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Abstract: Phosphatidylinositol 3-kinase isoform δ (PI3Kδ) phosphorylates phosphatidylinositol lipids, activating the 
AKT signaling pathway, which is crucial for essential cellular functions in B cells. Zandelisib, a selective PI3Kδ inhibi-
tor, is under clinical development for treating B cell malignancies. Its intermittent dosing regimen sustains thera-
peutic effects while minimizing adverse effects. We explored zandelisib’s pharmacological activity, focusing on its 
long-lasting property as a PI3Kδ inhibitor. To gain mechanistic insights, we compared the crystal structure of PI3Kδ 
in complex with zandelisib with other PI3K inhibitors. The binding kinetics of zandelisib, parsaclisib, idelalisib, and 
duvelisib to PI3Kδ were evaluated using surface plasmon resonance (SPR) analysis with the BiacoreTM system, and 
their binding in living cells was confirmed using the NanoBRETTM TE Intracellular Kinase Assay system. We assessed 
the effects of drug wash-out on intracellular drug concentrations, AKT phosphorylation inhibitory activity, and cell 
growth inhibitory activity in SU-DHL-6 or WSU-FSCCL B cell lymphoma cell lines. Pharmacokinetics/pharmacodynam-
ics analysis and anti-tumor activity evaluation were performed in mice bearing SU-DHL-6 tumors. The binding mode 
of zandelisib to PI3Kδ was revealed by X-ray crystallography. SPR analysis showed that zandelisib had a slower dis-
sociation rate than other compounds, which was confirmed in cell-based binding assays. Idelalisib, parsaclisib, and 
duvelisib lost their PI3Kδ inhibitory activity by wash-out and showed a decreased cell growth inhibitory activity. In 
comparison, zandelisib exhibited sustained inhibitory activity against PI3Kδ and showed a more gradual decrease 
in cell growth inhibitory activity. Drug concentration after wash-out was highest for zandelisib. In vivo experiments 
using SU-DHL-6 tumor-bearing mice found zandelisib sustained PI3Kδ inhibitory effects for 8 hours at 50 mg/kg and 
24 hours at 100 mg/kg. These results reflected significant anti-tumor activity of zandelisib in the B cell lymphoma 
model. The crystal structure of PI3Kδ in complex with zandelisib was determined at 2.5 Å resolution, revealing 
the benzimidazole group in zandelisib formed a hydrogen bond to the side chain of Lys779 in p110δ, the catalytic 
subunit of PI3Kδ. These studies demonstrated a longer duration of action of zandelisib compared to the other com-
pounds, which was attributable to the hydrogen bond between zandelisib and Lys779 in p110δ.
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Introduction

The mammalian class I phosphatidylinositol 
3-kinases (PI3Ks) family is consisted of four 
members, PI3Kα, PI3Kβ, PI3Kγ, and PI3Kδ, 
which are composed of a heterodimer between 
a p110 catalytic subunit (p110α, p110β, p110γ, 
or p110δ) and a p85 regulatory subunit. Upon 
activation by stimuli, PI3Ks activate the AKT 
signaling pathways [1]. PI3Kδ plays a crucial 
role in various essential cellular functions in B 
cells, such as cell growth, proliferation, meta-

bolic processes, migration, and additional im- 
portant biological functions [2-4].

Up to now, PI3Kδ emerged as a potential tar- 
get for drug development, especially in inflam- 
matory diseases and hematological cancers. 
PI3Kδ inhibitors have shown efficacy in the tre- 
atment of chronic lymphocytic leukemia (CLL), 
non-Hodgkin’s lymphoma (NHL) and other types 
of lymphoma [5-7]. However, while showing effi-
cacy, it has also been reported that PI3Kδ inhib-
itors caused toxicities such as diarrhea/colitis, 
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pneumonitis, neutropenia, elevated serum ami-
notransferase levels, and so on [8]. These tox-
icities are mostly considered to be on-target 
and immune-mediated. Although several PI3Kδ 
inhibitors have been approved by the Food and 
Drug Administration (FDA), their clinical appli- 
cation has been limited due to severe adver- 
se effects. At the Oncologic Drugs Advisory 
Committee meeting of the FDA in April 2022, 
safety concerns and regulatory considerations 
surrounding PI3Kδ inhibitors in hematologic 
malignancies were discussed, resulting in the 
withdrawal of application for several indica-
tions [9, 10].

Zandelisib (PWT143, ME-401) is a selective 
inhibitor of PI3Kδ. Zandelisib inhibits PI3Kδ-
mediated AKT phosphorylation and TNFα re- 
lease in human B cell lymphoma Raji cells cul-
tured with anti-IgM, and expression of CD63 on 
primary basophils activated by anti-IgE. Zan- 
delisib also demonstrates inhibitory effects on 
the growth of primary B cell malignancies [11, 
12]. Initial results from a dose-escalation study 
of zandelisib in patients with relapsed/refrac-
tory follicular lymphoma and CLL/small lympho-
cytic lymphoma indicated that zandelisib was 
well tolerated and showed high response rates. 
Furthermore, when the intermittent dosing regi-
men of zandelisib (days 1-7 on, days 8-28 off) 
was compared with continuous dosing regimen 
in the study, it was revealed that the intermit-
tent dosing regimen had the potential to reduce 
toxicity while maintaining efficacy [13-16]. A 
preclinical study has shown that zandelisib 
binds to PI3Kδ protein with a slower dissocia-
tion rate compared to idelalisib and is easily 
transferred from blood to tumor, suggesting 
that such properties of zandelisib may contrib-
ute to the high and long-lasting clinical efficacy 
in B cell malignancies [17].

