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The phosphoinositide 3-kinase (PI3K) is a family of kinases that play a key role in the biology of chronic

lymphocytic leukemia (CLL).

PI3K inhibitors  chronic lymphocytic leukemia  targeted therapy

1. Introduction

Chronic lymphocytic leukemia (CLL) is a slow-growing cancer that primarily afflicts elderly population and

represents the most common type of leukemia in Western countries . CLL induces B-cell expansion in blood,

bone marrow and secondary lymphoid tissues that is primarily driven by B-cell receptor (BCR) signaling.

The phosphoinositide 3-kinase (PI3K) family plays a key node in BCR pathway promoting proliferation and survival

in B cell malignancies, including CLL . Advances in our understanding of the role of PI3K in CLL led to the

development of modern pathway inhibitors which are revolutionizing the treatment landscape of this disease. The

main targets for PI3K inhibition are the four isoforms α, β, γ, and δ, collectively regulating CLL cell chemotaxis,

cytoskeletal rearrangement and the interaction of leukemic cells with the tumor microenvironment.

The potential efficacy of small molecule PI3K inhibitors (PI3Kis) has been widely recognized in CLL therapy .

However, several issues have become pertinent with the availability of PI3K inhibitors and the limits arising are of

similar magnitude as the advances that have been made. In particular, toxic side effects can significantly impair

patients’ quality of life as well as treatment efficacy.

2. The PI3K in CLL: BCR-Signaling and Beyond

PI3Ks represent a family of highly conserved lipid kinases which generate second messengers by specific catalytic

3-hydroxy phosphorylation of phosphatidylinositol (PI) . PI3Ks are divided into four classes based on their in vitro

lipid substrate specificity and structure . Class I is the subfamily most implicated in human cancer and functions

as a dimeric enzyme consisting of catalytic and regulatory subunits. Mammals express four tissue-specific Class I

catalytic isoforms (p110 α, β, γ and δ) that are associated with various tissue pathways. PI3K isoforms p110α and

p110β are ubiquitously expressed , while γ and δ isoforms are highly enriched in leukocytes , where

they have distinct and nonoverlapping roles in immune cell development and function. Therefore, tissue distribution

informs the expected activity and toxicity seen with pharmacologic inhibition of these different isoforms.
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PI3Ks are a part of the intracellular PI3K/AKT/mammalian target of the rapamycin (mTOR) signaling axis that plays

a key role in signal transduction, cell metabolism and survival . Importantly, PI3K lies downstream of the B-cell

antigen receptor signaling in both normal and malignant B cells (Figure 1), the latter being described to have a

constitutively activated PI3K/AKT/mTOR pathway .

Figure 1.  The effector molecule PI3K plays a central role in multiple signaling pathways promoting B-cell

development and function. CLL cells depend on signaling via the BCR engagement that induces the activation of

PI3K-dependent pathways to increase survival, proliferation, adhesion to stromal cells (via VLA-4), and secretion of

chemokines (CCL3 and CCL4). Antigens for the BCR may be expressed by the CLL cells themselves or by other

cells in the microenvironment. Key cell types of the tumor microenvironment include: 1. T-cells that can be recruited

by CCL3 production and CCR5 receptor binding to provide CD40 ligand (CD40L) and cytokines (IL4, TNFα, IFNγ,

CCL3, CCL4) that induce PI3K activation and stimulate the expansion of the malignant CLL clone. PI3K/AKT

signaling triggered by the T cell receptor (TCR) plays a critical role in T-cell differentiation, function, and immune

tolerance. PI3Kδ controls the activity of regulatory T-cells (Tregs) resulting in enhanced anti-tumoral immune

functions which may contribute to the activity and toxicity of PI3Kδ inhibitors in CLL therapy. Impairment of Treg

function by PI3Kδ inhibition can be counteracted with CK1ε modulation. 2. Myeloid-derived nurse-like cells (NLC)

and tumor-associated macrophages (TAM) that secrete cytokines and chemokines, such as CXCL12 and CXCL13,

which bind to CXCR4 and CXCR5 on CLL cells. PI3Kδ is a central integrator of signals from the CXCR4/CXCL12

and CXCR5/CXCL13 axis. 3. Stromal cells of mesenchymal origin that also secrete CXCL12 to facilitate CLL

recruitment to and retention in the lymph nodes via VLA-4 binging. *VLA-4 = Very late antigen 4, CCL3 = C-C motif

chemokine ligand 3, CCL4 = C-C motif chemokine ligand 4, CCR5 = C-C motif chemokine receptor type 5, CD40L

