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First-in-class small molecule inhibitors of ICOS/
ICOSL interaction as a novel class of
immunomodulators†

Somaya A. Abdel-Rahman,ab Katarzyna Świderekc and Moustafa T. Gabr *a

The interaction of the inducible co-stimulator (ICOS) with its ligand (ICOSL) plays key roles in T-cell

differentiation and activation of T-cell to B-cell functions. The ICOS/ICOSL pathway is a validated target for

T-cell lymphomas induced by the proliferation of T-follicular helper (Tfh) cells. Moreover, the inhibition of

ICOS/ICOSL interaction can decrease the enhancement of immunosuppressive regulatory T cells (Tregs) in

both hematologic malignancies and solid tumors. However, targeting ICOS/ICOSL interaction is currently

restricted to monoclonal antibodies (mAbs) and there are no small molecules in existence that can block

ICOS/ICOSL. To fill this gap, we report herein the first time-resolved fluorescence resonance energy

transfer (TR-FRET) assay to evaluate the ability of small molecules to inhibit ICOS/ICOSL interaction.

Implementation of the developed TR-FRET assay in high-throughput screening (HTS) of a focused

chemical library resulted in the identification of AG-120 as a first-in-class inhibitor of ICOS/ICOSL

interaction. We further employed docking studies and molecular dynamics (MD) simulations to identify the

plausible mechanism of blocking ICOS/ICOSL complex formation by AG-120. Using the structure–activity

relationship (SAR) by catalog approach, we identified AG-120-X with an IC50 value of 4.68 ± 0.47 μM in the

ICOS/ICOSL TR-FRET assay. Remarkably, AG-120-X revealed a dose-dependent ability to block ICOS/

ICOSL interaction in a bioluminescent cellular assay based on co-culturing Jurkat T cells expressing ICOS

and CHO-K1 cells expressing ICOSL. This work will pave the way for future drug discovery efforts aiming at

the development of small molecule inhibitors of ICOS/ICOSL interaction as potential therapeutics for

cancer as well as other diseases.

Introduction

The therapy landscape for various types of cancers has been
transformed by immune checkpoint blockade (ICB).1–5

However, the response to ICB is limited as a significant
number of cancer patients either do not respond to it or
experience only temporary effects due to resistance that is
either inherent or acquired. Potential contributors to ICB
resistance include cell-intrinsic mechanisms as well as
extrinsic factors from the tumor microenvironment (TME).6–9

These factors include the upregulation of other immune
checkpoints and the presence of tumor-infiltrating Tregs that
negatively affect the response to ICB.6–9 Combination
approaches based on targeting multiple negative immune

checkpoints have been pursued in clinical studies to
maximize the efficacy of ICB.10–12 Targeting co-stimulatory
immune checkpoints is another promising approach in
promoting antitumor T-cell function and overcoming ICB
resistance.13–18 However, targeting co-stimulatory checkpoints
with monoclonal antibodies (mAbs) has resulted in side
effects that hinder their clinical translation.19 Therefore,
research efforts are currently directed toward the
development of efficient therapeutic strategies targeting co-
stimulatory receptors that would enable the management of
side effects.

Given the intricate nature of the TME, the combination of
mAbs targeting immune checkpoints with small molecule
agonists/inhibitors has emerged as a powerful approach to
maximize the number of patients benefiting from ICB.20

However, all FDA-approved therapeutics targeting immune
checkpoints are mAbs, which entails a major limitation for
the development of an effective combination of therapeutic
modalities for cancer patients. In general, there are several
disadvantages to mAbs as a therapeutic modality, such as
suboptimal tumor penetration, high costs of manufacturing,
and potential immunogenicity.21–24 Importantly, mAbs
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generally possess prolonged half-lives, which potentially
result in long-term on-target mediated immune-related
adverse events (irAEs) that can be fatal.25,26 In comparison to
mAbs, small molecules possess oral bioavailability and
enhanced tumor penetration.27,28 Remarkably, small
molecules are more amenable to pharmacokinetic
optimization, which allows adopting flexible dosage regimens
that may enable avoiding irAEs associated with mAbs. On the
other hand, the off-target effects of small molecules can
result in severe side effects, and the potency of numerous
small molecules may not match that of mAbs.

