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A randomized, placebo-controlled phase 3 trial of the
PI3Kδ inhibitor leniolisib for activated PI3Kδ
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KEY PO INT S

• The oral PI3Kδ inhibitor
leniolisib reduced
lymphadenopathy and
normalized immune cell
subsets in patients with
APDS, an inborn error
of immunity.

• Leniolisib was well
tolerated in patients
with APDS, with mostly
grade 1 AEs and no
serious AEs related to
study treatment.
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Activated phosphoinositide 3-kinase delta (PI3Kδ) syndrome (APDS) is an inborn error of
immunity with clinical manifestations including infections, lymphoproliferation, autoim-
munity, enteropathy, bronchiectasis, increased risk of lymphoma, and early mortality.
Hyperactive PI3Kδ signaling causes APDS and is selectively targeted with leniolisib, an
oral, small molecule inhibitor of PI3Kδ. Here, 31 patients with APDS aged ≥12 years were
enrolled in a global, phase 3, triple-blinded trial and randomized 2:1 to receive 70 mg
leniolisib or placebo twice daily for 12 weeks. Coprimary outcomes were differences from
baseline in the index lymph node size and the percentage of naïve B cells in peripheral
blood, assessed as proxies for immune dysregulation and deficiency. Both primary out-
comes were met: the difference in the adjusted mean change (95% confidence interval
[CI]) between leniolisib and placebo for lymph node size was −0.25 (−0.38, −0.12; P =
.0006; N = 26) and for percentage of naïve B cells, was 37.30 (24.06, 50.54; P = .0002; N =
13). Leniolisib reduced spleen volume compared with placebo (adjusted mean difference
in 3-dimensional volume [cm3], −186; 95% CI, −297 to −76.2; P = .0020) and improved key
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immune cell subsets. Fewer patients receiving leniolisib reported study treatment-related adverse events (AEs;
mostly grades 1-2) than those receiving placebo (23.8% vs 30.0%). Overall, leniolisib was well tolerated and significant
improvement over placebo was notable in the coprimary endpoints, reducing lymphadenopathy and increasing
the percentage of naïve B cells, reflecting a favorable impact on the immune dysregulation and deficiency seen
in patients with APDS. This trial was registered at www.clinicaltrials.gov as #NCT02435173.
Introduction
Activated phosphoinositide 3-kinase delta (PI3Kδ) syndrome
(APDS) is an inborn error of immunity resulting from pathogenic
heterozygous variants in either of the genes encoding the PI3Kδ
heterodimer. Gain-of-function variants in PIK3CD encoding the
catalytic subunit p110δ cause APDS1, whereas loss-of-function
variants in PIK3R1 encoding the regulatory subunit p85α
cause APDS2.1-3 Interaction of the 2 subunits is essential for
heterodimer function and stability.4 Disruption of this interac-
tion or loss of p85α-mediated inhibition because of pathologic
variants in PIK3CD or PIK3R1 result in hyperactive PI3Kδ
signaling.1,2,4 This hyperactive signaling results in comparable
immunologic consequences in both APDS1 and APDS2.4-6
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APDS is a complex immune deficiency with striking immune
dysregulation and diverse clinical presentation (supplemental
Figure 1; available on the Blood website).7,8 This heteroge-
nous presentation is caused in part by dysregulated B and T
cells.9,10 Proper lymphocyte development and function
depends on a tightly balanced PI3Kδ pathway: enzyme activity
must be variably increased and dampened at different time
points to allow for FOXO-dependent signaling.11 Constitutively
active PI3Kδ, as occurs in patients with APDS, results in
disturbed immune cell development and function.1,2

Hallmarks of the clinical presentation are recurrent sinopulmo-
nary infections and prolonged or intermittent herpesvirus
viremia.5-8 These infections are due to immunoglobulin
dysfunction or related to increases in immature/dysfunctional B
and T lymphocytes at the expense of mature/functional cells.12-14

Patients with APDS often have an inverted CD4+/CD8+ T-cell
ratio, which is primarily driven by an increase in terminal dif-
ferentiation.1,5,6 Naïve T cells decrease, and patients often have
an increase in cytotoxic CD8+ effector memory and terminally
differentiated effector memory cells at the expense of long-
lived central memory cells.1,2,5,6 These cells also tend to
resemble highly inflammatory senescent or exhausted CD8+

T cells.1,2,12 The shifts in T-cell subsets result in ineffective
responses to infections, particularly chronic infections such as
Epstein-Barr virus (EBV) and cytomegalovirus (CMV).12-14 In the
B-cell compartment, immature transitional B cells are frequently
elevated whereas mature naïve B cells and memory B cells are
often decreased, along with defects in class-switch recombi-
nation.1,5,13 Hyperactive PI3Kδ signaling also drives terminal
differentiation in B cells: immunoglobulin M+ (IgM+) plasma
cells are often increased in patients with APDS.15,16 As a result
of these disrupted lymphocyte subsets, many patients with
APDS display elevated IgM and low IgG and IgA, with poor
specific antibody responses, diminishing their ability to fight
infections.5,6,13 The percentage of naïve B cells out of the total
B cells reflects altered B-cell subsets and can provide a sense of
the impact of APDS on immunodeficiency.