= CD40 ligand, IL4 = Interleukin 4, TNFα = Tumor necrosis factor, INFγ = Interferon gamma, CXCL12 = C-X-C

motif chemokine ligand 12, CXCL13 = C-X-C motif chemokine ligand 13, CXCR4 = C-X-C chemokine receptor type

4, CXCR5 = C-X-C chemokine receptor type 5.
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CLL cells with unmutated immunoglobulin heavy chain variable region (IGHV) show significantly greater PI3K

expression compared to IGHV mutated counterpart . After BCR engagement, the Class I PI3Ks p110γ and

p110δ produce the phospholipid phosphatidylinositol-(3,4,5)-trisphosphate (PIP3)  leading to the activation of

several downstream mediators of essential cellular processes, including cell survival, proliferation, and metabolic

fitness . In B cells, the PH domain of both AKT and BTK allow PIP3 binding to keep an activation loop “open”

for substrate docking . Additional downstream effects of PI3K activation include inhibition of IκB Kinase (IKK),

Forkhead box O (FOXO), and the proapoptotic protein B-cell lymphoma 2 (BCL2) associated agonist of cell death

(BAD) as well as activation of mTOR. The PI3K/AKT signaling can also inhibit the lysosome-mediated degradation

of NOTCH1  a new key cancer gene in CLL whose genetic and pathway alterations are likely to represent a

novel oncogenic process in this disease . Interestingly, we demonstrated the involvement of the PI3Kδ

oncogenic pathway in the phosphorylation of NOTCH1 intracellular domain in CLL . Besides its role in

BCR signaling, PI3Kδ also plays an important role in CLL cell migration and tissue homing. In vitro studies have

shown that antigen receptors, costimulatory molecules, cytokine and chemokine receptors signaling can all trigger

an increase in PIP  and phosphorylation of AKT in different B-cell disease  (Figure 1).

The PI3K pathway extends beyond the direct regulation of CLL cell-intrinsic activities through the BCR (Figure 1). It

is well known that the tumor biology of CLL cells depends on a complex cross talk with a number of non-neoplastic

cells comprising the tumor microenvironment (i.e., mesenchymal stromal cells, nurse-like cells and lymphoma-

associated macrophages, in concert with T cells, natural killer cells and extracellular matrix components). Several

studies highlighted the relevance of specific PI3K isoform signaling on CLL microenvironment. The PI3K p110δ is

critical for survival and function of CD4 CD25 FOXP3  regulatory T cells (Treg) . In mice, PI3Kδ deletion had

a significant deleterious effect on the induction of Treg which cannot block the development of experimental colitis

. Thus, the role of p110δ Treg function may explain some of the toxicities seen with PI3K inhibitors describe

thereafter in this review. Interestingly, immune suppression of Tregs can be restored by the inhibition the casein-

kinase 1 epsilon (CK1ε), a Wingless-related integration site (WNT) signaling amplifier that negatively modulates

regulatory T cell function . This represents an alternative approach to lower the risk of immune-mediated

toxicities frequently observed with PI3K p110δ inhibitors. PI3Kγ and δ are essential mediators of chemokine

receptor signaling necessary for the interaction of CLL with tissue-resident stromal cells. Specifically, PI3Kγ

contributes to the differentiation and migration of key support cells in the tumor microenvironment, such as CD4  T

cells and M2 tumor-associated macrophages, which sustain leukemia cells in a protective niche . PI3K p110γ

is also critical for many aspects of neutrophil function, including chemotaxis, phagosome formation, and the

oxidative burst . Additionally, genetic p110δ inhibition enhances toll-like receptor signaling in macrophages

 and leads to prolonged pro-inflammatory responses in dendritic cells . These data indicate that PI3Ks play a

critical role in the innate immune systems as well as the adaptive immune system, suggesting that p110δ and

p110γ inhibition may enhance immune responses. PI3K inhibitors efficacy and toxicity is the result of a combination

of these pleiotropic effects in the tumor microenvironment with CLL cell-intrinsic activities.

3. Approved PI3K Inhibitors in CLL
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3.1. Idelalisib

Idelalsib (CAL-101) is a first-generation inhibitor of the delta isoform of the catalytic subunit of PI3K p110δ, which is

preferentially expressed in leukocytes  (Figure 2).

Figure 2. Direct comparison of idelalisib, duvelisib and umbralisib profiles.