In the present study, to better understand the 
pharmacological activity of the zandelisib, es- 
pecially the long-lasting property in PI3Kδ inhi-
bition, we evaluated the PI3Kδ inhibitory activi-
ty of zandelisib in vitro, comparing with 3 PI3Kδ 
inhibitors, 2 commercial (idelalisib and duvelis-
ib) and 1 under clinical investigation (parsaclis-
ib). Of these, idelalisib and parsaclisib are 
PI3Kδ selective, while duvelisib is a dual inhibi-
tor of PI3Kδ and PI3Kγ [18]. In addition, the 
relationship between drug concentration and 
PI3Kδ inhibiton was evaluated in vitro and in 
vivo. Furthermore, the co-crystal structure of 
the PI3Kδ in complex with zandelisib was deter-

mined by X-ray crystallography to understand 
the molecular mechanism of the prolonged 
binding to the enzyme protein.

Materials and methods

Compounds

Zandelisib was kindly provided by MEI Phar- 
ma Inc. (San Diego, CA, USA). Idelalisib, par-
saclisib, duvelisib, and PI103 were obtained 
from MedChemExpress or Tokyo Medical In- 
dustry. Wortmannin was obtained from Sigma-
Aldrich. For in vitro experiments, these com-
pounds were prepared in dimethyl sulfoxide 
(DMSO) to a concentration of 10 mmol/L before 
use.

Purified enzyme-binding kinetics

PI3Kδ protein (Biotinylated PIK3CD/PIK3R1 
from Carna Biosciences, Inc.) was diluted to 20 
μg/mL in Biacore buffer (50 mmol/L Tris pH 
7.5, 0.05 vol% Tween 80, 150 mmol/L NaCl, 
and 5 mmol/L MgCl2), and immobilized on a 
Sensor Chip SA (Cytiva) through the biotin-tag. 
Remaining streptavidin was blocked with 10 
μg/mL biocytin injections to circumvent non-
specific binding of compounds to the streptavi-
din-bound surface. To obtain a stable signal 
after compound and buffer injections, the ex- 
periment was started after running buffer (1 
vol% DMSO in Biacore buffer) injections. Zan- 
delisib, parsaclisib, idelalisib, and duvelisib we- 
re diluted to 100, 31.6, 10, 3.16, and 1 nmol/L 
with running buffer. The single cycle kinetic 
experiments were performed with a compound 
concentration gradient of 1-100 nmol/L, with a 
contact time of 100 sec and a flow rate of 30 
μl/min. The dissociation period was 1800 sec. 
A sensorgram of each compound was created 
by the BiacoreTM 8K control Software (Cytiva). 
The resulting sensorgram curve was fitted to 
the 1:1 binding model by the software. For ea- 
ch sensorgram, association rate constant (ka),  
dissociation rate constant (kd), and equilibrium 
dissociation constant (KD) were calculated by 
the software. The values in duplicated experi-
ments for each compound were geometrically 
averaged by Microsoft Excel for Microsoft 365 
(version 2102).

Analysis of intracellular residence time on 
PI3Kδ

Residence time of each compound on PI3Kδ 
was measured using NanoBRETTM TE Intra- 
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cellular Kinase Assay, K-3 (Promega Corpor- 
ation) according to the manufacturer’s instruc-
tion [19]. Briefly, HEK293 cells (American Type 
Culture Collection (ATCC), CRL-1573) were tran-
siently transfected with both a NanoLuc®-PIK- 
3CD Fusion Vector (Promega) and a PIK3R1 
Expression Vector, with the purpose of recon-
structing the complete PI3Kδ enzyme (Pro- 
mega). The transfected cells were incubated 
with IC80 concentration of each compound (zan-
delisib: 1 nmol/L, parsaclisib: 10 nmol/L, ide-
lalisib: 30 nmol/L, duvelisib: 30 nmol/L, and 
wortmannin: 100 nmol/L) for 2 hours (37°C, 
5% CO2). After the incubation, the cells we- 
re washed twice with medium, and then treat- 
ed with NanoBRETTM Nano-Glo® Substrate so- 
lution and NanoBRETTM Tracer Reagent (Pro- 
mega). Bioluminescence resonance energy 
transfer (BRET) signals were measured repeat-
edly with the GloMax® Discover Multimode 
Microplate Reader (Promega) under the follow-
ing conditions; donor filter: 450 nm BP, accep-
tor filter: 600 nm LP, integration time: 0.3 s/
well, measurement interval: 1.5 min, iteration: 
81. The data was fitted to the kinetic equation 
[20], and the residence time (the reciprocal of 
dissociation rate constant) of each compound 
was estimated.