Inducible T cell co-stimulator (ICOS) is a receptor that acts
as a co-stimulator to enhance T-cell responses against foreign
antigens.29,30 ICOS is expressed on T lymphocytes as well as a
variety of T cell subsets.31,32 ICOS signaling is initiated upon
engagement by its ligand, ICOSL, which is expressed on
antigen-presenting cells (APCs), including macrophages,
dendritic cells (DCs), and B-cells.33,34 Inhibition of ICOS/
ICOSL interaction represents a powerful immunotherapeutic
approach for cancer therapy. This can be achieved by
suppressing immunosuppressive Tregs or by blocking
T-follicular helper (Tfh)-cell differentiation (Fig. 1). The
presence of Tregs has been detected in the TME of many
human cancers and is usually associated with poor
prognosis.35–37 The ICOS/ICOSL pathway plays key roles in
generating Tregs as well as promoting the
immunosuppressive functions of Tregs.38–40 ICOS is highly
expressed by tumor-associated Tregs in several types of
cancer, including breast cancer and melanoma.41–44 ICOSL is
expressed by plasmacytoid DCs (pDCs) in breast,42 ovarian,45

and gastric cancers.46 The interaction between pDCs and
Tregs through ICOS/ICOSL interaction favors the expansion
and survival of Tregs. Moreover, ICOS/ICOSL interaction
promotes the survival and immunosuppressive function of
Tregs through nuclear factor of activated T cell (NFAT)
activation.47 Small molecule inhibitors of ICOS/ICOSL
interaction will impede the interaction between pDCs and
Tregs through ICOS/ICOSL engagement (Fig. 1A). The
implication of ICOS/ICOSL interaction in promoting the
immunosuppressive functions of Tregs in several solid

tumors would render small molecules with effective tumor
penetration ability as promising cancer immunotherapies.

The interaction between ICOS and ICOSL on T and B cells
is crucial in positively regulating the proliferation of Tfh cells
in the late stage (Fig. 1B).32 ICOS signaling is responsible for
persistent T-cell migration at the boundary between the T-cell
zone and the B-cell follicle in vivo.48 Remarkably, the
presence of ICOSL on B cells serves as a molecular bridge
linking the dynamics of T cell-B cell interactions and is
essential in sustaining engagement between Tfh cells and B
cells within germinal centers (GCs).49 Reduced ICOSL
expression on follicular bystander B cells hinders the
development of Tfh cells and optimal GC responses.48

Angioimmunoblastic T-cell lymphoma (AITL) and peripheral
T-cell lymphoma with T follicular helper phenotype (PTCL-
Tfh) are a group of complex clinicopathological conditions
that arise from the expansion of Tfh cells exhibiting high
expression levels of ICOS.50–54 Targeting ICOS expressed on
the surface of Tfh cells has emerged as a promising
therapeutic strategy for T-cell lymphomas. In this context,
MEDI-570, an anti-ICOS antagonist mAb currently being
evaluated in a phase I clinical trial for T-cell lymphomas
(NCT02520791), showed promising clinical activity in poor-
risk refractory and heavily pretreated AITL.55 Given the severe
prognosis of T-cell lymphomas, there is an urgent need for
newer agents targeting specific molecular hallmarks of these
disease entities that may represent a rational approach to
improve the treatment for patients with relapsed/refractory
PTCL and AITL.56 Therefore, the establishment of targeting
ICOS/ICOSL interaction with small molecules would
represent a promising new immunotherapeutic strategy for
T-cell lymphomas.

Results and discussion

In continuation of our efforts in establishing and
implementing luminescence-based assays that can be utilized
for high-throughput screening (HTS),57 we developed the first
time-resolved fluorescence resonance energy transfer (TR-
FRET) assay for HTS of small molecules for ICOS/ICOSL
inhibition (Fig. 2). TR-FRET involves the use of a pair of
fluorescent molecules, known as a donor and an acceptor
dye. These dyes transfer energy to each other when they are
in close proximity. Aiming to identify the best acceptor–donor
pairs for the ICOS/ICOSL interaction, we explored ICOS :
ICOSL cross-titration with different tags versus multiple
combinations of donor and acceptor reagents. The largest
signal ratio was detected upon using the Tb cryptate labeled
anti-His Ab as the donor and XL665 labeled anti-human Ab
as the acceptor (Fig. 2) with a ratio of 1 : 10. The signal to
background (S/B) ratio was 12.4. Optimized conditions for
maximizing the signal ratio involved final concentrations of
10 nM for both human Fc-tagged ICOS and His-tagged
ICOSL. Titration of XL665-labeled ICOS to Tb-labeled ICOSL
illustrated the FRET efficiency based on the hyperbolic
dependence of the TR-FRET ratio on the acceptor

