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ABSTRACT: Casitas B-lineage lymphoma proto-oncogene-b (Cbl-b) is a RING finger E3 ligase that is responsible for repressing T-
cell, natural killer (NK) cell, and B-cell activation. The robust antitumor activity observed in Cbl-b deficient mice arising from
elevated T-cell and NK-cell activity justified our discovery effort toward Cbl-b inhibitors that might show therapeutic promise in
immuno-oncology, where activation of the immune system can drive the recognition and killing of cancer cells. We undertook a
high-throughput screening campaign followed by structure-enabled optimization to develop a novel benzodiazepine series of potent
Cbl-b inhibitors. This series displayed nanomolar levels of biochemical potency, as well as potent T-cell activation. The functional
activity of this class of Cbl-b inhibitors was further corroborated with ubiquitin-based cellular assays.
KEYWORDS: Cbl-b, T-cell activation, immuno-oncology, benzodiazepines, E3 ligases

One of the major pathways cancer cells utilize to
circumvent cell death is to avoid detection by the

body’s immune system.1 In order to avoid immune cells such
as T-cells or natural killer (NK) cells, cancer cells can display
immune checkpoint ligands to bind to immune cells and
effectively “turn off” immune response.2 Two of the more
understood immune checkpoint binding pairs that have been
studied to date are the PD-1/PD-L13,4 and CTLA-4/B74

circuits. In an effort to develop therapeutics to prevent
inhibitory signals through these receptors, immune checkpoint
inhibitors (ICIs) have been discovered that can bind to the
various proteins PD-1, PD-L1, and CTLA-4 for example, which
helps activate T-cells for targeted cancer cell killing.5 While this
strategy is a valuable therapy platform for various cancer types,
several drawbacks to these therapeutics have emerged.6 For
one, ICIs are not a general approach for all cancer types, where
certain pancreatic and prostate cancers have been shown to be
largely resistant to checkpoint-based immunotherapy.7 Addi-
tionally, clinical data have shown significant variability in

response rate among cancer patients, for reasons that are not
fully understood.7,8 Lastly, even among patients who do
respond well to ICIs, different resistance mechanisms have
been reported after prolonged dosing in some patients.6−8

While there are ongoing efforts toward optimization of these
ICIs,9 there is also active research to discover new molecular
targets with unique mechanisms to the current ICIs, which
could help further drive the immune system toward more
efficient elimination of tumor. One such area that has been
investigated involves the ubiquitination of proteins by E3
ligases as a novel regulatory mechanism in innate and adaptive
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immunity.10 Among these E3-ligases, Cbl-b, a member of the
Cbl family of RING-type E3 ubiquitin ligases, has demon-
strated a key role in regulating effector T-cell function.11 In
particular, gene-targeting approaches have shown that Cbl-b
negatively regulates T-cell activation.12 It does so through the
ubiquitination of proteins downstream of T-cell receptor
(TCR) signaling such as ZAP7013 and PLCγ,14,15 thereby
targeting them for proteasomal degradation. Cbl-b also
regulates T-cell activation through ubiquitination of proteins
downstream of CD28 co-stimulation13 The most notable
substrate for Cbl-b along this pathway is p85,16 the regulatory
subunit of the PI3K protein, which plays a critical role in
recruiting and stimulating CD28, a T-cell surface protein.17

Co-stimulatory signals through CD28 lower the threshold for
T-cell activation, allowing for a more sensitive immune
response.18 As such, evidence for T-cell activation through
functional inhibition of Cbl-b has been shown in knockout
(KO) mouse models, demonstrating that genetic deletion of
Cbl-b resulted in hyperactive T-cells and inhibition of tumor
growth.19 Therefore, discovery of small molecule inhibitors of
Cbl-b could offer an alternative mechanistic approach to
cancer immunotherapy, which could potentially treat patient
populations that are nonresponsive to ICI therapies.20,21 In
addition, combination of a Cbl-b inhibitor with an ICI could
have potential in overcoming resistance mechanisms, which
would improve the standard of care for certain types of
cancers.20

Cbl-b, like other members of the Cbl family, contains all of
the structural features required for E3 ubiquitin ligase activity
in a highly conserved N-terminal region.22,23 This region is
composed of a substrate binding (TKB, tyrosine kinase-
binding) domain and a RING domain, connected by a linker
helix region (LHR) (Figure 1). Within the LHR is contained a
strictly conserved tyrosine residue (Tyr363) that is considered
the master regulator of the protein’s E3 ligase activity.24 In the
unphosphorylated state, the LHR binds together the TKB and