B cell lymphoma cell lines

The two human B cell lymphoma cell lines, 
SU-DHL-6 and WSU-FSCCL were purchased 
from ATCC (CRL-2959) and Leibniz Institute 
DSMZ-German Collection of Microorganisms 
and Cell Cultures GmbH (ACC612), respective-
ly. The cells were cultured in RPMI 1640 medi-
um (Thermo Fisher Scientific) supplemented 
with 10% fetal bovine serum (Thermo Fisher 
Scientific) and incubated at 37°C, 5% CO2.

Measurement of AKT phosphorylation in a 
wash-out experiment

SU-DHL-6 cells at 1 × 106 cells/well in 6-well 
plate were exposed to culture medium contain-
ing vehicle, zandelisib, idelalisib, parsaclisib, or 
duvelisib at 10, 100, or 1000 nmol/L and in- 
cubated for 1, 23, or 24 hours. Subsequently, 
cells were washed twice with 5 mL of Dullbe- 
cco’s phosphate-buffered saline (DPBS) and 
further incubated in culture medium lacking 
PI3Kδ inhibitors for 23, 1, or 0 hours such that 
the total time of drug exposure and wash-out 
was 24 hours. After 24 hours incubation, the 

cells were collected and stored at -80°C for 
measurement of AKT phosphorylation and in- 
tracellular compound concentration. Twenty μg 
of protein lysates were analyzed by SDS-PA- 
GE under reducing and denaturing condition. 
Phospho-AKT Ser473 (p-AKT (Ser473)), phos-
pho-AKT Thr308 (p-AKT (Thr308)), and β-actin 
were detected by Western Blotting. The follow-
ing antibodies were used: Phospho-Akt (Ser- 
473) (D9E) XP ® Rabbit mAb (Cell Signaling Te- 
chnology), Phospho-Akt (Thr308) (244F9) Ra- 
bbit mAb (Cell Signaling Technology), Mono- 
clonal Anti-beta-Actin antibody A5441 (Sigma-
Aldrich), Anti-Rabbit IgG, HRP-Linked Whole Ab 
Donkey (GE Healthcare), and anti-mouse IgG, 
HRP-Linked Species-Specific whole antibody 
(from sheep) (GE Healthcare). Can Get Signal ® 
(Toyobo) was used for detection of p-AKT 
(Ser473 and Thr308).

Measurement of cell proliferation in a wash-
out experiment

SU-DHL-6 and WSU-FSCCL cells were seeded  
in 384-well plates at 1000 cells/40 μL/well. 
Cells were exposed to test compounds at 0.1, 
1, 10, 100, 1000, and 10000 nmol/L, and in- 
cubated for 1, 24, 48, 72, or 96 hours. Sub- 
sequently, cells were washed and further in- 
cubated in the absence of test compounds for 
95, 72, 48, or 24 hours such that the total time 
of drug exposure and wash-out was 96 hours. 
Cells treated with the test compound for 96 
hours were not subjected to the wash-out pro-
cedure. After 96 hours incubation, lumines-
cence was measured by Cell Titer Glo Reagent 
(Promega) on an EnVision (Perkin Elmer).

In vivo studies in SU-DHL-6 xenograft model

Animal experiments were performed in an 
AAALAC-accredited institution. All animal stud-
ies were performed in accordance with compa-
ny policy on the care and use of laboratory ani-
mals (Kyowa Kirin Co., Ltd., Shizuoka, Japan).

Male SCID mice were purchased from CLEA 
Japan, Inc. (Tokyo, Japan). In anti-tumor exami-
nation, SU-DHL-6 cells were suspended in 
DPBS containing 50 vol% matrigel and inocu-
lated subcutaneously into the right flank region 
of 8-week-old male SCID mice at 1 × 107 
cells/0.1 mL/mouse. On the day before tumor 
cell inoculation, the mice were given an intra-
peritoneal injection of anti-asialo GM1 anti-
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body. Seventeen days after the inoculation, 30 
mice were divided into two groups for vehicle 
and zandelisib (100 mg/kg) administration (n = 
15). Zandelisib was prepared in 20% VE-TPGS + 
80% 100 mmol/L citrate buffer (pH 3.5) and 
administrated orally. Administration was per-
formed once daily from day 0 (the day of group 
allocation) to day 13. The experiments were ter-
minated 2 weeks after the start of treatment. 
No animal reached the predetermined humane 
endpoint. Tumor volumes from day 0 were cal-
culated as follows; tumor volume (mm3) = DL × 
DS2 × 0.5, (DL, long diameter, DS, short diam-
eter). Difference of the tumor volumes on day 
14 between vehicle and zandelisib groups was 
statistically analyzed by Aspin-welch test using 
the SAS software program (release 9.4, SAS 
Institute Inc.).

For pharmacokinetic analysis, SU-DHL-6 tumor-
bearing SCID mice treated as described above 
were orally administered zandelisib at 50 or 
100 mg/kg. Blood and tumor samples were 
collected from the mice at 0.5, 2, 8, 24, and 72 
hours after administration of zandelisib at 50 
mg/kg (n = 3), and at 0.25, 0.5, 2, 4, 8, 24, 48, 
and 72 hours after administration of zandelisib 
at 100 mg/kg (n = 4). Blood samples were cen-
trifuged to obtain plasma samples. Plasma and 
tumor samples were stored frozen until use in 
the analysis.