Lymphoproliferation, including lymphadenopathy, splenomeg-
aly, hepatomegaly, and nodular lymphoid hyperplasia of the
airways and gut is typical.5-8 Lymphadenopathy is driven by the
proliferation of B cells and the infiltration of T follicular helper
cells that are highly positive for programmed cell death protein
1 (PD-1).5,6 T-cell subsets skewed towards the effector pheno-
type may also contribute to lymphadenopathy because these
cells demonstrate an enhanced proliferative burst on encounter
with antigen.1 Depending on the location and size of the
swollen lymph nodes, they may affect breathing or cause
obstruction.17,18 Lymphadenopathy and expansion of lymphoid
tissues primarily reflects the immune dysregulation aspect of
APDS and its reduction, especially in the neck, mediastinum,
and gut, improves organ specific function.

Other manifestations of APDS include autoimmunity (eg,
cytopenias) and enteropathy.5-8 Uncontrolled antigen- or EBV-
driven PI3Kδ activity may partially drive malignant trans-
formation of B cells.19 Lymphoma has been reported in up to
25% of patients with APDS, at rates much higher than those of
the general population.5-8,20 Less well-characterized manifes-
tations include EBV positive posttransplant lymphoproliferative
disease-like lymphoproliferation, sclerosing cholangitis, nodular
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regenerative hyperplasia of the liver with portal hypertension,
allergy, asthma, eczema, neurodevelopmental delay, and
seizures.5,6,8,21,22 End-organ damage, including hearing loss,
bronchiectasis, and liver disease reflects the complex and pro-
gressive nature of APDS with multisystem involvement.5-8,23

APDS may lead to early mortality, although disease severity
and survival remain variable.8,13

Current APDS management is mainly empirical. Treatment
burden includes immunomodulatory therapies, prophylactic
antimicrobials, immunoglobulin replacement therapy (IRT), and
procedures such as splenectomies, repeated otosinopulmonary
surgeries, and hematopoietic stem cell transplantation. Most
strategies do not target the disease pathogenesis, hyperactive
PI3Kδ signaling.5-7

Leniolisib, a novel, orally bioavailable small molecule inhibitor,
was engineered to selectively target PI3Kδ signaling.24 We
previously reported leniolisib use in 6 patients with APDS in a
12-week dose-finding clinical trial. Leniolisib was well tolerated,
reduced PI3Kδ pathway hyperactivity, partially reconstituted
lymphocyte subsets, and decreased lymphoproliferation.25

Here we report outcomes from a phase 3 trial (NCT02435173), a
12-week, randomized, triple-blinded, placebo-controlled, fixed-
dose study of 31 patients.
Methods
Patients
Male and female patients aged 12 to 75 years and weighing
≥45 kg with pathogenic variants in PIK3CD or PIK3R1, clinical
findings consistent with APDS, and ≥1 measurable lymph node
on computed tomography or magnetic resonance imaging scan
were eligible. Patients taking immunosuppressive agents,
including rapamycin, underwent washout periods before entry.
Glucocorticoid doses equivalent to ≤25 mg per day of predni-
sone were allowed within 2 weeks before the first dosing and
throughout the study. supplemental Section 1 lists other eligi-
bility criteria.

Trial design and treatment
Patients from the United States, Europe, and Russia were
enrolled in a 12-week, randomized, subject-, investigator-, and
sponsor-blinded, placebo-controlled, fixed-dose study. On day
(D) 1, patients were randomized 2:1 to receive 70 mg leniolisib
or placebo orally every 12 hours twice daily. Efficacy and safety
assessments were performed on D15, D29, D57, and D85, with
pharmacokinetic (PK) assessments on D29, D57, and D85.

Endpoints and assessments
There were 2 coprimary endpoints. One was the negative
change from baseline at D85 in the log10-transformed sum of
product diameters of the index lymph nodes. Index nodes
comprised ≤6 of the largest lymph nodes as measured by
magnetic resonance imaging or computed tomography scan
and were selected per Cheson criteria.26 The other was the
positive change from baseline at D85 in the percentage of naïve
B cells out of total B cells as assessed by flow cytometry. In
order to score an improvement in the naïve B-cell percentages,
RAO et al
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patients were required to have <48% naïve B cells at baseline
for analysis.27

Secondary and exploratory endpoints included changes in
bidimensional size and 3D volume of the spleen/liver, immu-
nophenotyping of B- and T-cell subsets, and levels of serum
immunoglobulins, cytokines, chemokines, and inflammatory
markers. EBV and CMV loads were measured. Outcomes
reported by patient and clinicians were evaluated via multiple
instruments. PK assessments were performed in all patients
receiving leniolisib. Safety was assessed in all patients;
supplemental Section 1 includes assessment tools and further
details.

Trial oversight
Novartis AG, in collaboration with investigators, designed the
study. Novartis AG oversaw its conduct, and Novartis AG and
Pharming Group NV analyzed the data. The NCT02435173 trial
was conducted and reported in accordance with the protocol
(including the statistical analysis plan). Data were gathered
locally, and protocol-defined laboratory samples and imaging
were processed centrally. The trial was conducted in accor-
dance with the Declaration of Helsinki and the International
Council on Harmonization Good Clinical Practice guidelines.
Independent ethics committees or institutional review boards at
each center approved the protocol. Patients and/or their
guardians provided written informed consent/assent. An inde-
pendent data and safety monitoring committee monitored
safety and protocol compliance.

Statistics
Analysis of the primary lymphadenopathy endpoint determined
sample size. Based on the standard deviation (SD) observed in
the dose-finding trial (0.14), a sample size of 20 leniolisib and 10
placebo patients was estimated to provide 97% power to
detect statistically significant differences using 5% type I error.