Idelalisib inhibited cellular pathways involved in the homing and retention of normal and malignant B cells in lymph

nodes and bone marrow, thereby causing transient lymphocytosis and rapid lymph node shrinking . The

recommended dosage of idelalisib is 150 mg administered orally twice daily. A phase III study evaluated idelalisib

and rituximab versus placebo and rituximab therapy in relapsed CLL, with an overall response rate (ORR) of 81%

that allowed the first FDA and EMA approval of a PI3K inhibitor in CLL . In a second trial, a population of

treatment naïve (TN) elderly patients with TP53 alterations displayed 100% ORR with high PFS and OS rates at 36

months . A recent phase III randomized trial (ASCEND) assessed the efficacy and safety of acalabrutinib

compared with idelalisib plus rituximab (idelalisib-R) for R/R CLL . This trial, which is one of the first direct

comparison between two inhibitors of the B-cell receptor pathways, demonstrated significantly longer PFS of

acalabrutinib monotherapy over idelalisib-R regimen. Acalabrutinib was discontinued in 11% for AEs while

idelalisib-R was discontinued in 47% of cases with a median treatment duration of 11.5 months, which was shorter

compared with previous studies . Interestingly, the ORR was similar between the acalabrutinib and idelalisib-R

treatment, confirming that toxicity and early drug discontinuation may have contributed to the improved PFS with

acalabrutinib. The authors speculated that a higher rate of discontinuation of idelalisib was correlated either to a
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better clinical experience which had facilitated an earlier identification of AEs, or to the setting of the patients (i.e.,

younger and less pretreated with a more intact immune system).

Currently, combination of idelalisib and rituximab is indicated in relapsed/refractory (R/R) CLL and in first-line

therapy of patients with del(17p)/TP53 mutations. However, the latter was restricted only to patients not eligible for

any other therapies, as alternative treatments have better benefit/risk ratio. Indeed, prolonged follow-up

documented serious adverse events during idelalisib administration, including but not limited to a high risk of

autoimmune complications (i.e., colitis, pneumonitis and transaminitis) and infections

(i.e., cytomegalovirus reactivation and pneumocystis jirovecii pneumonia) . Current limits to the use of idelalisib

in clinical practice together with strategies for overcoming these challenges will be discussed in the following

paragraphs.

3.2. Duvelisib

Duvelisib (IPI-145) is a dual inhibitor of PI3Kδ and PI3Kγ isoforms (Figure 2) that have been shown to support CLL

survival in distinct and independent manners . Preclinical evidence showed that PI3Kδ inhibition directly affects

the leukemic B cells, whereas PI3Kγ inhibition targets key support cells in the tumor protective niche, such as

CD4   T cells and M2 tumor-associated macrophages  (Figure 1). The unique binding affinity to PI3Kγ

together with a long target residence time represent distinct features compared to idelalisib that may improve the

therapeutic profile of duvelisib . Furthermore, duvelisib overcomes the ibrutinib resistance of treatment-induced

BTK C481S mutation in vitro .

The recommended oral dose of 25 mg BID of duvelisib was identified in the first phase I study as the most

appropriate for patient affected by different hematological malignancies, including treatment naïve (TN; n =18) and

R/R (n = 55) CLL . Patients remained on treatment for a median of 62.3 and 24 weeks in TN and R/R cohort,

respectively. The achievement of a clinical response was higher in TN (83%) than R/R (56%) patients, while being

independent from adverse prognostic features in both cohorts. The efficacy of duvelisib monotherapy was

confirmed in the phase III “DUO trial” comparing duvelisib to ofatumumab in 319 R/R CLL, excluding previously

BCR inhibitors treated patients from trial . After a median follow-up of 22.4 months, duvelisib resulted superior to

ofatumumab in terms of PFS and ORR rates (13.3 vs. 9.9 months and 73.8% vs. 45.3%, respectively). The higher

benefit of duvelisib was conserved when considering the subset of patients who received ≥2 prior lines of therapy

, for which the drug obtained the FDA approval in 2018. Similarly to idelalisib, the safety profile of duvelisib lead

to a high rate of treatment discontinuation, thus hampering the therapeutic advantage of this molecule.

References

1. Chiorazzi, N.; Rai, K.R.; Ferrarini, M. Mechanisms of disease: Chronic lymphocytic leukemia. N.
Engl. J. Med. 2005, 352, 804–815.