Quantification of test compounds concentra-
tion

The concentration of zandelisib, idelalisib, par-
saclisib, and duvelisibs in SU-DHL-6 cells pre-
pared as described in “Measurement of AKT 
phosphorylation in a wash-out experiment” and 
concentration of zandelisib in the plasma and 
tumor sample prepared as described in “in vivo 
studies in SU-DHL-6 xenograft model” were 
determined by liquid chromatography tandem 
mass spectrometry (LC/MS/MS). Cell samples 
were homogenized with water using an ultra-
sonic homogenizer. Tumor samples were homo- 
genized with saline using a shaking homogeniz-
er. Protein was precipitated from the homoge-
nate and plasma samples by the addition of 
acetonitrile (cell samples) or formic acid con-
taining acetonitrile (plasma and tumor sam-
ples), and the extracts were subjected to LC/
MS/MS analysis. As internal standards, warfa-
rin was used for plasma and tumor samples 
and (±)-propranolol hydrochloride was used for 

cell samples. The analyte were separated on a 
C18 (cell samples) or C8 reverse-phase (plas-
ma and tumor samples) columns. For ioniza-
tion, electrospray in positive ionization mode 
(cell samples) or atmospheric pressure chemi-
cal ionization (APCI) in positive mode (plasma 
and tumor samples) was conducted. The de- 
tected m/z in cell samples for zandelisib, idelal-
isib, parsaclisib, or duvelisib were 577/230, 
416/176, 433/150, 417/282 (Q1/Q3), respec-
tively. The detected m/z in plasma and tumor 
samples was 577/348 (Q1/Q3) for zandelisib. 
The lower limit of quantification (LLOQ) for cell 
samples, plasma samples, and tumor samples 
were 0.0025 pmol/106 cells, 0.5 ng/mL, or 10 
ng/g, respectively.

Structure determination of PI3Kδ in complex 
with zandelisib by X-ray crystallography

The complex of human p110δ (amino acids 
1-1044) and bovine p85 (amino acids 431-600) 
was purchased from Proteros biostructures 
GmbH for the structural analysis. The crystals 
were prepared based on the previous papers 
[21]. In brief, the protein at a concentration of 6 
mg/mL was incubated with zandelisib and crys-
tallized by vapor diffusion in sitting drops at 
10°C. Crystals were dehydrated manually using 
trimethylamine N-oxide as an osmolite and fro-
zen in liquid nitrogen. X-ray diffraction data 
were collected at the Swiss Light Source (beam-
line PXII/X10SA). The PI3Kδ structure in com-
plex with zandelisib was determined by molecu-
lar replacement using for known PI3Kδ stru- 
cture (PDB ID: 6PYR) as a search model.

Results

Binding kinetics against PI3Kδ evaluated by 
the surface plasmon resonance analysis

The structures of the PI3K inhibitors used in 
this experiment are shown in Figure 1. Among 
these compounds, the binding kinetics of zan-
delisib, idelalisib, parsaclisib, and duvelisib 
against PI3Kδ were evaluated by the surface 
plasmon resonance (SPR) analysis using Bia- 
coreTM system (Figure 2). Binding parameters 
are summarized in Table 1. Zandelisib showed 
the longest residence time among the four 
compounds. After the first injection of each 
compound followed by a 1800-sec of dissocia-
tion period, the same compound was injected 
again, and the response was measured. No 
binding was observed in the second measure-
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ment of zandelisib (Supplementary Figure 1A), 
which indicated no dissociation of the first 
bound zandelisib. On the other hand, binding 
was observed again in the second injection of 
idelalisib, parsaclisib, or duvelisib (Supplemen- 
tary Figure 1B-D), indicating that the first-bound 
compounds, idelalisib, parsaclisib, or duvelisib, 
had dissociated. 

Analysis of binding kinetics against PI3Kδ in 
living cells 

The binding of the test compounds to PI3Kδ in 
living cells was confirmed by NanoBRETTM TE 
Intracellular Kinase Assay system and the resi-
dence time of each compound was measured 
(Figure 3). Wortmannin, a covalent binder to 
PI3Kδ, was also evaluated in this assay. The 
residence time of each compound was 484.4, 
20.2, 59.9, 158.2, and 228.2 minutes for zan-
delisib, idelalisib, parsaclisib, duvelisib, and 
wortmannin, respectively (Table 2). Among the 
five compounds examined, zandelisib showed 
the longest residence time.

Evaluation of drug wash-out effects on AKT 
phosphorylation inhibition

SU-DHL-6 cells were treated with the test com-
pounds, washed, and further incubated in the 
absence of compounds. After a total incubation 
time of 24 hours, AKT phosphorylation was 

no inhibition of AKT phosphorylation was 
observed with the treatment of idelalisib, par-
saclisib, or duvelisib in either the 23 h-On/1 
h-Off or 1 h-On/23 h-Off schedules.

Determination of the intracellular concentra-
tion 

The intracellular concentration of zandelisib, 
idelalisib, parsaclisib, and duvelisib in SU-DHL-6 
cells treated with 1000 nmol/L of each com-
pound, as described in “Evaluation of drug 
wash-out effects on AKT phosphorylation inhi-
bition”, were determined using LC/MS/MS (Fi- 
gure 4B). Intracellular concentrations of zan-
delisib were the highest in all schedules com-
pared to those of other compounds.