Three data sets were analyzed. The safety analysis set included
all patients who received any study drug. The pharmacody-
namics (PD) analysis set included all patients who received any
study drug with no protocol deviations and with relevant impact
on endpoints. The PK analysis set included all patients with
≥1 valid PK concentration measurement who received any study
drug with no protocol deviations and with relevant impact on
PK data. For all data sets, there was no imputation of missing
data.

Analysis of covariance was performed on the PD analysis set for
each coprimary endpoint. Baseline intake of glucocorticoids
and IRT were included as categorical (Yes/No) covariates.
Comparison of the 2 treatment groups was 2-sided, with 5%
type I error. Treatment was a fixed effect and baseline was a
covariate. For the lymphadenopathy endpoint, patients with
0 nodes at D85 were excluded. For the B-cell endpoint, only
patients with <48% naïve B cells at baseline were included in
the primary analysis (B-PD data set). A supportive analysis using
the full PD analysis set was also performed. As a sensitivity
analysis, the change from baseline in naïve B-cell levels across
other study dates was analyzed in the B-PD data set using a
longitudinal mixed model, with treatment, time, treatment by
time interaction, baseline, and baseline by time interaction as
PHASE 3 TRIAL OF LENIOLISIB FOR APDS
fixed effects. Multiplicity was controlled across the coprimary
endpoints implicitly by requiring both to be statistically signifi-
cant for a positive study.

Analyses of covariance with the same parameters as the primary
endpoint analyses were also used to assess changes from
baseline to D85 in the PD analysis set for patient-reported
outcomes, non-index lymph nodes, and spleen/liver sizes. The
same repeated measures analysis used for B-cell frequencies
was used for patient-reported outcomes. For all secondary and
exploratory endpoints, summary statistics were calculated;
95% confidence intervals (CIs) have not been adjusted for
multiplicity and inferences drawn may not be reproducible. See
supplemental Section 1 for details.
Results
Patients and treatments
From December 2017 to August 2021, 32 patients were
screened and 31 entered the trial (Figure 1). Baseline demo-
graphics and clinical characteristics of the patients were similar
between groups and representative of the broader APDS
population (Table 1, supplemental Section 2 and supplemental
Table 1).7,8 All randomized patients completed treatment and
were included in the safety analysis set. The PD analysis set
(N = 27) was used to assess efficacy outcomes; 2 patients from
each treatment arm were excluded because of protocol devi-
ations. The B-PD analysis set for the primary naïve B-cell
endpoint excluded an additional 14 patients; reasons included
>48% naïve B cells at baseline (n = 8), no assessment performed
at D85 (n = 4), no baseline measurement of total B-cell levels
(n = 1), and no naïve B cells at baseline (n = 1). Baseline
demographics and clinical characteristics of the B-PD analysis
set were comparable between treatment arms (data not shown).

Lymphoproliferation outcomes
Leniolisib significantly reduced lymphadenopathy, meeting a
coprimary endpoint (Figure 2A). The difference in the adjusted
mean change (95% CI) between leniolisib (n = 18) and placebo
(n = 8) was −0.25 (−0.38, −0.12; P = .0006). One patient
receiving leniolisib was excluded from the PD analysis set
because the baseline index node fully resolved by D85.
Figure 3A shows index lymph node size for patients in the safety
analysis set. In the safety analysis set, 26% of patients in the
leniolisib group (n = 19) achieved complete absence of index
lymphadenopathy, whereas the other 74% achieved partial
response. In the placebo group (n = 9), 45% achieved partial
response, 44% had stable disease, and 11% had an unknown
response. The single patient with the unknown response moved
during the scan, which may explain the data loss. Though no
measurements were available at D85 for 2 of 6 index nodes, the
rest demonstrated continued lymphadenopathy. Leniolisib
decreased spleen size compared with placebo: the adjusted
mean difference (95% CI) in bidimensional size between the
groups was −13.5 cm2 (−24.1, −2.91; P = .0148) and in 3D
volume was −186 cm3 (−297, −76.2; P = .0020). Of the patients
in the safety analysis set with baseline splenomegaly, in the
leniolisib group (n = 13), 38% achieved complete response,
54% achieved partial response, and 8% had stable disease at
12 weeks. In the placebo group (n = 5), 20% achieved complete
response with the remaining 80% experiencing worsening
2 MARCH 2023 | VOLUME 141, NUMBER 9 973



Allocated to placebo (n = 10)Allocated to leniolisib (n = 21)

Completed study (n = 10)Completed study (n = 21)

Analysis Sets
• Safety (n = 10)

• PD (n = 8)

Analysis Sets
• Safety (n = 21)

• PK and PD (n = 19)

Excluded (n = 2)

• Glucocorticoids >25 mg/d
   of prednisone taken within
   14 days of first dose of
   study medication (n = 1)

• Written informed consent
   not obtained before MRI
   performed, so unable to
   use data to evaluate
   eligibility (n = 1)

Excluded (n = 2)

• No measurable nodal
   lesion on CT/MRI scan
   at baseline (n = 1)

• Written informed 
   consent not obtained 
   before MRI performed,
   so unable to use data to
   evaluate eligibility (n = 1)

Screened (n = 32)

Randomized (2:1) (n = 31)