RING domains in a closed, inactive conformation with Tyr363
buried from solvent at the domain interface.24,25 While in this
state, the RING domain of Cbl-b cannot recruit E2
conjugating enzymes, rendering the protein unable to
ubiquitinate proteins.23 When Tyr363 is phosphorylated, the
LHR no longer can bring together the TKB and RING
domains in the closed conformation. Instead, phosphorylated
Cbl-b adopts an open, active conformation that allows the
RING domain and phospho-Tyr363 to recruit and activate
ubiquitin-charged E2s, leading to targeted protein ubiquitina-
tion.26,27

Given that Cbl-b has both an active and inactive state, there
may be multiple inhibitor binding sites that can be targeted,
which increases the odds of therapeutic approaches to this
target.25 Thus, Cbl-b inhibition becomes an exciting prospect
in developing novel chemical matter in immuno-oncology.
Nurix first disclosed a Cbl-b inhibitor in 2019 and has since
begun clinical trials on NX-160729,30 (structure not disclosed).
Since then, others have published patents on similar chemical
matter31,32 (Figure 2). Herein, we disclose our efforts toward
the development of a novel series of benzodiazepines as Cbl-b
inhibitors to enhance antitumor immunity.

Our hit-finding approach began with a high-throughput
screening (HTS) campaign against Cbl-b. An HTS library
consisting of ∼1.8 million compounds was initially screened in
a TR-FRET probe displacement assay, followed by orthogonal
validation through fluorescence polarization measurements
with the same probe. This cascade resulted in 581 confirmed
hits, whose binding was further characterized by surface
plasmon resonance (SPR). Through these efforts, benzodiaze-
pine (BDZ) compound 1 was identified as a potent hit from
this screening cascade with an SPR Kd of 0.40 μM and a TR-
FRET IC50 of 0.21 μM for Cbl-b (Table 1, calculated Ki values
for all compounds are found in Supporting Information). As
compound 1 already displayed good binding affinity for Cbl-b,
it provided a strong starting point for further optimization as a
novel series of Cbl-b binders.
In order to determine the binding mode of compound 1, we

solved a crystal structure in complex with truncated Cbl-b
protein containing the substrate binding (TKB) domain, the
linker helix region, and the RING domain (Figure 3A). The
structure shows Cbl-b in the inactive, closed conformation,
with the compound interacting with the TKB domain and the
linker helix region. Although compound 1 is racemic, only the
(S)-isomer was found to bind to the protein. A key interaction

Figure 1. Cbl-b regulation by phosphorylation of Y363. Left:
Unphosphorylated, inactive Cbl-b adopts a “closed” conformation
with Y363, shown as sticks, buried from solvent. The linker helix
region (LHR, orange) and the RING domain (green) are sequestered
away from the substrate binding site on the TKB domain (blue
surface). Right: Phosphorylation of Y363 induces the active (open)
conformation, with the RING domain and phospho-Y363 in the LHR
poised to recruit and activate ubiquitin-charged E2 conjugating
enzyme (PDB code 3ZNI).28

Figure 2. Representative Cbl-b inhibitors from literature.
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seen with the benzodiazepine core is a bidentate hydrogen
bond (HB) contact between the internal amide of the azepine
ring with the backbone of Phe263. Both the rotatable and
fused phenyl rings do not seem to be making any notable
interactions. Moreover, the fused phenyl ring is solvent
exposed, making it an ideal area for modulation of
physicochemical properties without affecting the binding
potency. The other key interactions are seen with the
morpholine ring. The morpholine nitrogen appears to be
protonated and participates as a hydrogen bond donor (HBD),
interacting with the backbone carbonyl of Ser218. In addition,
the morpholine oxygen functions here as a hydrogen bond
acceptor (HBA), interacting with the phenol of Tyr260.
Interestingly, the morpholine oxygen is also in close proximity
(3.8 Å) to the critical Tyr363, which suggested that shortening
this distance could lead to a beneficial HB contact.
Seeking to evaluate the binding mode of compound 1 in

relation to a known Cbl-b inhibitor, a representative
c ompound , e x amp l e 2 3 (Ex23 ) f r om pa t e n t
WO2020264398, was chosen as the exemplar molecule (Figure
2). Ex23 was synthesized and tested internally to give an SPR
Kd of 0.003 μM and a TR-FRET IC50 of 0.009 μM for Cbl-b. It
was then cocrystallized with the same truncated Cbl-b protein
(Figure 3B).33 Ex23 also binds in the inactive closed
conformation and showcases a HB contact with Tyr260