Evaluation of the effects of drug wash-out on 
cell viability of B cell lymphoma cell lines 

SU-DHL-6 cells and WSU-FSCCL cells were 
treated with test compounds for 1, 24, 48, 72, 
or 96 hours and further incubated in the 
absence of each test compound for 95, 72, 48, 
24, or 0 hours, respectively (1 h-On/95 h-Off, 
24 h-On/72 h-Off, 48 h-On/48 h-Off, 72 
h-On/24 h-Off, 95 h-On/1 h-Off, and 96 h-On). 
Cell viability was measured 96 hours after the 
initiation of treatment with the test compounds 
(Figure 5). The IC50 values for each compound 
under each condition are shown in (Tables 3, 

Figure 1. Chemical structures of select PI3K inhibitors.

measured, and the effect of 
the drug-free period on the 
AKT phosphorylation was ev- 
aluated. Decreases of p-AKT 
(Ser473) and p-AKT (Thr308) 
were observed after 24 hours 
of continuous treatment (24 
h-On) of all test compounds, 
suggesting that they all inhib-
ited AKT phosphorylation (Fi- 
gure 4A). AKT phosphoryla-
tion was also inhibited by 
23-hour treatment of zandel-
isib followed by one-hour drug-
free period (23 h-On/1 h-Off), 
although the inhibition level 
seemed weaker than 24 h-On. 
Furthermore, AKT phosphory-
lation was inhibited even by 
1-hour treatment of zandelisib 
at 1000 nmol/L followed by 
23-hour drug-free period (1 
h-On/23 h-Off). Conversely, 
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Figure 2. Single cycle kinetic curves of zandelisib, idelalisib, parsaclisib, or duvelisib on PI3Kδ. Single cycle kinetic 
assay of (A) 1-100 nmol/L zandelisib, (B) 1-100 nmol/L idelalisib, (C) 1-100 nmol/L parsaclisib, and (D) 1-100 
nmol/L duvelisib on PI3Kδ was performed in duplicate. N = 1 data are shown. The blue line shows the sensorgram 
before fitting, and the black line shows the sensorgram after fitting using BiacoreTM 8K control Software.

Table 1. Binding kinetics of zandelisib, idelalisib, parsaclisib, and duvelisib on PI3Kδ
Compound ka (1/M·s) kd (1/s) KD (M) t½ (s) Residence time (s)
Zandelisib 7.74 × 105 3.96 × 10-5 5.12 × 10-11 17465 25239
Idelalisib 8.61 × 106 5.40 × 10-3 6.27 × 10-10 129 185
Parsaclisib 7.03 × 106 1.30 × 10-3 1.85 × 10-10 534 771
Duvelisib 9.79 × 106 4.79 × 10-4 4.89 × 10-11 1445 2086
The values in duplicated experiments for each compound were geometrically averaged. ka: association rate constant, kd: dis-
sociation rate constant, KD: equilibrium dissociation constant, t1/2: half-life, s: second.
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Figure 3. Residence time determination in HEK293 cells by NanoBRETTM assay. HEK293 cells were transfected 
with NanoLuc®-PIK3CD Fusion Vector and PIK3R1 Expression Vector. The cells were incubated with (A) DMSO, (B) 
zandelisib, (C) idelalisib, (D) parsaclisib, (E) duvelisib, or (F) wortmannin for 2 hours. After washing, the cells were 
treated with NanoBRETTM Nano-Glo® Substrate solution and NanoBRETTM Tracer Reagent, and the BRET signal was 
measured repeatedly. The X and Y axes represent the time after addition of NanoBRETTM Tracer Reagent and BRET 
signal, respectively. The value on Y axis stands for degree of replacement of each compound with NanoBRETTM 
Tracer, which means dissociation of each compound from PI3Kδ.

Figure 4. Inhibitory activity of zandelisib, idelal-
isib, parsaclisib, and duvelisib on AKT phospho-
rilation and the intracellular concentrations of 
each compound in SU-DHL-6 cells. SU-DHL-6 cells 
were treated with zandelisib, idelalisib, parsaclis-
ib, or duvelisb for 24, 23, or 1 hours with 0, 1, 
or 23-hour drug-free period. The cells were col-
lected at 24 hour after the start of the compound 
treatment. A. The levels of p-AKT (Ser473), p-AKT 
(Thr308), and β-actin were evaluated by western 
blotting. N = 1. B. The intracellular concentrations 
of each compound were measured by LC/MS/
MS. NC: not calculated.

Table 2. Residence time of each compound
Compound Zandelisib Idelalisib Parsaclisib Duvelisib Wortmannin
Residence time (min) 484.4 20.2 59.9 158.2 228.2

4). The inhibitory activity of all test compounds 
was attenuated by increasing drug-free period. 
However, the extent of the attenuation was 
least in zandelisib in both cell lines compared 
to the other test compounds.