Excluded (n = 1)
• Did not meet
   inclusion criteria

Figure 1. CONSORT participant flow diagram. CONSORT, Consolidated Standards of Reporting Trials; CT, computed tomography; MRI, magnetic resonance imaging.
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disease. Figure 3B shows 3D spleen volumes of each patient
with measurements in the safety analysis set. Figure 3C-J shows
radiographic renderings of nodes and spleens. supplemental
Section 2 reports supportive analyses and changes in liver size.
Table 1. Baseline demographics and clinical characteristics (s

Leniolisib (n = 2

Age, y

Median (range) 20.0 (12-54)

<18, No. (%) 8 (38.1)

Male/female sex, % 52.4/47.6

Weight, median (range), kg 67.1 (46.9-100.6

PIK3CD/PIK3R1 variant, No. 16/5

Baseline glucocorticoids,* No. (%) 12 (57.1)

Baseline IRT, No. (%) 14 (66.7)

Baseline antibiotic prophylaxis, No. (%) 9 (42.9)

Previous sirolimus treatment, No. (%) 4 (19.0)

Lymphoproliferation,† No. (%) 15 (71.4)

Chronic infections, No. (%) 18 (85.7)

Pulmonary disease, No. (%) 14 (66.7)

Bronchiectasis 8 (38.1)

Asthma 7 (33.3)

Cytopenias, No. (%) 13 (61.9)

Gastrointestinal disease, No. (%) 10 (47.6)

*Systemic glucocorticoids in a dose equivalent to ≤25 mg per day of prednisone within 2 week

†Although all patients were required to have lymphadenopathy for trial inclusion, documented c
varied.

974 2 MARCH 2023 | VOLUME 141, NUMBER 9

lo
Immune outcomes
As an indication of improvement in immunodeficiency, lenioli-
sib significantly increased the percentage of naïve B cells,
meeting the other coprimary endpoint (Figure 2B). The
afety analysis set)

1) Placebo (n = 10) Total (N = 31)

19.5 (15-48) 20.0 (12-54)

4 (40.0) 12 (38.7)

40.0/60.0 48.4/51.6

) 68.9 (50.0-88.0) 67.1 (46.9-100.6)

9/1 25/6

6 (60.0) 18 (58.1)

7 (70.0) 21 (67.7)

4 (40.0) 13 (41.9)

3 (30.0) 7 (22.6)

7 (70.0) 22 (71.0)

7 (70.0) 25 (80.6)

8 (80.0) 22 (71.0)

8 (80.0) 16 (51.6)

4 (40.0) 11 (35.5)

5 (50.0) 18 (58.1)

7 (70.0) 17 (54.8)

s before first dosing of study medication were allowed.

linical history of lymphoproliferation (eg, lymphadenopathy, splenomegaly, hepatomegaly)

RAO et al
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Figure 2. Coprimary endpoints. (A) Primary lymph-
adenopathy endpoint: least square mean of the change
from baseline at D85 in the log10-transformed sum of
product diameters of the index lymph node lesions in
the PD analysis set (leniolisib, n = 18; placebo, n = 8).
One patient in the leniolisib group was excluded
because of complete resolution of lesions by D85 (0
mm), therefore the log10 transformation could not be
computed. Compared with placebo, leniolisib reduced
lymphadenopathy (P = .0006). (B) Primary naïve B-cell
endpoint: least square mean of the change from
baseline at D85 in the percentage of naïve B cells
(CD19+CD27-CD10-) out of total B CD19+ cells in the
B-PD analysis set (leniolisib, n = 8; placebo, n = 5).
Compared with placebo, leniolisib increased naïve
B-cell levels (P = .0002). Error bars are SEM. ***P ≤ .001.
CFB, change from baseline; SEM, standard error of
mean. D
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difference in the adjusted mean change (95% CI) between
leniolisib (n = 8) and placebo (n = 5) from baseline to D85 was
37.30 (24.06, 50.54; P = .0002). The supportive analysis, which
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PHASE 3 TRIAL OF LENIOLISIB FOR APDS
included all patients in the PD analysis set with measurements
at baseline and D85, was consistent with the primary analysis:
the adjusted mean difference (95% CI) between leniolisib
Screen
D