Fig. 1 Opportunities for inhibitors of ICOS/ICOSL interaction in
cancer immunotherapy. (A) Inhibition of the expansion of
immunosuppressive Tregs. (B) Blocking ICOS-mediated Tfh-cell
differentiation.
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concentration (Fig. S1, ESI†). Molecules that can block ICOS/
ICOSL interaction would consequently result in an attenuated
TR-FRET signal. Remarkably, a concentration-dependent
decrease in the TR-FRET ratio was detected in the presence
of varying concentrations of an anti-ICOS mAb (Fig. S2, ESI†).
The validity of the assay for HTS has been demonstrated with
a mean Z′ factor of 0.89 ± 0.07, revealing a high-quality assay
for HTS. The Z′ factor corresponds to the ratio of data signal
variability (standard deviation) to dynamic range (i.e., change
in TR-FRET signal for positive and negative controls).58

We established a chemical library (∼3000 compounds)
with diversified chemical structures. Our library entailed
compounds from the NCI Diversity Set VII, FDA-approved
drugs, bioactive compounds from APExBIO, Discovery
Diversity Set from Enamine, and CORE library stock from
ChemBridge. Notably, the characteristics of this library
comply with Lipinski's rule of Five, a valuable parameter for
evaluating drug-likeness of small molecules based on their
physicochemical properties.59 Moreover, we removed
promiscuous compounds from our diversified chemical
library using the PAINS (Pan-Assay Interference Compounds)
filter.60 Initially, we subjected our chemical library to single-
dose (50 μM) screening using our developed TR-FRET assay
for ICOS/ICOSL interaction. Agents that block the interaction
between both proteins result in an attenuated TR-FRET
signal. Hits were identified by the ability to decrease the TR-
FRET signal by more than 5 standard deviations (5 SD) lower
than the total mean. AG-120 (Fig. 3A) exhibited remarkable
attenuation of the TR-FRET signal (>90%) of ICOS/ICOSL in
comparison to the identified hits. Dose-dependent TR-FRET
screening was conducted for AG-120, which revealed a half
maximal inhibitory concentration (IC50) value of 12.24 ± 0.87
μM (Fig. 3B). It is worth mentioning that evaluation of AG-
120 for ICOS/ICOSL inhibition using a commercially available
ELISA-based ICOS/ICOSL inhibitor screening assay from BPS
Bioscience (Catalog #79673) indicated an IC50 value of 10.32
± 0.41 μM (Fig. S3, ESI†). The close agreement between the
outcome of the ELISA-based ICOS/ICOSL inhibition assay and
our developed TR-FRET assay validates AG-120 as a first-in-
class small molecule inhibitor of ICOS/ICOSL interaction.

The ICOS/ICOSL complex is a challenging system from a
computational point of view because the interface between
both proteins involves not only protein–protein but also
protein–N-glycan interactions. As identified by Julien and co-
workers61 and as shown in Fig. 4A, based on the analysis of
crystal structure, two main recognition areas for the ICOS–
ICOSL complex formation can be identified. In the first,
amino acids between 66TKTKGS71 and 114FDPPPFK120 in
ICOS, with the special indication to Phe114 and Phe119 as
well as Gln50, whose mutations drastically reduced the
ICOSL affinity towards ICOS,62 interact by H-bonding and
aromatic stacking with residues from strands C and C′ and
loops CC′ and C′D of ICOSL. In the second region, N110-
glycan of ICOS, which consists of two N-acetyl glucosamine
(GlcNAc) and three mannose residues, forms H-bond
interactions with Phe122, Gln123, and Glu124 of ICOSL, and
it is believed that it sterically gates ICOSL binding. Therefore,
it is expected that restricting access to described key residues
may contribute to blocking the possibility of ICOS–ICOSL
complex formation.