Pharmacokinetics/pharmacodynamics and 
anti-tumor effects of zandelisib in SU-DHL-6 
tumor-bearing mice

Pharmacokinetics/pharmacodynamics (PK/PD) 
relationships of zandelisib were investigated  
in the SU-DHL-6 s.c. xenograft model. In this 
study, zandelisib was orally dosed at 50 or 100 
mg/kg. Zandelisib concentrations in plasma 

and tumor, expressions of p-AKT (Ser473), 
p-AKT (Thr308), and β-actin in tumor were eval-
uated at each time point and are indicated in 
Figure 6. The plasma and tumor concentration-
time profiles of zandelisib are shown in Figure 
6A and 6B, while the PK parameters are shown 
in Tables 5 and 6. The concentration of zandel-
isib in the tumor was considerably higher than 
that in plasma at both doses, leading to higher 
Cmax and AUC values in tumor than those in 
plasma. The relative levels of p-AKT (Ser473) 
and p-AKT (Thr308) were decreased at 0.5, 2, 
4, 8, and 24 hours after administration of 100 
mg/kg zandelisib. The Relative levels of p-AKT 
(Ser473) and p-AKT (Thr308) were also de- 
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Figure 5. Inhibitory activity of zandelisib, idelalisib, parsaclisib, and duvelisib on the viability of SU-DHL-6 cells and 
WSU-FSCCL cells. (A) SU-DHL-6 cells and (B) WSU-FSCCL cells were treated with zandelisib, idelalisib, parsaclisib, 
or duvelisib for 1, 24, 48, 72, or 96 hours followed by additional 95, 72, 48, 24, or 0 hours drug-free periods. Cell 
viability was measured 96 hours after the start of the test compounds treatment. Each plot shows the mean values 
for each condition.
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creased at 0.5, 2, 4, and 8 hours after adminis-
tration of 50 mg/kg zandelisib. The decrease 
seemed more pronounced at 100 mg/kg than 
at 50 mg/kg (Figure 6C).

The in vivo anti-tumor activity of zandelisib was 
evaluated in the SU-DHL-6 s.c. xenograft mo- 
del. Significant tumor growth inhibition was ob- 
served in the group treated with 100 mg/kg 
zandelisib treated group compared to control 
treated mice (Figure 6D).

Crystal structure of PI3Kδ in complex with 
zandelisib

We determined the PI3Kδ structure in complex 
with zandelisib at 2.5 Å resolution. Data collec-
tion and refinement statistics of the structure 
are described in Supplementary Tables 1 and 
2. The binding pocket for zandelisib of p110δ 
was shown in Figure 7. Zandelisib adopted a 
propeller-shaped conformation (two roughly 
orthogonally oriented ring systems) like other 
propeller-shaped inhibitors [22]. Zandelisib for- 
med the three characteristic interactions with 
p110δ: the phenyl group of zandelisib formed 
van der Waals interactions with Met752 and 
Trp760 in p110δ, the methylpiperizine group  
of zandelisib formed hydrophobic interactions 
with the exposed surface of Trp760, known as 
the p110δ tryptophan shelf [23], the nitrogen 
atom of the benzimidazole group of zandelisib 
formed a hydrogen bond with the side chain of 
Lys779 in p110δ. Zandelisib has a large size 

scaffold (Figure 1) and is involved in many 
hydrophobic interactions with the surrounding 
residue in p110δ, with a maximum distance of 
4.0 Å: Met752, Pro758, Trp760, Ile777, Tyr813, 
Ile825, Val827, Val828, Met900, Ile910. These 
interactions occurred in a manner that occu-
pied the hydrophobic regions I and II, which are 
observed in protein kinases.

Discussion

PI3Kδ inhibitors are beneficial in the treatment 
of B cell malignancies. However, the use of 
PI3Kδ inhibitors in clinical practice is limited  
by their associated immune-mediated adverse 
events, which may be caused by the on-target 
suppression of regulatory T cells [24, 25]. The 
intermittent dosing regimen of zandelisib was 
designed to minimize regulatory T cell reduc-
tion and minimize immune-mediated toxicity. 
Indeed, the intermittent dosing regimen of zan-
delisib reduced the incidence of side effects 
while maintaining therapeutic efficacy com-
pared to continuous dosing regimen [13, 14]. It 
has been shown that dissociation of zandelisib 
from PI3Kδ protein is slow, and zandelisib is 
readily transferred from the blood to the tumor, 
suggesting that these properties of zandelisib 
may contribute to its efficacy in intermittent 
dosing regimens [17]. We focused on the long-
lasting properties of zandelisib and conducted 
studies, which demonstrated that the binding 
mode of zandelisib might contribute to its sus-
tained characteristics as a PI3Kδ inhibitor.