85
Screen

D
85

een D85

Placebo

Figure 3. Changes in lymphoproliferation parameters. (A)
Individual untransformed SPD of index lymph nodes (lenio-
lisib, n = 19; placebo, n = 9). Reference range (≤1.5 × 1.5 cm)
not shown as up to 6 lymph nodes may be counted per
patient.26 (B) Individual spleen volumes (leniolisib, n = 20;
placebo, n = 9). The gray box indicates the reference range
for adults.28 All patients from the safety analysis set with
measurements are included in (A) and (B), whereas efficacy
analyses used the PD analysis set. (C-J) Radiographic ren-
derings of spleen volume (C, D, G, H) and lymph node
diameters (E, F, I, J) at screening and D85 from 2 patients in
the leniolisib arm. The images in the top row (C-F) are from a
29-year-old female. The investigator diagnosed spleno-
megaly at screen (C) that was deemed absent by D85 (D).
The index axillary lymph node lesion outlined in red
decreased in size over the trial (E-F). Yellow and purple
outlines in (F) indicate non-index lymph nodes. The images
in the bottom row (G-J) are from a 17-year-old male. The
investigator diagnosed splenomegaly at screen (G) that
remained present by D85 despite the spleen decreasing in
size (H). The index upper cervical lymph node lesion outlined
in red (I-J) decreased in size over the trial.
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Figure 4. Changes in B-cell parameters. (A) Mean naïve B-cell percentages (CD19+CD27-CD10-) over time. n values for baseline, D29, D57, and D85 for each group are as
follows: leniolisib, 20, 19, 19, and 16; placebo, 10, 9, 9, and 10. (B) Mean transitional B-cell percentages (CD19+CD27-CD10+) over time. n values for baseline, D29, D57, and D85
for each group are as follows: leniolisib, 19, 20, 20, and 17; placebo, 10, 8, 9, and 9. (C) Mean plasmablast percentage (CD19+CD27+CD38++) over time. n values for baseline,
D29, D57, and D85 for each group are as follows: leniolisib, 20, 20, 19, and 16; and placebo, 10, 9, 9, and 10. (D) Mean serum IgM level over time. n values for baseline, D29,
D57, and D85 for each group are as follows: leniolisib, 21, 20, 21, and 21; and placebo, 10, 10, 10, and 10. (E) Mean switched (CD19+CD27+IgD-) and nonswitched
(CD19+CD27+IgD+) memory B-cell percentages over time. n values for baseline, D29, D57, and D85 for each group are as follows: leniolisib, switched, 20, 19, 19, and 16;
placebo, switched, 10, 8, 9, and 10; leniolisib, nonswitched, 20, 19, 20, and 17; and placebo, nonswitched, 10, 9, 9, and 10. Baseline was calculated as the average of D−1 and
D1. All patients from the safety analysis set with measurements are included in the figures, whereas efficacy analysis of (A) used the B-PD analysis set. Gray boxes indicate
reference range from literature (A-C,E) or laboratory (D).27,29 In (E), gray box indicates reference range for switched memory B cells and dotted line indicates reference range
for nonswitched memory B cells. Error bars are SEM.
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(n = 13) and placebo (n = 8) was 27.94 (15.02, 40.85; P = .0003).
A repeated measures sensitivity analysis confirmed these
findings (supplemental Section 2, supplemental Figure 2).
Figure 4A shows the mean percentage of naïve B cells over time
for all patients in the safety analysis set with measurements.

Leniolisib improved key lymphocyte subsets. Changes in fre-
quency in the PD analysis set are shown in supplemental
Table 3, whereas Figures 4-5 show all patients in the safety
analysis set with measurements. Each stage of lymphocyte
trafficking and development is impacted in APDS, as evidenced
by the subsets of B cells that accumulate. Elevated transitional B
cells and CD38+ plasmablasts decreased in the leniolisib group
(Figure 4B-C). Switched and nonswitched memory B-cell per-
centages decreased slightly (Figure 4E). Importantly, leniolisib
greatly reduced serum IgM, which is often elevated in patients
976 2 MARCH 2023 | VOLUME 141, NUMBER 9
with APDS (Figure 4D). In the PD analysis set, the mean IgM
level decreased 208.26 mg/dL from baseline to D85 in the
leniolisib arm and 10.00 mg/dL in the placebo arm.

CD8+ senescent CD57+ T cells and PD-1+ T cells, often
elevated in patients with APDS, were reduced with leniolisib
(Figures 5A-B). The inverted CD4:CD8 T-cell ratio normalized
with leniolisib, increasing from 0.73 to 1.05. Although leniolisib
treatment decreased the overall proportion of total CD8+

T cells, including terminally differentiated effector memory
(TEMRA) CD8

+ T cells, it increased naïve CD8+ T-cell percent-
ages (Figure 5D-E). Leniolisib increased the percentage of total
CD4+ T cells, with a decrease in the CD4+ TEMRA subset
(Figure 5D-E). We observed little effect of leniolisib on central
memory T cells and effector memory T cells after 12 weeks
(supplemental Figure 2).
RAO et al
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Figure 5. Changes in T-cell parameters. (A) Mean CD4+ and CD8+ senescent T-cell percentages (CD57+) over time. n values for baseline, D29, D57, and D85 for each group
are as follows: leniolisib, CD4+, 18, 15, 16, and 15; placebo, CD4+, 9, 9, 7, and 8; leniolisib, CD8+, 19, 16, 19, and 16; and placebo, CD8+, 10, 9, 7, and 8. (B) Mean CD4+ and
CD8+ PD-1+ T-cell percentages over time. n values for baseline, D29, D57, and D85 for each group are as follows: leniolisib, CD4+, 19, 17, 20, and 16; placebo, CD4+, 10, 9, 7,
and 8; leniolisib, CD8+, 17, 14, 16, and 16; and placebo, CD8+, 10, 9, 7, and 7. (C) Mean CD4+ and CD8+ T-cell percentages over time. n values for baseline, D29, D57, and D85
for each group are as follows: leniolisib, CD4+, 19, 17, 20, and 16; placebo, CD4+, 10, 9, 7, and 8; leniolisib, CD8+, 19, 17, 20, and 16; and placebo, CD8+, 10, 9, 7, and 8. (D)
Mean naïve (CD45RA+CD62L+) CD4+ and CD8+ T-cell percentages over time. n values for baseline, D29, D57, and D85 for each group are as follows: leniolisib, CD4+, 18, 17,
20, and 16; placebo, CD4+, 10, 9, 8, and 7; leniolisib, CD8+, 19, 17, 19, and 17; and placebo, CD8+, 10, 9, 7, and 8. Note that reference ranges are greater than graph axis, CD4+,
49.3% to 72.0%; CD8+, 48.6% to 87.5%.27 (E) Mean CD4+ and CD8+ terminally differentiated effector memory T-cell percentages (CD45RA+CD62L-) over time. n values for
baseline, D29, D57, and D85 for each group are as follows: leniolisib, CD4+, 18, 17, 19, and 16; placebo, CD4+, 10, 9, 7, and 8; leniolisib, CD8+, 19, 17, 20, and 16; and placebo,
CD8+, 10, 9, 7, and 8. (F) Mean serum CXCL13 level over time. n values for baseline, D29, D57, and D85 for each group are as follows: leniolisib, 21, 20, 21, and 21; and placebo,
10, 10, 10, and 9. Baseline was calculated as the average of D−1 and 1. All patients from the safety analysis set with measurements are included in the figures. Reference ranges
are from personal communication (A-B; Manish Butte, University of California, Los Angeles, written communication, 29 March 2022), the literature (C-E), or laboratory (F).27 In
(A-E), gray boxes indicate reference ranges for CD4+ cells, and dotted lines indicate reference ranges for CD8+ cells. In (F), gray box indicates reference range. Error bars are
SEM.
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CXCL13 is a chemokine facilitating recruitment of B and T cells
to lymphoid follicles and a marker for T follicular helper cell
activity and aberrant lymphocyte trafficking; mean levels
decreased 286.77 pg/mL from baseline to D85 in the leniolisib
group and increased 59.31 pg/mL in the placebo arm in the PD
analysis set (Figure 5F). We observed decreases in tumor
necrosis factor α and other systemic inflammatory markers
(supplemental Section 2, supplemental Figure 3).
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Other secondary and exploratory outcomes
We used quantitative polymerase chain reaction to detect EBV
and CMV. Although we detected CMV (n = 6), EBV (n = 5), or
both (n = 5), no clinical progression occurred.30,31 The highest
value for either virus occurred in 2 different patients: EBV, 696
DNA copies per mL; CMV, 591 DNA copies per mL.