[44]

[45]

+ [34][46]

[47]

[48]

[49]

[50]

[51]



PI3K | Encyclopedia.pub

https://encyclopedia.pub/entry/8116 6/10

2. Okkenhaug, K.; Burger, J.A. PI3K Signaling in Normal B Cells and Chronic Lymphocytic
Leukemia (CLL). Curr. Top. Microbiol. Immunol. 2015, 393, 123–142.

3. Furman, R.R.; Sharman, J.P.; Coutre, S.E.; Cheson, B.D.; Pagel, J.M.; Hillmen, P.; Barrientos,
J.C.; Zelenetz, A.D.; Kipps, T.J.; Flinn, I.; et al. Idelalisib and Rituximab in Relapsed Chronic
Lymphocytic Leukemia. N. Engl. J. Med. 2014, 370, 997–1007.

4. Cantley, L.C. The Phosphoinositide 3-Kinase Pathway. Science 2002, 296, 1655–1657.

5. Leevers, S.J.; Vanhaesebroeck, B.; Waterfield, M.D. Signalling through phosphoinositide 3-
kinases: The lipids take centre stage. Curr. Opin. Cell Biol. 1999, 11, 219–225.

6. Engelman, J.A.; Luo, J.; Cantley, L.C. The evolution of phosphatidylinositol 3-kinases as
regulators of growth and metabolism. Nat. Rev. Genet. 2006, 7, 606–619.

7. Liu, P.; Cheng, H.; Roberts, T.M.; Zhao, J.J. Targeting the phosphoinositide 3-kinase pathway in
cancer. Nat. Rev. Drug Discov. 2009, 8, 627–644.

8. Vanhaesebroeck, B.; Guillermet-Guibert, J.; Graupera, M.; Bilanges, B. The emerging
mechanisms of isoform-specific PI3K signalling. Nat. Rev. Mol. Cell Biol. 2010, 11, 329–341.

9. Vanhaesebroeck, B.; Welham, M.J.; Kotani, K.; Stein, R.; Warne, P.H.; Zvelebil, M.J.; Higashi, K.;
Volinia, S.; Downward, J.; Waterfield, M.D. P110delta, a novel phosphoinositide 3-kinase in
leukocytes. Proc. Natl. Acad. Sci. USA 1997, 94, 4330–4335.

10. Chantry, D.; Vojtek, A.; Kashishian, A.; Holtzman, D.A.; Wood, C.; Gray, P.W.; Cooper, J.A.;
Hoekstra, M.F. p110δ, a Novel Phosphatidylinositol 3-Kinase Catalytic Subunit That Associates
with p85 and Is Expressed Predominantly in Leukocytes. J. Biol. Chem. 1997, 272, 19236–19241.

11. Okkenhaug, K.; Vanhaesebroeck, B. PI3K in lymphocyte development, differentiation and
activation. Nat. Rev. Immunol. 2003, 3, 317–330.

12. Engelman, J.A. Targeting PI3K signalling in cancer: Opportunities, challenges and limitations. Nat.
Rev. Cancer 2009, 9, 550–562.

13. Nicholson, K.M.; Anderson, N.G. The protein kinase B/Akt signalling pathway in human
malignancy. Cell. Signal. 2002, 14, 381–395.

14. Kienle, D.; Benner, A.; Kröber, A.; Winkler, D.; Mertens, D.; Bühler, A.; Seiler, T.; Jäger, U.; Lichter,
P.; Döhner, H.; et al. Distinct gene expression patterns in chronic lymphocytic leukemia defined by
usage of specific VH genes. Blood 2006, 107, 2090–2093.

15. Clayton, E.; Bardi, G.; Bell, S.E.; Chantry, D.; Downes, C.P.; Gray, A. A crucial role for the
p110delta subunit of phosphatidylinositol 3-kinase in B cell development and activation. J. Exp.
Med. 2002, 196, 753–763.



PI3K | Encyclopedia.pub

https://encyclopedia.pub/entry/8116 7/10

16. Okkenhaug, K.; Bilancio, A.; Farjot, G.; Priddle, H.; Sancho, S.; Peskett, E.; Pearce, W.; Meek,
S.E.; Salpekar, A.; Waterfield, M.D.; et al. Impaired B and T Cell Antigen Receptor Signaling in
p110delta PI 3-Kinase Mutant Mice. Science 2002, 297, 1031–1034.

17. Baracho, G.; Miletic, A.; Omori, S.; Cato, M.; Rickert, R. Emergence of the PI3-kinase pathway as
a central modulator of normal and aberrant B cell differentiation. Curr. Opin. Immunol. 2011, 23,
178–183.

