlation
was observed. While experimental values ranged from very
low (0.05%) to high (81%) free fractions, predicted values
considering hepatocyte incubation conditions (i.e. cell density
of 0.2 x 10° cells per mL) limited themselves to free fractions
from 44 to 98%, demonstrating an over-prediction of
PROTAC® f,, inc by the Kilford equation (Fig. 8).

Consequently, we updated the IVIVE by exchanging
predicted with experimental f;,. data. As expected, this
improved the under-prediction with 8 compounds (32%)
falling within 2-fold and 10 compounds (40%) within 3-fold
of unity and led to a normal distribution around the line of
unity (Fig. 9). Therefore, we suggested the wuse of
experimentally determined f;n. data as best practice for
IVIVE of CL;,, for PROTACs®©.

Despite the improvement of IVIVE by using experimental
fu,inc values, only 40% (10 of 25) of the compounds were
predicted within 3-fold of unity. Observed over-prediction of
CLijn might be due to an over-determination of f,, values
(ranging from 0.02 to 0.43%), the assessment of which is
discussed to be challenging for PROTACs©.*?” An alternative
‘membrane-free’ assay suggested by He et al. might help to
accurately determine very low f,, down to 0.00001%.>’
Under-prediction of CL;, may be related to further in vitro or
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Fig. 8 Correlation between experimentally determined and predicted

fraction unbound in the incubation. f . fraction unbound in the

hepatocyte incubation; black line, unity; red solid line, two-fold of

unity; red dotted line, three-fold of unity; filled dots, internal

compounds; open squares, external compounds.
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Fig. 9 In vitro-in vivo extrapolation of intrinsic clearance from mouse
hepatocytes using experimentally determined fraction unbound in the
incubation. CL;., intrinsic clearance; obs., observed in mice; pred.,
predicted from mouse hepatocytes; black line, unity; red solid line,
two-fold of unity; red dotted line, three-fold of unity; filled dots,
internal compounds; open squares, external compounds.

in vivo challenges. Non-specific binding to the incubation
plate,® which is not covered with the Jfu,ine determination,
may present an additional source of error in the extrapolation
from in vitro to in vivo. Binding to red blood cells, i.e. when
Ry, does not equal unity (as assumed for neutrals and bases),
might additionally confound clearance prediction, especially
for high clearance drugs.”® Extrahepatic metabolic or
transport-limited elimination may contribute to an under-
estimation of clearance. Of the 12 wunder-predicted
PROTACs©, 8 contain a CRBN-based E3 ligase binder.
PROTACs© with such imid structures have been reported as
prone to degradation by hydrolysis occurring either
chemically or by hydrolytic enzymes also outside of the
liver.>?° Transporter-mediated elimination (i.e. active biliary
or renal excretion) has been discussed for PROTACs®© given
their high MW (Table S7f) and low permeability.**°
However, reported data sets are limited and the extent of
non-metabolic elimination has been reported as minor.
Generally, for an improved understanding of PROTAC®©
IVIVE of CL;,, we focus our current activities on enlarging
the compound set to a broader chemical space, putting the
PROTAC® data into perspective with small molecule data,
and exploring ways to achieve f;,. values accurately
reflecting the binding in the in vitro CL;,, assay. Furthermore,
we are developing an improved model for in silico prediction
of PROTACG® f; in.. In addition, for selected lead compounds,
we are deciphering the predominant elimination routes to

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Tailored in vitro and in vivo ADME assay cascade applied in
early PROTAC® discovery projects.

{ In vivo PK

support CLi, IVIVE with the incorporation of all relevant
elimination mechanisms.