Baseline cytopenias varied among patients: in the leniolisib
group, baseline cytopenias included anemia (n = 8), thrombo-
cytopenia (n = 4), lymphopenia (n = 4), and neutropenia (n = 1),
with 2 patients having multiple cytopenias. In the placebo group,
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baseline cytopenias included anemia (n = 4) and thrombocyto-
penia (n = 1). Among the safety analysis set, 82% of cytopenias
improved in patients receiving leniolisib, compared with 60% in
patients receiving placebo (supplemental Section 2; Figure 6).

We observed no statistically significant changes in patient- and
clinician-reported outcomes in 12 weeks (supplemental Section
2 and supplemental Figures 4-6). However, patient and physi-
cian general assessment scores reflected clinically meaningful
improvements for the leniolisib group, whereas the placebo
group only showed meaningful improvement for the physician
general assessment score. Elements of the Work Productivity
and Activity Impairment plus Classroom Impairment Question-
naire also suggest clinically meaningful improvements for the
leniolisib but not placebo group. Improvements in SF-36 scores
were not clinically meaningful except for the physical func-
tioning subscale for the placebo group. Corresponding inves-
tigator narratives described positive improvements including
increased tolerance for physical activity and decreased fatigue
in 70.0% of patients receiving leniolisib and 44.4% receiving
placebo.
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Pharmacokinetics
After a single dose of 70 mg leniolisib, the absorption phase
was characterized by a geometric mean (CV %) Cmax of 2080
ng/mL (25.4%) reached at median Tmax of 2.87 hours
(supplemental Figure 7A and supplemental Table 4). Multiple-
dose PK was characterized by steady-state trough concentra-
tions on D29, D57, and D85 (supplemental Figure 7B). The
geometric mean (CV %) Ctrough on D85 was 804 ng/mL (67.5%).

Safety
Adverse events (AEs) were reported in 85.7% of patients
receiving leniolisib and in 90.0% of the placebo group; these
events were mostly grade 1 (74.2%; Table 2). Study drug–
related AEs occurred in 8 patients; the incidence was lower in
the leniolisib arm (23.8%) than in the placebo arm (30.0%).
Transient alopecia was reported in 2 of 21 patients receiving
leniolisib. In total, 5 patients reported a serious AE, with none
judged as related to study medication. No deaths were
reported within 30 days of the end of trial, and no AEs led to
discontinuation of study treatment.

Skin rash is a reported class effect of PI3Kδ inhibitors and was
observed with leniolisib in healthy subjects at doses of 70 and 140
mg twice daily (<10% of subjects) as well as in patients
with primary Sjögren syndrome at 70 mg twice daily (55% of
patients).32,33 Here, 1 patient reported maculopapular rash (grade
1), which was not suspected to be related to leniolisib treatment.
Immune-related AEs reported with the use of other PI3Kδ inhib-
itors for hematologic malignancies were not seen.32,34

Grade 3 or greater neutropenia is another class effect of PI3Kδ
inhibitors seen in cancer treatment trials but was not seen in the
present study.32,34 We observed transient neutropenia in the
leniolisib group, with a nadir on D15 (mean count, 2.204 × 109/L)
that recovered by D85. Four patients treated with leniolisib had
neutrophil levels <1.0 × 109/L at a single visit, but none had
infections, and at the subsequent visit counts were >1.0 × 109/L
for all of them. Four of the 21 patients in the leniolisib arm
developed asymptomatic mild neutropenia by D85 (0.90 × 109/
L-1.30 × 109/L). Mean neutrophil level at D85 of all 21 patients
receiving leniolisib was 2.94 × 109/L (range, 0.90 × 109/L-6.50 ×
109/L). Mild and transient neutropenia was previously observed
in healthy subjects treated with 70 mg leniolisib twice daily.
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Discussion
In patients with APDS, leniolisib given orally at a dose of 70 mg
twice daily over a period of 12 weeks reduced lymphadenopathy
and increased naïve B-cell percentage significantly more than
placebo, meeting both primary endpoints. Other key disease
outcome measures, including spleen size, lymphocyte subsets,
and cytopenias also improved. IgM levels decreased to healthy
limits in most patients receiving leniolisib over 12 weeks. Changes
in health-related quality of life measures were not statistically
significant. However, investigator narratives reported a majority
(70.0%) of patients receiving leniolisib (and 44.4% receiving pla-
cebo) had improvements in activity and energy levels.