Table 3. IC50 values in SU-DHL-6 cells

IC50 (nmol/L)
Experimental condition

1 hour-on/95  
hour-off

24 hour-on/72  
hour-off

48 hour-on/48  
hour-off 

72 hour-on/24 
hour-off 96 hour-on 

Zandelisib 420 260 95 15 9.2
Idelalisib > 10000 5000 1000 240 120
Parsaclisib 9900 5400 1200 76 37
Duvelisib 1800 530 100 13 6.6

Table 4. IC50 values in WSU-FSCCL cells

IC50 (nmol/L)
Experimental condition

1 hour-on/95 
hour-off 

24 hour-on/72 
hour-off 

48 hour-on/48 
hour-off

72 hour-on/24 
hour-off 96 hour-on

Zandelisib 270 380 340 82 11
Idelalisib > 10000 > 10000 5800 700 140
Parsaclisib > 10000 9300 6400 510 29
Duvelisib 2100 1500 790 95 13
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In the present study, we evaluated the binding 
mode and the pharmacological effects of zan-
delisib compared with other PI3Kδ inhibitors 
(idelalisib, parsaclisib, and duvelisib). In SPR 
analysis using the BiacoreTM system, zandelisib 
showed the lowest dissociation rate among the 

four compounds. Despite the relatively close  
KD values for duvelisib and zandelisib, a signi- 
ficant difference in residence time was ob- 
served. While KD reflects a compound’s affinity 
for its target, residence time is influenced not 
only by affinity but also by the kinetics of bind-

Figure 6. PK/PD relationships and anti-tumor effect of zandelisib in a mouse xenograft model of SU-DHL-6. Zandel-
isib (50 or 100 mg/kg) was administered once orally to SU-DHL-6 tumor bearing mouse, and (A) the plasma and (B) 
the tumors were collected 0.25, 0.5, 2, 4, 8, 24, or 72 hours after the administration. The plasma and intratumor 
concentrations of zandelisib were measured. N = 3/timepoint for the 50 mg/kg group and n = 4/time point for the 
100 mg/kg group. Red circles and blue squares indicate mean values, and error bars indicate standard devistions 
for each group. (C) The levels of p-AKT (Ser473), p-AKT (Thr308), and β-actin were evaluated by western blotting. 
The relative level of p-AKT (Ser473) and p-AKT (Thr308) corrected with β-actin was calculated and plotted against 
time. Red circles and blue squares indicate mean values, and error bars indicate standard errors for each group. (D) 
Anti-tumor activity was measured. Vehicle or zandelisib (100 mg/kg) was administered orally once daily from days 
0 to 13. Mean ± standard error are shown. N = 15. *: p<0.05.

Table 5. PK parameter in plasma samples
Dose (mg/kg) tmax (h) Cmax (ng/mL) AUC0-t (ng∙h/mL) AUC0-∞ (ng∙h/mL) t1/2 (h)
50 2 2290 29800 29800 6.42
100 2 5330 69000 69000 6.87
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ing and dissociation. It was suggested that the 
slower dissociation of zandelisib contributes to 
the difference in residence time, allowing it to 
remain bound to the target for an extended 
period. Indeed, re-injection of the same com-
pounds after a dissociation period in the SPR 
analysis showed that zandelisib had nearly irre-
versible binding properties. Even with similar KD 
values, this difference in residence time may 
lead to prolonged pharmacological effects. 
This slow dissociation characteristic of zandel-
isib was also observed in living cells using the 
BRET assay, where zandelisib dissociated slow-
ly like the covalent irreversible inhibitor wort-
mannin. It has been reported that wortmannin 
is unstable in biological fluids [26]. Its unstable 
characteristics may contribute to its shorter 
residence time compared to zandelisib. In the 
wash-out experiments using B cell lines, idelal-
isib, parsaclisib, and duvelisib completely lost 
their PI3Kδ inhibitory activity, and their cell pro-
liferation inhibitory activity was also consider-
ably reduced once they were washed out. On 

the other hand, zandelisib maintained its PI3Kδ 
inhibitory activity and its cell proliferation inhib-
itory activity after washout. These results could 
be explained by the dissociation rate or revers-
ibility of each test compound from PI3Kδ. 
Indeed, the concentration of zandelisib in the 
cells after washout was higher than that of the 
other compounds. In in vivo experiments, as 
previously reported by Moreno et al., the distri-
bution of zandelisib after administration was 
higher in the tumor than in the blood; at 50 mg/
kg it continued to inhibit PI3Kδ for 8 hours and 
at 100 mg/kg for 24 hours in the tumors, con-
firming its long-lasting PI3Kδ inhibitory eff- 
ect. Consistent with these findings, zandelisib 
showed significant anti-tumor activity in the 
tumor bearing mouse model. 

To obtain mechanistic insights into the long-
lasting property of zandelisib in PI3Kδ inhibi-
tion, we revealed the binding mode of zandel-
isib to p110δ by X-ray crystallography. As pre- 
viously reported, the propeller-shaped geome-

Table 6. PK parameter in tumor samples
Dose (mg/kg) tmax (h) Cmax (ng/g) AUC0-t (ng∙h/g) AUC0-∞ (ng∙h/g) t1/2 (h)
50 8 24200 381000 NC NC
100 8 42000 1310000 NC NC
Zandelisib was orally administered at doses of 50 (n = 3/timepoint) and 100 mg/kg (n = 4/timepoint) to SCID mouse bearing 
SU-DHL-6. NC: not calculated.

Figure 7. Binding pocket for zandelisib on p110δ. Zandelisib is shown as ball-and-stick and key residues in p110δ 
for zandelisib binding are shown as sticks. Water molecules are shown as red balls. Dashed lines indicate hydro-
gen-bonding interactions. Zandelisib formed hydrogen bonds with the main chain of Val828 and the side chain of 
Lys779.
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try is known to intrinsically impart PI3Kδ selec-
tivity to ligands by inducing the formation of the 
specificity pocket and the tryptophan shelf 
[27]. Zandelisib adopted the propeller-shaped 
conformation (Figure 7) and bound to p110δ in 
a manner that occupied the tryptophan shelf 
(Supplementary Figure 2) like the other p110δ-
selective inhibitors. This binding mode of zan-
delisib could explain its high p110δ selectivity.