A tailored discovery ADME assay cascade is required for
PROTACs©

Based on the assessment of our standard small molecule
in vitro assay cascade for its suitability to guide and direct
the optimization of PROTACs© described in this report, we
have adapted our strategy to support optimization
campaigns (Fig. 10). When selecting suitable POI ligand
(target protein) starting points for PROTACs®©, we focus on
chemical matter with a low HBD count or on identifying a
path forward to reducing or shielding HBD to have a good
basis for acceptable permeability. During PROTAC® design,
we rely on estimating probability of oral absorption by our
in-house developed oral F score and predicted ePSA.
However, the oral F score applicability is limited due solely
taking computed molecular descriptors and predicted
Chromlog D into account. Subtle changes in the molecule
e.g. electron density or impact of the addition heteroatoms
will not be reflected in detail. Hence, supportive
physicochemical characterization and cellular models are
needed. In this regard, cellular degradation potency
evaluation and optimization stays the first priority during
the drug discovery process. Due to their high lipophilicity,
PROTACs© are prone to binding to assay systems and e.g.
serum proteins present in pharmacological assays. This can
significantly influence the amount of free,
pharmacologically active PROTAC© and needs to be
considered when interpreting these results. Potency
determination is followed by an assessment of lipophilicity
(Chromlog D), solubility in FaSSIF as well as ePSA
measurements. Thermodynamic solubility in FaSSIF is
preferred over kinetic solubility in PBS since it represents
better the physiological situation in the gastro-intestinal
system. Metabolic stability is monitored subsequently. We
do not only rely on IVIVE for selecting compounds for
in vivo PK studies in early discovery phases but also select
diverse chemical matter for PK since CL;,  IVIVE is still
challenging. We then seek to identify chemical patterns
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that are beneficial for low in vivo CL;j, and run exploratory
oral PKs. In general, we are relying on more and earlier
in vivo PK studies by taking advantage of iv cassette studies
to reduce the number of animals. Subsequently, we
concentrate preferably on those series where in vivo CLj,, is
in the well-predicted range. Caco-2 transwell assays are not
run routinely for PROTACs®© for absorption prediction and
it remains to be seen if it can support rank-ordering of
compounds. Overall, it is critical for each project to identify
the optimization-relevant physicochemical and ADME
parameters. These can differ depending on the chemical
space employed in the respective programs.

Alternative delivery routes overcoming susceptibility for low
oral bioavailability

While we could establish design guidelines for oral
PROTACs®, alternative routes of administration (RoA) might
become relevant if oral bioavailability cannot be achieved, or
pharmacological considerations favor delivery via parenteral
routes. In our hands, subcutaneous administration has
resulted in favorable exposures in mice (Fig. 11) for several
VHL- or CRBN-based PROTACs©. Here, for a VHL-based
PROTAC®, the oral AUC, _,was 28 h* ng mL™" at 10 mg kg™
with a bioavailability (based on AUC ,_..) of 0.3% whereas the
AUCy-,, was 10, 406 h* ng mL™" at 10 mg kg for
subcutaneous RoA (bioavailability (based on AUC,..) of
126%). The AUC,., after intravenous dosing (0.5 mg kg ™)
was 414 h* ng mL™". Total clearance was determined 1.21 L
h™ kg™ and Vss 0.27 L kg™". Due to a plateau in the exposure
profile (depot and zero order skin absorption kinetic**")
observed after subcutaneous administration of several
PROTACs©, this RoA could allow for longer action of the
heterobifunctional degraders if required pharmacologically.
Also, coupling (covalently or non-covalently) with an antibody
can overcome pharmacokinetic hurdles and allow for
selective delivery to the target tissue.*>?*
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Fig. 11 Subcutaneous dosing of a VHL-based PROTAC®© results in
higher exposure than oral administration in mice. A VHL-based
degrader was administered in a single dose pharmacokinetic study to
mice (iv 0.5 mg kg™ - dashed black; po 10 mg kg™ - grey; sc 10 mg
kg™ - black. The vehicle was 5% DMSO and 20% Kolliphor HS15 in
water for all RoAs. Total plasma concentrations are plotted as a
function of time.
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Conclusion

Heterobifunctional degraders are a promising modality to
enrich the molecular toolbox to treat diseases and broaden
the druggable space. With this paper, we contribute to
enhancing the understanding of in vitro and early in vivo
characterization and optimization of these molecules. For
permeability assessment, transwell assays such as Caco-2 still
remain challenging, although the addition of serum may
reduce unspecific binding and improve recovery.
Nevertheless, we did not find the predictive power for
absorption as for standard small molecules. As a surrogate,
we propose to focus optimization on molecular parameters
and support a preferred space for oral PROTACs© with <3
HBD, molecular weight <950 and number of rotatable bonds
<12. We have developed a composite, predictive score that
serves as first guidance for design and prioritization of
suitable chemical space according to this property space. In
addition, the reduction of exposed polar surface area, e.g.
through shielding of HBDs, is a powerful approach to
improve permeability during compound optimization. Using
classical IVIVE methods for CLj,, as generally applied to
small molecules, a systematic under-prediction from mouse
hepatocytes was observed for PROTACs©. This bias could be
overcome by using experimentally determined f, i,. values,
while we demonstrated that the Kilford equation was not
suitable for PROTAC® f, in. prediction. Therefore, we advise
project teams to use experimental f,i,. data as input
parameters for IVIVE. For the future, we are working on the
development of an alternative model for f, in. prediction of
PROTACs®©. Furthermore, towards a refined PROTAC© IVIVE,
we are aiming at expanding the PROTAC®O data set, putting
PROTAC® data into perspective with small molecules,
improving the assessment of f; in. accurately reflecting the
binding in the in vitro CL;, assay, and elucidating possible
further routes of elimination. The tailored in vitro and early
in vivo ADME assay cascade reflects the findings of this
manuscript. In addition, alternative parenteral and targeted
delivery options are actively explored.
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