18. Hawkins, P.; Stephens, L. PI3K signalling in inflammation. Biochim. Biophys. Acta (BBA) Mol. Cell
Biol. Lipids 2015, 1851, 882–897.

19. Platonova, N.; Manzo, T.; Mirandola, L.; Colombo, M.; Calzavara, E.; Vigolo, E.; Cermisoni, G.C.;
De Simone, D.; Garavelli, S.; Cecchinato, V.; et al. PI3K/AKT signaling inhibits NOTCH1
lysosome-mediated degradation. Genes Chromosom. Cancer 2015, 54, 516–526.

20. Sportoletti, P.; Baldoni, S.; Del Papa, B.; Aureli, P.; Dorillo, E.; Ruggeri, L.; Plebani, S.; Amico, V.;
Di Tommaso, A.; Rosati, E.; et al. A revised NOTCH1 mutation frequency still impacts survival
while the allele burden predicts early progression in chronic lymphocytic leukemia. Leukemia
2013, 28, 436–439.

21. Rosati, E.; Baldoni, S.; De Falco, F.; Del Papa, B.; Dorillo, E.; Rompietti, C.; Albi, E.; Falzetti, F.; Di
Ianni, M.; Sportoletti, P. NOTCH1 Aberrations in Chronic Lymphocytic Leukemia. Front. Oncol.
2018, 8, 229.

22. Di Ianni, M.; Baldoni, S.; Del Papa, B.; Aureli, P.; Dorillo, E.; De Falco, F.; Albi, E.; Varasano, E.; Di
Tommaso, A.; Giancola, R.; et al. NOTCH1 Is Aberrantly Activated in Chronic Lymphocytic
Leukemia Hematopoietic Stem Cells. Front. Oncol. 2018, 8, 105.

23. Sportoletti, P.; Baldoni, S.; Cavalli, L.; Del Papa, B.; Bonifacio, E.; Ciurnelli, R.; Bell, A.S.; Di
Tommaso, A.; Rosati, E.; Crescenzi, B.; et al. NOTCH1 PEST domain mutation is an adverse
prognostic factor in B-CLL. Br. J. Haematol. 2010, 151, 404–406.

24. De Falco, F.; Sabatini, R.; Falzetti, F.; Di Ianni, M.; Sportoletti, P.; Baldoni, S.; Del Papa, B.;
Screpanti, I.; Marconi, P.; Rosati, E. Constitutive phosphorylation of the active Notch1 intracellular
domain in chronic lymphocytic leukemia cells with NOTCH1 mutation. Leukemia 2015, 29, 994–
998.

25. De Falco, F.; Sabatini, R.; Del Papa, B.; Falzetti, F.; Di Ianni, M.; Sportoletti, P.; Baldoni, S.;
Screpanti, I.; Marconi, P.; Rosati, E. Notch signaling sustains the expression of Mcl-1 and the
activity of eIF4E to promote cell survival in CLL. Oncotarget 2015, 6, 16559–16572.

26. De Falco, F.; Del Papa, B.; Baldoni, S.; Sabatini, R.; Falzetti, F.; Di Ianni, M.; Martelli, M.P.;
Mezzasoma, F.; Pelullo, M.; Marconi, P.; et al. IL-4-dependent Jagged1 expression/processing is
associated with survival of chronic lymphocytic leukemia cells but not with Notch activation. Cell
Death Dis. 2018, 9, 1160.



PI3K | Encyclopedia.pub

https://encyclopedia.pub/entry/8116 8/10

27. Davies, C.C.; Mason, J.; Wakelam, M.J.O.; Young, L.S.; Eliopoulos, A.G. Inhibition of
Phosphatidylinositol 3-Kinase- and ERK MAPK-regulated Protein Synthesis Reveals the Pro-
apoptotic Properties of CD40 Ligation in Carcinoma Cells. J. Biol. Chem. 2004, 279, 1010–1019.

28. Bilancio, A.; Okkenhaug, K.; Camps, M.; Emery, J.L.; Ruckle, T.; Rommel, C.; Vanhaesebroeck, B.
Key role of the p110delta isoform of PI3K in B-cell antigen and IL-4 receptor signaling:
Comparative analysis of genetic and pharmacologic interference with p110delta function in B
cells. Blood 2006, 107, 642–650.