Comparison of the ligand binding site of PI3K in 
complex with zandelisib and other PI3K inhibi-
tors [28, 29] in Supplementary Figure 3 reve- 
aled that idelalisib formed a water-mediated 
hydrogen bond network with Asp911 in p110δ 
(Supplementary Figure 3A). This interaction 
occurred within a hydrophilic environment of 
the binding pocket. In contrast, zandelisib 
excluded these water molecules and formed a 
hydrogen bond with Lys779 in p110δ while 
shielding the binding pocket from water. Lys779 
has been reported as the binding site for co- 
valent interaction with irreversible inhibitors of 
PI3Kδ [30, 31], including wortmannin (Supple- 
mentary Figure 3B). In general, water-shield- 
ed hydrogen bonds are known to enhance the 
kinetic stability of protein-ligand complexes 
[32]. It was suggested that the binding mode of 
zandelisib may contribute to slow dissociation 
properties. Moreover, zandelisib formed hydro-
phobic interactions with p110δ, containing 11 
hydrophobic residues within approximately 4 Å. 
The large occupied surface area in the binding 
pocket compared to other inhibitors may con-
tribute to the slow dissociation rate of zan- 
delisib.

Overall, those data suggest that the binding 
mode of zandelisib to PI3Kδ not only contribute 
to the high selectivity for PI3Kδ, but also to the 
prolonged PI3Kδ residence time, resulting in 
the sustained pharmacological effects.

Conclusion

The current studies revealed that zandelisib 
has distinct properties compared to the other 
PI3Kδ inhibitors in terms of pharmacological 
activities and binding mode. These properties 
may differentiate zandelisib from other inhibi-
tors in terms of clinical efficacy.
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Supplementary Figure 1. The second mesurement of single cycle kinetic curves of zandelisib, idelalisib, parsaclisib, 
or duvelisib on PI3Kδ. After the first single cycle kinetic assay of (A) 1-100 nmol/L zandelisib, (B) 1-100 nmol/L ide-
lalisib, (C) 1-100 nmol/L parsaclisib, and (D) 1-100 nmol/L duvelisib on PI3Kδ, the same compound was injected 
and measured again in the same concentration range. These assays were performed in duplicate. N = 1 data are 
shown. The blue line shows the sensorgram before fitting and the black line shows the sensorgram after fitting by 
BiacoreTM 8K control Software.

Supplementary Table 1. Data collection statistics of zandelisib-bound PI3Kδ crystal
Space group P212121

Cell dimensions
    a, b, c (Å) 90.89, 109.08, 142.44
    α, β, γ (°) 90, 90, 90
Resolution (Å) 45.45-2.50 (2.58-2.50)
Rmerge (%) 4.1 (119.3)
Rmeas (%) 4.5 (129.6)
Rpim (%) 1.7 (49.9)
No. of observations 334,446 (30,244)
No. of unique observations 49,670 (4,525)
I/σ (I) 18.7 (1.6)
CC1/2 1.000 (0.858)
Completeness (%) 99.9 (99.7)
Redundancy 6.7 (6.7)
Values in parentheses are for the outer shell.
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Supplementary Table 2. Refinement statistics of zandelisib-bound PI3Kδ structure
Resolution (Å) 45.45-2.50 (2.55-2.50)
No. of reflections used 49,577 (2,871)
Rwork/Rfree (%) 23.0/27.8 (37.7/43.8)
No. of atoms
    Protein 8,847
    Zandelisib 42
    Water 49
B-factors
    Protein 97.3
    Zandelisib 82.5
    Water 86.8
R.m.s deviations
    Bond length (Å) 0.003
    Bond angles (°) 0.559
Ramachandran statistics
    Favored (%) 96.4
    Allowed (%) 3.5
    Disallowed (%) 0.1
Values in parentheses are for the outer shell.

Supplementary Figure 2. Comparison of the tryptophan region for crystal structures of p110δ and p110γ. (A) Trypto-
phan shelf is formed by Trp760 and Thr750 for p110δ in complex with zandelisib, and (B) superimposition of Trp812 
and Lys802 in pig p110γ (PDB ID: 1E7U, colored as orange, wortmannin is not shown) equivalent to Trp760 and 
Thr750 in p110δ. Lys802 in p110γ is sterically clashed with zandelisib in p110δ.
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Supplementary Figure 3. Comparison of the ligand binding pocket of PI3K. (A) Idelalisib bound to mouse p110δ 
(PDB ID: 4XE0, colored as magenta) and (B) wortmannin covalently bound to p110γ (PDB ID: 1E7U, colored as 
orange), with the residues within a maximum distance of 4 Å in the vicinity in zandelisib. Each ligand is shown as a 
ball and stick model and p110δ and p110γ are shown as ribbon models. Water molecules are shown as red balls. 
Dashed lines indicate hydrogen-bonding interactions.