We observed favorable changes in lymphocyte subsets attributed
to improvements in trafficking, development, and maintenance of
these cells. Mechanisms of defective EBV/CMV control in
PHASE 3 TRIAL OF LENIOLISIB FOR APDS
patients with APDS, such as elevated transitional B cells, which
are thought to be entry points and reservoirs for EBV, and
increased senescent CD8+ T cells, thought to be dysfunctional
effectors, were all notably improved.13

Leniolisib was well tolerated. Many of the reported AEs were pre-
sent at baseline. One patient in the leniolisib arm contracted
asymptomatic COVID-19. Investigators reportedmore study drug–
related AEs in the placebo group than the leniolisib group. Skin
rashwas reported in 1 patient receiving leniolisib but was judged to
be fungal and not related to study treatment by the investigator, in
contrast to effects reported with other PI3Kδ inhibitors used in non-
APDS populations.32,33 This finding is consistent with that reported
in part 1, in which we observed no skin rashes.25 We hypothesize
that the AEs commonly associated with PI3Kδ inhibitors in other
populations may be minimized in patients with APDS as their
baseline hyperactive PI3Kδ is brought within a physiologic range
and not inhibited completely by leniolisib.

This trial has several limitations. Firstly, the sample size was
small, particularly for the naïve B-cell analysis, and immuno-
phenotyping data were not available for all subsets for all
patients. However, the supportive naïve B-cell analysis with the
entire PD analysis set was consistent with results from the
smaller data set. The sample size was decreased further
because of protocol deviations: the analysis was based on
treated patients with no relevant protocol deviations rather than
intent-to-treat. The limited sample size might have also affected
the randomization of disease complications and prior treat-
ments; although most characteristics are similar between the 2
groups, bronchiectasis and gastrointestinal complications were
more prevalent in the placebo group. Interestingly, the higher
frequencies of these complications in the placebo group did
not appear to correspond to disease impairment because the
placebo group had less impairment on the Work Productivity
and Activity Impairment plus Classroom Impairment Question-
naire than the leniolisib group (supplemental Figure 5).
Regarding lung disease specifically, it is notable that patients
with APDS who were well managed with adequate health care
(eg, IRT) from early childhood did not develop significant
bronchiectasis. Conversely, those patients who had clinically
significant lung problems including surgical pulmonectomy and
bronchiectasis did well on leniolisib and completed the 12-
week clinical trial.

Secondly, the health-related quality of life surveys have not
been validated in children or patients with inborn errors of
immunity, which may contribute to nonsignificant results. Thirdly,
conducting an international trial during a global pandemic
entailed complications, including changes or limitations in per-
forming assessments and procedures at predetermined time
points. Finally, outcomes were evaluated over only a 12-week
period, which was chosen to limit the amount of time that
patients in the placebo group were without therapy. Washout
periods were required for patients receiving antiproliferative,
immunosuppressive, or B-cell depletion therapies before the trial
and ranged from 6 weeks to 6 months, depending on the agent.
Combined with the 12-week trial, patients in the placebo arm
could have been without treatment for 4 to 8.5 months. Given
the progressive nature of APDS, it would not have been ethical to
withhold treatment from patients in the placebo group for longer.
However, 12 weeks was insufficient to assess clinically meaningful
2 MARCH 2023 | VOLUME 141, NUMBER 9 979



Table 2. AEs through 30 days after end of trial

Leniolisib (n = 21) Placebo (n = 10) Total (N = 31)

Overall AE incidence*,†

All, nE, nS (%) 92, 18 (85.7) 40, 9 (90.0) 132, 27 (87.1)

Grade 1, nE, nS (%) 65, 15 (71.4) 26, 8 (80.0) 91, 23 (74.2)

Grade 2, nE, nS (%) 19, 9 (42.9) 10, 5 (50.0) 29, 14 (45.2)

Grade 3, nE, nS (%) 3, 2 (9.5) 4, 3 (30.0) 7, 5 (16.1)

Grade 4, nE, nS (%) 3, 2 (9.5) 0, 0 (0.0) 3, 2 (6.5)

Grade 5, nE, nS (%) 0, 0 (0.0) 0, 0 (0.0) 0, 0 (0)

Study drug–related, nE, nS (%) 6, 5 (23.8) 8, 3 (30.0) 14, 8 (25.8)

Serious, nE, nS (%) 5, 3 (14.3) 3, 2 (20.0) 8, 5 (16.1)

Incidence of AEs by preferred term‡

Headache, nS (%) 5 (23.8) 2 (20.0) 7 (22.6)

Nausea, nS (%) 1 (4.8) 3 (30.0) 4 (12.9)

Sinusitis, nS (%) 4 (19.0) 0 (0.0) 4 (12.9)

Upper respiratory tract infection, nS (%) 2 (9.5) 2 (20.0) 4 (12.9)