using a 1,2,4-triazole in similar fashion to the morpholine in
compound 1. While it also engages in an HB with Phe263, it is
only a single interaction compared to the bidentate interaction
seen with compound 1. There are also some clear differences
in binding modes between the two compounds, which is
noteworthy, as all previously published Cbl-b inhibitors share a
high degree of chemical similarity to Ex23. One is the
additional ion-pair interaction between the piperidine of Ex23
with a solvent exposed Glu268, which points the chiral methyl
group of the piperidine ring into a hydrophobic pocket near
the vicinity of Leu264. This may account for the observed
boost in potency compared to compound 1. Another major
difference seems to come from the positioning of the
methionine on the LHR. Compound 1 has a phenyl ring
pointed directly out into the LHR, which leads to a
conformational shift of Met366 as compared to the structure
seen with Ex23, where the Met366 side chain is within ∼4 Å to
the isoindolone core. While it is unclear how this conforma-

Table 1. Validation of Initial Hit 1 as a Cbl-b Inhibitor

aIC50 binding values for Cbl-b are based on a TR-FRET probe
displacement assay and are the average of at least three
determinations. blogD measured via shake-flask method in octanol
and water at pH 7.4. cLLE: p(IC50) − logD. dCompound 1 was
measured by SPR to have a Kd of 0.40 μM. All SPR measurements are
the average of at least two determinations.

Figure 3. (A) Crystal structure of compound 1 bound to the TKB/
RING domain of Cbl-b (PDB code 8QNG). Compound 1 is colored
purple, and the protein is in blue, with the linker helix region
highlighted in orange. Hydrogen bonds are shown as dashed lines. (B)
Crystal structure of Ex23 bound to the TKB/RING domain of Cbl-b
(PDB code 8QNH). Ex23 is in yellow, and the protein is in blue, with
the linker helix region highlighted in orange. Hydrogen bonds/ion-
pair interactions are shown as dashed lines. Ex23 has recently been
crystallized in another laboratory to show the same binding mode.34
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tional change of LHR will affect functional inhibition of Cbl-b,
this illustrates clearly that binding to Cbl-b operates in an
induced fit model.
Following the analysis of Figure 3A, a small number of

compounds were synthesized to answer key questions about
the molecule’s binding pose, as shown in the crystal structure.
To better understand the effect of BDZ stereochemistry on
binding to Cbl-b, both the pure (S)-isomer 2 and the pure (R)-
isomer 3 were synthesized via chiral purification of rac-
compound 1 (Table 1). The (S)-isomer 2 was shown to be the
more potent isomer with a binding IC50 of 94 nM. A crystal
structure of 2 was also obtained for absolute stereochemistry,
showing the same pose as the crystal structure of compound 1
(see Supporting Information for further details). The (R)-
isomer 3 was shown to be a weaker binder at 8 μM, and no
crystal structure could be obtained. The observed difference in
potency between the two isomers is hypothesized to result
from the difficulty of the (R)-isomer morpholine to adopt the
desired conformation for the HB to Tyr260. To provide
evidence that the morpholine pharmacophore is critical for
binding, compound 4 was synthesized, showing that without
the oxygen present as an HBA, potency is completely lost.
Additionally, shortening the benzyl morpholine to the
corresponding aniline derivative 5 was also shown to be
inactive, suggesting that precise positioning of the morpholine
from the BDZ core is essential for the HB to take place.
After validation of compound 1 was concluded, a strategy

was formulated to explore the structure−activity relationship
(SAR) of this scaffold (Figure 4).

Initial exploration around the A-ring centered mostly around
substituted morpholines and morpholine replacements (Table
2). Addition of a methyl group near the morpholine nitrogen,
as seen in compounds 6 and 7 led to a reduction in Cbl-b
binding affinity compared to initial hit 1. Based on the crystal
structure of 1, the introduced methyl group may be sterically
disrupting the HB of the morpholine N to Ser218. Addition of
a methyl group near the morpholine oxygen, however, afforded
a pronounced improvement in binding affinity, with a >6-fold
lower IC50 for both compounds 8 and 9, with a modest
increase in LLE compared to 1. One explanation for the
observed binding improvement could be attributed to the
methyl group picking up favorable hydrophobic interactions
deeper in the binding pocket. In addition, the methyl group
may also be inductively enhancing the HBA ability of the
morpholine oxygen. Other methyl substitution patterns, such
as those shown in compounds 10 and 11, lose potency with
respect to 1, suggesting that the binding space surrounding the
morpholine may be limited. Attempts to find other ring types
outside of morpholine were less successful, with bicyclic

Figure 4. Overview of SAR strategy for benzodiazepines via
exploration of A−D rings.