To elucidate the possible mechanism, according to which
AG-120 operates and blocks ICOS/ICOSL complex formation,
computational chemistry tools were employed. At first, blind
docking studies were done to establish potential ligand-
binding sites, separately for ICOS and ICOSL proteins (for
details see the Experimental section). Four poses generated
by docking software with the computed values of the highest
affinity were analyzed. As shown in Fig. 4B, the highest-
scored binding pose in the proximity of the ICOS/ICOS-L
interface was identified only in the case of the ICOS protein,
suggesting that AG-120 can establish weak interactions with

Fig. 3 (A) Chemical structure of AG-120. (B) Dose–response curve of
AG-120 in TR-FRET assay of ICOS/ICOSL. Error bars represent standard
deviation (n = 3).

Fig. 2 Schematic illustration of the TR-FRET assay developed to
identify small molecules that inhibit ICOS/ICOSL interaction.
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the surface despite no singular binding cavity being
characterized in this region. On the contrary, the same
molecule never occupies the ICOS/ICOSL interface region in
the ICOSL structure, which suggests a lack of
complementarity between this area and the architecture of
the inhibitor. Consequently, this result suggests that the
presence of the inhibitor in the 114FDPPPFK120 region of
ICOS provides an important hindrance for ICOS–ICOSL
complex formation. On the other hand, docking results
indicated that the best binding site for this inhibitor in
ICOSL protein is located at the interface formed between
the apical (D1) and membrane proximal (D2) domains.
Nevertheless, we assume that this position of AG-120
would not affect ICOS–ICOSL complex formation,
considering its significantly large distance from the ICOS/
ICOS-L interface. In the case of ICOS, a second binding
location was found, as indicated in Fig. 4B by modes 2
and 3. This binding location would be however
unavailable when ICOS is attached to a transmembrane
(TM) domain that is formed between positions 140–161
and can be also ignored.

Therefore, in its most favorable pose in ICOS protein
(mode 1 shown in Fig. 4B with the affinity of −6.3 kcal mol−1

according to docking studies), AG-120 establishes three pi–pi
stacking interactions with Phe114 as well as three

conventional hydrogen bond interactions, two of them with
two consecutive NAG1 and NAG2 residues of oligosaccharide
and one with Lys52. Additionally, one carbon–hydrogen bond
was identified, formed between the inhibitor and Gln50. All
established interactions in docking studies are illustrated in
Fig. S5 of the ESI† and suggest that AG-120 occupies the most
critical position that would restrict access of ICOSL to this
region. Nevertheless, it must be pointed out that the present
docking simulations assume the rigidness of the protein and
do not necessarily reflect the real behavior of the newly
formed complex. Therefore, to ensure our prediction,
molecular dynamics (MD) simulations were done to explore
more realistic interactions established between the inhibitor
and the ICOS/ICOSL interface region that can be changed
due to the plasticity of the enzyme.63 After exploration of
three replicas of NTP MD simulations at 300 K, it was
observed that during all simulations the ligand remains
around the region of ICOS that corresponds to the ICOS/
ICOSL interface, i.e., in proximity to Phe114 and Phe119, as
well as N110-glycan, as shown in Fig. 5A and B. Curiously,
the behavior of the molecule does not suggest that there is
one specific binding place in this area, but rather the
molecule of inhibitor constantly explores alternative poses in
this region following conformational changes experienced by
the N110-glycan. Due to the high flexibility of this long glycan
chain, the position of the molecule is evolving, as it is
illustrated in Fig. 5A and demonstrated by the movie
deposited in the ESI† presenting the free MD trajectories.
Probably such a highly dynamic behavior of the ligand and
N110 glycan can explain why rather a weak binding of this
molecule was determined experimentally for ICOS protein. It
must be however commented that analysis of the results
from MD simulations focused on the evolution of a distance
between the center of mass computed for the position of
heavy atoms of the inhibitor and key residues revealed that
for most of the time the inhibitor stays in close contact with
the N110-glycan and area of ICOS corresponding to the

Fig. 4 ICOS/ICOSL structures. (A) ICOS/ICOSL complex with highlighted
key residues for interactions formed at the ICOS/ICOSL interface. The
structure of ICOS is shown in blue, ICOSL is shown in yellow, and the
N110–NAG–NAG–BMA–MAN2 oligosaccharide chain is shown in red. (B)
The highest-scored position of AG-120 in ICOS and ICOSL obtained in
docking studies. Values provided in brackets correspond to binding affinity
determined based on the scoring function.