Fatigue, nS (%) 2 (9.5) 1 (10.0) 3 (9.7)

Abdominal discomfort, nS (%) 1 (4.8) 1 (10.0) 2 (6.5)

Alopecia, nS (%) 2 (9.5) 0 (0.0) 2 (6.5)

Asthenia, nS (%) 1 (4.8) 1 (10.0) 2 (6.5)

Back pain, nS (%) 2 (9.5) 0 (0.0) 2 (6.5)

Diarrhea, nS (%) 2 (9.5) 0 (0.0) 2 (6.5)

Dizziness, nS (%) 1 (4.8) 1 (10.0) 2 (6.5)

Eczema, nS (%) 2 (9.5) 0 (0.0) 2 (6.5)

Neck pain, nS (%) 2 (9.5) 0 (0.0) 2 (6.5)

Pyrexia, nS (%) 2 (9.5) 0 (0.0) 2 (6.5)

Urinary tract infection, nS (%) 1 (4.8) 1 (10.0) 2 (6.5)

Vomiting 1 (4.8) 1 (10.0) 2 (6.5)

Weight increased 1 (4.8) 1 (10.0) 2 (6.5)

Incidence of treatment-related AEs as reported by study investigators

Alopecia, nS (%) 2 (9.5) 0 (0.0) 2 (6.5)

Abdominal pain, nS (%) 0 (0.0) 1 (10.0) 1 (3.2)

Aphthous ulcer, nS (%) 1 (4.8) 0 (0.0) 1 (3.2)

Dyspnea, nS (%) 0 (0.0) 1 (10.0) 1 (3.2)

Fatigue, nS (%) 0 (0.0) 1 (10.0) 1 (3.2)

Headache, nS (%) 0 (0.0) 1 (10.0) 1 (3.2)

Taste disorder, nS (%) 1 (4.8) 0 (0.0) 1 (3.2)

Vasculitis, nS (%) 0 (0.0) 1 (10.0) 1 (3.2)

Vertigo, nS (%) 0 (0.0) 1 (10.0) 1 (3.2)

Vomiting, nS (%) 1 (4.8) 0 (0.0) 1 (3.2)

Weight increased, nS (%) 1 (4.8) 0 (0.0) 1 (3.2)

*nE, number of events in the category; nS, number of patients with at least 1 AE in the category; % is based on the number of patients.

†Common Toxicity Criteria were used to determine AE grade. If grading did not exist for an AE, the following definitions were used: 1, mild; 2, moderate; 3, severe; 4, life-threatening; 5,
death.

‡For AEs in ≥2 patients in total patients. A patient with multiple occurrences of an AE is counted only once in the AE category. Only AEs occurring at or after first drug intake are included.

§A patient with multiple serious AEs with the same preferred term is counted only once for that preferred term.

‖The coma was a consequence of the alcohol poisoning.
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Table 2 (continued)

Leniolisib (n = 21) Placebo (n = 10) Total (N = 31)

Incidence of serious AEs by preferred term§

Alcohol poisoning, nS (%) 1 (4.8) 0 (0.0) 1 (3.2)

Coma, nS (%)‖ 1 (4.8) 0 (0.0) 1 (3.2)

Dyspnea, nS (%) 0 (0.0) 1 (10.0) 1 (3.2)

Failure to thrive, nS (%) 1 (4.8) 0 (0.0) 1 (3.2)

Lipase increased, nS (%) 1 (4.8) 0 (0.0) 1 (3.2)

Lymphadenopathy, nS (%) 0 (0.0) 1 (10.0) 1 (3.2)

Mastoiditis, nS (%) 1 (4.8) 0 (0.0) 1 (3.2)

Urinary tract infection, nS (%) 0 (0.0) 1 (10.0) 1 (3.2)

*nE, number of events in the category; nS, number of patients with at least 1 AE in the category; % is based on the number of patients.

†Common Toxicity Criteria were used to determine AE grade. If grading did not exist for an AE, the following definitions were used: 1, mild; 2, moderate; 3, severe; 4, life-threatening; 5,
death.

‡For AEs in ≥2 patients in total patients. A patient with multiple occurrences of an AE is counted only once in the AE category. Only AEs occurring at or after first drug intake are included.

§A patient with multiple serious AEs with the same preferred term is counted only once for that preferred term.

‖The coma was a consequence of the alcohol poisoning.
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measures, such as decreases in infection frequency, hospitaliza-
tion, antimicrobial use, and continued need for IRT; these will be
evaluated in the future. Pediatric trials in younger children with
APDS are also planned.

Leniolisib is not the only PI3Kδ inhibitor that has been investi-
gated for treatment of APDS. A phase 2 trial of the inhaled
agent nemiralisib was completed in 5 patients but further
studies were not pursued (NCT02593539).35 A phase 3 trial of
the oral inhibitor seletalisib was terminated;36 published phase
1b and open label extension studies describe moderate efficacy
and AEs that led to treatment discontinuation.37 The reasons
behind the differences in efficacy and tolerability between
seletalisib and leniolisib are not immediately clear but may
involve inhibitor structure and isoform selectivity.

Overall, treatment with leniolisib demonstrated targeted ther-
apy of a rare but biologically relevant immune dysregulation
and immune deficiency with a significant benefit over placebo
with respect to the coprimary endpoints, reducing lymphade-
nopathy and increasing the percentage of naïve B cells by D85,
and was well tolerated in patients with APDS.
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