Table 2. Investigation of A-Ring Variations

aIC50 binding values for Cbl-b are based on a TR-FRET probe
displacement assay and are the average of at least three
determinations. blogD measured via shake-flask method in octanol
and water at pH 7.4. cLLE: p(IC50) − logD.
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scaffolds 12−14 being the only systems that showed sub-μM
binding to Cbl-b.
Exploration of the B- and C-rings was conducted next, where

we found that far fewer substitutions were tolerated in these
positions (Table 3). With more emphasis on finding

substitutions that could maintain potency and lower logD
and thus improve LLE, introduction of more polar groups was
attempted. Changing the B-ring from a phenyl ring to a
pyridine ring shown in compound 15 led to a loss in potency
compared to 1, albeit with a reduction in logD. Five-
membered rings such as furan 16 and thiophene 17 were
tolerated and reduced logD but did not improve potency
compared to compound 1. Changes to the C-ring aimed at
improving LLE were less tolerated, with only compound 18
showing modest potency at 2.0 μM. Pyridone compounds 19
and 20, while substantially lowering logD and maintaining
LLE compared to 8 and 9, lost significant amounts of potency.
After exploring substitutions for A−C rings, the most potent

compounds 8 and 9 were then purified by chiral chromatog-
raphy to test the more active (S)-isomers of these structures

(Table 4). As expected, compounds 21 and 22 both showed
equally high levels of potency in the TR-FRET assay, reaching

10 and 13 nM, respectively. In an effort to improve the LLE
through lowering of logD, we hypothesized that addition of
polar substituents on the D-ring would be a good avenue for
modulating logD without harming potency, as the D-ring is
largely solvent exposed. Linear and cyclic amides shown in
compounds 23 and 24 were well tolerated in the TR-FRET
assay, and both led to increases in LLE, especially for
compound 24 with a logD of 2.5 and LLE of 5.4. Simple D-
ring modification from a phenyl to pyridyl ring shown in
compound 25 also maintained potency while improving logD
and LLE profiles.
With a cohort of potent Cbl-b binders in compounds 21−

25, functional potency was then tested in a human T-cell IL-2
secretion assay (Figure 5). Interestingly, while all five
compounds were similarly potent in the TR-FRET assay, the
dose−response curves in the T-cell assay were not similar. All
five compounds showed IL-2 production at lower concen-
trations, although compounds 21 and 22 showed a decrease in
IL-2 production at the top concentration (10 μM), leading to
bell-shaped curves. Meanwhile compounds 23−25 gave dose−
response curves that showed robust IL-2 production.
Compounds 23 and 24 showed low-μM EC50 in the T-cell

Table 3. Investigation of B- and C-Ring Variations

aIC50 binding values for Cbl-b are based on a TR-FRET probe
displacement assay and are the average of at least three
determinations. blogD measured via shake-flask method in octanol
and water at pH 7.4. cLLE: p(IC50) − logD.

Table 4. Modulation of logD through D-Ring Exploration

aIC50 binding values for Cbl-b are based on a TR-FRET probe
displacement assay and are the average of at least three
determinations. blogD measured via shake-flask method in octanol
and water at pH 7.4. cLLE: p(IC50) − logD.
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assay, and to our delight, compound 25 showed sub-μM EC50
at 0.41 μM.
Further investigation to better understand why IL-2

production decreased at higher concentrations for compounds
21 and 22 revealed these compounds to be cytotoxic, a finding

not observed in cells treated with 23−25. One hypothesis to
explain this observation is that off-target activity of compounds
21 and 22 could be leading to T-cell cytotoxicity. As part of
our routine safety profiling, compounds 22 and 23 were tested
in a panel of 85 distinct in vitro secondary pharmacology

Figure 5. Dose−response curves of selected compounds in a T-cell IL-2 secretion assay. Corresponding T-cell EC50 values are shown on the right
as an average of at least three determinations, along with the binding affinity values for off-target CCKA as an average of at least two
determinations. *EC50 values calculated are based on fitting to a sigmoidal curve.