Fig. 5 Results of 300 ns of NPT-MD simulations of the ICOS–inhibitor
complex. (A) Fluctuation of the inhibitor, N110-glycan, and protein
during MD simulations. (B) Distribution of distances between the
center of mass of the inhibitor and residues of N110-glycan and ICOS
key residues from the ICOS/ICOSL interface. Results are based on
30000 snapshots.
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ICOS–ICOSL interface, as shown in Fig. 5B. Especially crucial
for inhibitor binding appeared to be the presence of glycan
residues, 2-acetamido-2-deoxy-beta-D-glucopyranose (NAG2)
and beta-D-mannopyranose in position 3 (BMA3) and 5
(MAN5) as well as Phe114 and Phe119 amino acids.

Contact analysis revealed the existence of several hydrogen
bond interactions formed during MD simulations. The most
frequently appearing are those in which O29 of AG-120 serves
as an H-bond acceptor, while N19 plays the role of the donor
(for atom numbering see the ESI†). The oxygen atom of AG-
120 is mostly involved in H-bond interactions with H3O of
NAG2 and H2O of BMA3, whereas N19 forms interactions
with O2N of NAG2. The remaining contacts as ones created
between AG-120 and Phe114 and Phe119 originate from pi–pi
stacking interactions.

Results obtained applying molecular docking and MD
simulation techniques agree with experimental observations
showing that AG-120 can serve as an inhibitor of ICOS–ICOSL
complex formation. As revealed by computational studies,
this is achieved due to weak but long-time interactions
created between AG-120 and the main region of the ICOS
responsible for the recognition of its primary ligand (ICOSL).

The structure–activity relationship (SAR) by catalog is an
established approach to investigate the impact of structural
variations in identified hits from screening platforms on the
desired biological activity.64–66 This approach relies on
purchasing structural analogs of the desired hit compounds
from commercial sources. Therefore, we procured a panel of
structural analogs of AG-120 from commercial sources and
evaluated the ability of these structural analogs to inhibit
ICOS/ICOSL interaction using our developed TR-FRET assay
(Table 1). The aim of this study was to determine the
essential structural features in AG-120 for ICOS/ICOSL
inhibition and explore chemical space that would result in
maximizing the potency of AG-120 as an ICOS/ICOSL
inhibitor. As shown in Table 1, a structural analog of AG-120
that lacks the methoxy group (AG-120-I) maintained ICOS/
ICOSL inhibitory activity (IC50 = 13.89 ± 0.58 μM). However,
variations in the 3-pyridine carboxamide moiety of AG-120 via
the introduction of linkers (AG-120-II), substituted phenyl
moieties (AG-120-III, AG-120-IV, AG-120-VI, and AG-120-VII),
or the incorporation of pyridinyl isomers (AG-120-V and AG-
120-VIII) have resulted in a remarkable loss in ICOS/ICOSL
inhibitory activity. Such an effect was partially abolished
upon the incorporation of a benzylamino fragment to a
structural analog of AG-120 bearing a 2-pyridine carboxamide
moiety (AG-120-IX). Based on this outcome, we further
screened a structural analog of AG-120 bearing a 3-pyridine
carboxamide moiety and a benzylamino fragment (AG-120-X).
As shown in Table 1, AG-120-X was the most potent ICOS/
ICOSL inhibitor identified from this study with an IC50 value
of 4.68 ± 0.47 μM. Consistent with our SAR studies, a
structural analog of AG-120-X bearing a 2-pyridine
carboxamide moiety (AG-120-XI) possessed a reduced ICOS/
ICOSL inhibitory activity in comparison to AG-120-X. It is
worth mentioning that other structural analogs of AG-120

with alternative substitution patterns (AG-120-XII, AG-120-
XIII, and AG-120-XIV) revealed minimal ICOS/ICOSL
inhibitory activity (Table 1). Notably, variations in the
3-pyridine carboxamide moiety of AG-120 by introducing a
pyrimidyl derivative resulted in the most pronounced
enhancement in the ICOS/ICOSL inhibitory activity (AG-120-
XV). On the other hand, variations in the 3-pyridine
carboxamide moiety via incorporating saturated heterocycles
had minimal impact on the ICOS/ICOSL inhibitory activity
(AG-120-XVI). The outcome of our SAR studies will guide
further efforts aiming at the development of small molecule
inhibitors of ICOS/ICOSL interaction.