Figure 6. (A) Crystal structure of compound 25 bound to the TKB/RING domain of Cbl-b (PDB code 8QNI). Compound 25 is in green, TKB
domain in blue, and LHR in orange. Hydrogen bonds are shown as dashed lines; the putative intramolecular hydrogen bond is highlighted in red.
(B) Western blot of a dose−response effect of Cbl-b inhibition on phosphorylation of PLCγ1 at Tyr783. Phosphorylated-PLCγ (pPLCγ) increases
upon an increased dose of compound 25, in activated human T-cells. The left-most panel shows an unstimulated (UnStim) T-cell as a control,
where the total PLCγ (TPLC) is completely unphosphorylated. (C) Inhibition of Cbl-b autoubiquitination via concentration-dependent dosing of
compound 25. (D) Inhibition of Cbl-b ubiquitination of ZAP70 via concentration-dependent dosing of compound 25.
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targets consisting of enzymes, membrane transporters, G-
protein-coupled receptors (GPCRs), kinases, enzymes, nuclear
hormone receptors, and ion channels (data generated at
CEREP, France), to determine binding affinities for any off-
targets. A correlation was found between the functional T-cell
activity of these compounds and the binding affinity for the
protein cholecystokinin A (CCKA) (Figure 5), leading to
compounds 21, 24, and 25 being tested at this focused target.
While binding of compounds 23−25 to CCKA showed very
weak to no affinity (ranging from 24 to >100 μM), compounds
21 and 22 showed more significant binding affinity at 3.7 and
2.6 μM, respectively. These data accord with reports of CCKA
as a regulator in T-cell function, suggesting that agonism of this
protein could lead to loss of T-cell function/cell death.35,36

While this is an interesting correlation, further studies would
be required to prove causation.
Intrigued by the cellular potency of 25, a cocrystal structure

of the compound with Cbl-b was obtained (Figure 6A).
Unsurprisingly, compound 25 shares many of the same
interactions as compound 1, which are the HB between the
morpholine oxygen and Tyr260, as well as the bidentate
interaction with the benzodiazepine core amide and Phe263.
The fused pyridyl ring designed to modulate physicochemical
properties and maintain potency is solvent exposed and binds
as expected. Interestingly, a weak HB is also seen between the
morpholine oxygen and the critical Tyr363 at 3.5 Å distance
compared to 3.8 Å seen in compound 1, which could account
for the boost in functional activity. Notably, there was no HB
interaction between the morpholine N and Ser218 as seen in
Figure 3A. Instead, the morpholine N is observed to be locking
the bioactive conformation through an intramolecular hydro-
gen bond between it and the exocyclic amide NH. Lastly, the
chiral methyl group, which confers significant potency in this
series, appears to be pointing away from the rest of the
molecule, fitting into a hydrophobic portion of the binding
pocket.
Additional functional assays were performed on compound

25 to confirm its ability to affect downstream activation of key
proteins in the TCR signaling pathway (Figure 6B−D). One of
the proteins that Cbl-b functionally inhibits through
ubiquitination is PLCγ.14,15 PLCγ is phosphorylated down-
stream of the T cell receptor and is a key signaling protein that
connects the proximal TCR and distal TCR signaling cascades
which ultimately drive effector function in T cells.13 Dosing of
25 in activated T-cells led to a concentration-dependent
increase in phosphorylated-PLCγ (pPLCγ) compared to the
total amount of PLCγ (TPLCγ) by Western blot, demonstrat-
ing a clear functional inhibition of Cbl-b (Figure 6B).
Ubiquitin transfer FRET assays were also established to
probe the functional consequences of compound 25 binding.
This was achieved by monitoring the in vitro activation of Cbl-
b (pTyr363) and subsequent irreversible transfer of labeled
ubiquitin to itself (autoubiquitination) or to downstream
substrates like ZAP70. Cbl-b autoubiquitination is a pathway
naıv̈e T-cells use to regulate Cbl-b expression via proteasomal
degradation, and ZAP70 is a critical kinase in the TCR
signaling pathway.13,18 Complete ablation of Cbl-b autoubi-
quitination (Figure 6C) and ZAP70 substrate ubiquitination
(Figure 6D) was observed with increasing concentration of
compound 25, providing strong evidence that while the
inhibitor is bound to the inactive form of Cbl-b, kinase-
dependent activation and subsequent E3 ligase activity cannot
occur.

Through our HTS hit finding approach, we were able to
discover compound 1, which was an exciting starting point to
develop a novel series of benzodiazepines as functional Cbl-b
inhibitors. This series is structurally diverse compared to
previously reported Cbl-b inhibitors and thus presents a
unique binding mode. Guided by crystal structure analysis of
our initial hit, we carried out SAR exploration of the four outer
rings of the azepine core to design compounds that exhibit
potent Cbl-b inhibition in a TR-FRET assay, with demon-
strable cellular function in T-cells. This led to the discovery of
compound 25, which displayed potent Cbl-b inhibition and
strong levels of IL-2 production. Furthermore, functional
inhibition of Cbl-b by compound 25 was demonstrated to
arrest E3 ligase function on downstream TCR signaling
proteins as well as its own autoubiquitination. We believe
that compound 25 represents a promising lead compound for
further optimization as a functional Cbl-b inhibitor.
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