We further evaluated the ability of our top hit compound,
AG-120-X, to block ICOS/ICOSL interaction in a cell-based
assay. For this, we implemented a bioluminescent cell-based
assay from Promega (Catalog #JA6001), which is designed to
evaluate the ability to block ICOS/ICOSL interaction. The
assay consists of two genetically engineered cell lines: (1)
Jurkat T cells that endogenously express TCR/CD3 and are
engineered to express human ICOS and a NanoLuc® (NL)
luciferase reporter driven by ICOS and TCR/CD3 pathway-
dependent response elements and (2) CHO-K1 cells
expressing an engineered cell surface protein designed to
activate TCR/CD3 in an antigen-independent manner and
ICOSL. When the two cell types are co-cultured, ICOSL cells
activate TCR/CD3 and ICOS on the ICOS effector cells to
induce maximum promoter-mediated luminescence. As
shown in Fig. 6, the dose-dependent reduction in the
luminescence in co-cultures of ICOS effector cells and ICOSL/
CHO-K1 cells upon incubation with multiple concentrations
(5, 10, and 20 μM) of AG-120-X validates the ability of AG-120-
X to block ICOS/ICOSL interaction between two different cell
types. In this assay, we used anti-ICOS mAb as a positive
control (Fig. 6). Notably, our preliminary in vitro
pharmacokinetic profiling of AG-120-X revealed its metabolic
stability (in human plasma, simulated fluids, and rat liver
microsomes) as well as negligible cytotoxicity against HEL
299 cells (Table S2†). Thus, AG-120-X represents a promising
lead for further optimization for screening in established
animal models for ICOS/ICOSL inhibition.

Conclusions

In summary, we have developed and optimized the first TR-
FRET screening assay to identify small molecule inhibitors of
ICOS/ICOSL interaction. Implementation of the developed
assay in screening a chemical library with diversified
structures resulted in the discovery of AG-120 as a first-in-
class inhibitor of ICOS/ICOSL interaction. We employed the
SAR by catalog approach to identify the essential structural
features in AG-120 for the ICOS/ICOSL inhibitory profile.
Remarkably, our approach resulted in the identification of
AG-120-X with ∼3-fold enhancement in the ICOS/ICOSL
inhibitory profile in comparison to AG-120 as well as
functional activity in cellular assays. Further structural
modifications of AG-120 will set the stage for further
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preclinical evaluation of the optimized small molecule
inhibitors of ICOS/ICOSL interaction in animal models for
immuno-oncology.

Experimental
ICOS/ICOSL TR-FRET assay

For the TR-FRET assay, we obtained human ICOS
(NP_036224.1) extracellular domain (ECD) (Met1–Phe141)
expressed with the Fc region of human IgG1 at the
C-terminus from SinoBiological (Cat #10344-H02H). We
procured ICOSL (NP_056074.1) ECD (Met1–Ser258) with a
fused polyhistidine tag at the C-terminus from
SinoBiological (Cat #11559-H08H). Both terbium (Tb)
cryptate gold labeled anti-His mAb and XL665 labeled

Table 1 AG-120 structural analogs and their ICOS/ICOSL inhibitory
profiles based on the ICOS/ICOSL TR-FRET assay

Compound TR-FRET IC50 (μM) of ICOS/ICOSL

AG-120

12.24 ± 0.87

AG-120-I

13.89 ± 0.58

AG-120-II

37.14 ± 2.41

AG-120-III

>50

AG-120-IV

43.67 ± 3.18

AG-120-V

28.64 ± 1.35

AG-120-VI

36.73 ± 2.03

AG-120-VII

49.35 ± 3.74

AG-120-VIII

31.04 ± 1.82

AG-120-IX

15.51 ± 1.06

AG-120-X

4.68 ± 0.47

Table 1 (continued)

Compound TR-FRET IC50 (μM) of ICOS/ICOSL

AG-120-XI

18.35 ± 0.91

AG-120-XII

>50

AG-120-XIII

>50

AG-120-XIV

>50

AG-120-XV

5.65 ± 0.13

AG-120-XVI

11.08 ± 0.52
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anti-human mAb were obtained from Cisbio (part of
PerkinElmer). TR-FRET measurements were done on the
Tecan Infinite M1000 Pro. (Donor Read-620): excitation
wavelength 340 nm/20 nm, emission wavelength 620 nm/
10 nm, (Acceptor Read665): excitation wavelength 340 nm/
20 nm, emission wavelength 665 nm/10 nm; both with
100 flashes per well, 500 ms integration time, 60 ms lag
time. The assay mixture (18 μL) was immediately mixed
prior to the assay to a final concentration of: ICOS (10
nM), ICOSL (10 nM), Tb cryptate labeled anti-His mAb (1
nM), and XL665 labeled anti-human Ab (10 nM). Stock
solutions of tested compounds in DMSO (0.1%) and
phosphate-buffered solution (PBS, pH 7.4) from the
chemical library were applied to assay plates (medium
binding white plates, Greiner #784075) at a final
concentration (50 μM, n = 3). The assay mixture (18 μL)
was added to the plated compounds (2 μL) and incubated
for 1 h at room temperature. Measurements were
performed as described above, and TR-FRET signals were
calculated as a ratio as follows: (intensity of 665 nm)/
(intensity of 620 nm) × 100. All assay plates contained
control wells (n = 3) that include DMSO (0.1%) and wells
that include all assay components except for Tag 2 (n =
3). Percent inhibition was calculated on a scale of 0%
(i.e., activity with DMSO vehicle only) to 100% (1 μM anti-
ICOS mAb) using a full column of controls on each plate.
The assay was performed in triplicate in a single run. The
interquartile mean of control wells was used to calculate
the Z′ factor.

Hit identification: (1) we identified hits as compounds
that result in 50% inhibition of the TR-FRET signal. (2)
Fluorescent attenuators were identified using an additional
readout of donor channel fluorescence data. Changes in
donor fluorescence that mirror or contribute to overall
activity (ratio of FRET/donor) indicate assay interference, and
these compounds were not identified as hits.

Validation of the TR-FRET ICOS/ICOSL assay for HTS

The equation below was used to calculate the Z′ factor:58

Z′ factor ¼ 1 − S:D:þ veð Þ þ S:D: − veð Þ
meanþ veð Þ − mean − veð Þ

where S.D. +ve: standard deviation for the positive control; S.

D. −ve: standard deviation for the negative control; mean +ve:
mean of the positive controls; mean −ve: mean of the
negative controls. This experiment was performed in
triplicate in 10 independent runs.

HPLC purity. AG-120 and structural analogs were obtained
from established vendors, such as MedChemExpress,
LabNetwork Chemicals, and Aurora Fine Chemicals. The
purity of the compounds was confirmed to be >95% using
HPLC analysis with the reverse-phase column Phenomenex
Gemini, C18 (250 mm × 4.60 mm, 5 μm) on a HPLC Agilent
system. The mobile phase used was acetonitrile–H2O gradient
with a 1 mL min−1 flow rate. UV absorption at 210 and 254
nm was used for monitoring the method.

ICOS/ICOSL ELISA. We procured the ICOS/ICOSL ELISA
kit from BPS Bioscience (Catalog #79673) and performed the
assay according to the manufacturer's recommended protocol
using anti-ICOS antagonist mAb as a positive control. The
assay was performed in triplicate in a single run.

ICOS/ICOSL blockade cell-based assay. We procured the
ICOS/ICOSL blockade cell-based assay from Promega (Catalog
#JA6001) and performed the assay according to the
manufacturer's recommended protocol by co-culturing ICOS
effector cells and ICOSL/CHO-K1 cells using anti-ICOS
antagonist mAb as a positive control. The assay was
performed in triplicate in a single run.

Computational studies

System setup. The X-ray structure of ICOS bound to ICOSL
was obtained from Protein Data Bank (https://www.rcsb.org/)
as available under PDB ID: 6 × 4 g.61 The missing parts of the
ICOS protein, i.e., amino acid residues located between
positions 22–30 and 129–130 were added based on their
positions determined in the analogous crystal structure of
ICOS in complex with anti-ICOS antibody (PDB ID: 7joo).
Both structures were overlaid using the DALI server67 (as
shown in Fig. S4 of the ESI†). Based on this overlay the
missing parts of the protein were constructed, and the
following residues: Ile22, Gln23, Gly24, Ser25, Ala26, Asn27,
Tyr28, Glu29 as well as His129 and Ile130 were added at
N-termini and C-termini, respectively. The newly constructed
ICOS–ICOSL complex model was subsequently used to
compute pKa shifts for titratable residues present in both
proteins. The pKa results were determined using PropKa ver.
3.0 software68,69 and indicated that all residues are in their
standard protonation states. After geometrical inspection, all
histidine residues, i.e. His84, His101, His103, and His129 in
ICOS as well as His112 and His147 of ICOSL were protonated
at the δ-position, while His66 and His133 of ICOSL were

Fig. 6 Luminescence signal in co-cultures of ICOS effector cells and
ICOSL/CHO-K1 cells (Promega ICOS blockade assay) upon co-
incubation with anti-ICOS mAb (100 nM) or varying concentrations of
AG-120-X. Error bars represent standard deviation (n = 3), (*p < 0.01,
**p < 0.001 relative to untreated control).
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protonated at the ε-position. The existence of four disulfide
bridges was established between Cys42 and Cys109, Cys63
and Cys83 in ICOS structure, and between Cys128 and
Cys204 and Cys246 and Cys303 in ICOSL, therefore no
hydrogen atoms were assigned to bind to Sγ atoms of these
residues. Missing hydrogen atoms were added accordingly to
both proteins.

Docking studies. Blind molecular docking was done using
AutoDock Vina ver.1.2.0 (ref. 70 and 71) open-source software
by employing MGLTools ver. 1.5.7.72 Missing parameters such
as atom types and atom charges for AG-120, as well as
oligosaccharides present in structures of ICOS and ICOS-L
were automatically generated using options directly provided
by the program. Missing atom charges were assigned based
on the Kollman charges73 used as template values for each
amino acid, whereas the Gasteiger charges74 determined on
the basis of electronegativity equilibration were computed by
AutoDock Tools for the ligand and atypical residues present
in the protein structures such as N-linked glycans.

Molecular dynamics simulations. A crystal structure of
ICOS with the docked inhibitor was used as an initial model
for molecular dynamics (MD) simulations at the molecular
mechanics (MM) level. AMBER force field (FF)75 parameters
for standard amino acid residues were obtained from
protein.ff14SB76 FF, water, and counterions parameters were
adapted from water.tip3p77 FF, and finally parameters for
non-standard Asn residues with N-linked glycan and N-linked
two N-acetyl glucosamine (GlcNAc) and three mannose
residues of the N-linked glycan at position 110 were obtained
from GLYCAM_06j-1 (ref. 78) FF. Subsequently, missing
AMBER FF parameters for the ligand were generated with a
Generalized Amber Force Field (GAFF)79 using the
Antechamber software.80 All newly assigned parameters are
provided in Table S1 of the ESI.† Missing hydrogen atoms
were added to the enzyme and substrate together with 3
negatively charged chloride (Cl−) counterions that were put in
the most electrostatically favorable positions to neutralize the
total negative charge of the system. Hydrogen and
counterions were added using the tLEAP81 module of the
AmberTools package. Subsequently, the system was soaked
within an orthorhombic box of TIP3P water molecules, with
an average size of 62 × 59 × 76 Å3. NAMD software82 was used
as an MD engine. A cut-off for non-bonding interactions was
set between 14.5 and 16 Å using a smooth switching
function. The temperature during the simulations was
controlled using the Langevin thermostat,83 and the pressure
with the Nosé–Hoover Langevin piston84 pressure control. In
all simulations, periodic boundary conditions (PBC) were
applied. The equilibration and MD simulations were carried
out following our standard computational protocol85,86 and it
involved a preliminary minimization and gradual heating of
the system to 300 K with 0.001 K temperature increments,
followed by 100 ps of non-biased NPT equilibration. The last
generated structure in this step was then used as a starting
geometry for 100 ns of no-restricted MD simulations. Due to
the possible bias of starting point generated by the substrate

position, free independent replicas of 100 ns of no-restricted
NPT MD simulations were done and obtained results were
analyzed using the cpptraj program.87
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