29. Henley, T.; Kövesdi, R.; Turner, M. B-cell responses to B-cell activation factor of the TNF family
(BAFF) are impaired in the absence of PI3K delta. Eur. J. Immunol. 2008, 38, 3543–3548.

30. Patton, D.T.; Garden, O.A.; Pearce, W.P.; Clough, L.E.; Monk, C.R.; Leung, E.; Rowan, W.C.;
Sancho, S.; Walker, L.S.; Vanhaesebroeck, B.; et al. Cutting edge: The phosphoinositide 3-kinase
p110 delta is critical for the function of CD4+CD25+Foxp3+ regulatory T cells. J. Immunol. 2006,
177, 6598–6602.

31. Di Ianni, M.; Del Papa, B.; Zei, T.; Iacucci Ostini, R.; Cecchini, D.; Cantelmi, M.G.; Baldoni, S.;
Sportoletti, P.; Cavalli, L.; Carotti, A.; et al. T regulatory cell separation for clinical application.
Transfus. Apher. Sci. 2012, 47, 213–216.

32. Steinbach, E.C.; Kobayashi, T.; Russo, S.M.; Sheikh, S.Z.; Gipson, G.R.; Kennedy, S.T.; Uno,
J.K.; Mishima, Y.; Borst, L.B.; Liu, B.; et al. Innate PI3K p110delta regulates Th1/Th17
development and microbiota-dependent colitis. J. Immunol. 2014, 192, 3958–3968.

33. Janovska, P.; Verner, J.; Kohoutek, J.; Bryjova, L.; Gregorova, M.; Dzimkova, M.; Skabrahova, H.;
Radaszkiewicz, T.; Ovesna, P.; Blanarova, O.V.; et al. Casein kinase 1 is a therapeutic target in
chronic lymphocytic leukemia. Blood 2018, 131, 1206–1218.

34. Reif, K.; Okkenhaug, K.; Sasaki, T.; Penninger, J.M.; Vanhaesebroeck, B.; Cyster, J.G. Cutting
Edge: Differential Roles for Phosphoinositide 3-Kinases, p110γ and p110δ, in Lymphocyte
Chemotaxis and Homing. J. Immunol. 2004, 173, 2236–2240.

35. Flinn, I.W.; O’Brien, S.; Kahl, B.; Patel, M.; Oki, Y.; Foss, F.F.; Porcu, P.; Jones, J.; Burger, J.A.;
Jain, N.; et al. Duvelisib, a novel oral dual inhibitor of PI3K-δ,γ, is clinically active in advanced
hematologic malignancies. Blood 2018, 131, 877–887.

36. Koyasu, S. The role of PI3K in immune cells. Nat. Immunol. 2003, 4, 313–319.

37. Sasaki, T.; Irie-Sasaki, J.; Jones, R.G.; Oliveira-dos-Santos, A.J.; Stanford, W.L.; Bolon, B.; Bolon,
B.; Wakeham, A.; Itie, A.; Bouchard, D.; et al. Function of PI3Kgamma in thymocyte development,
T cell activation, and neutrophil migration. Science 2000, 287, 1040–1046.

38. Aksoy, E.; Taboubi, S.; Torres, D.; Delbauve, S.; Hachani, A.; Whitehead, M.A.; Pearce, W.P.;
Berenjeno, I.M.; Nock, G.; Filloux, A.; et al. The p110delta isoform of the kinase PI(3)K controls



PI3K | Encyclopedia.pub

https://encyclopedia.pub/entry/8116 9/10

the subcellular compartmentalization of TLR4 signaling and protects from endotoxic shock. Nat.
Immunol. 2012, 13, 1045–1054.

39. Brown, J.R.; Byrd, J.C.; Coutre, S.E.; Benson, D.M.; Flinn, I.W.; Wagner-Johnston, N.D.;
Spurgeon, S.E.; Kahl, B.S.; Bello, C.; Webb, H.K.; et al. Idelalisib, an inhibitor of
phosphatidylinositol 3-kinase p110delta, for relapsed/refractory chronic lymphocytic leukemia.
Blood 2014, 123, 3390–3397.

40. Lannutti, B.J.; Meadows, S.A.; Herman, S.E.; Kashishian, A.; Steiner, B.; Johnson, A.J.; Byrd,
J.C.; Tyner, J.W.; Loriaux, M.M.; Deininger, M.; et al. CAL-101, a p110delta selective
phosphatidylinositol-3-kinase inhibitor for the treatment of B-cell malignancies, inhibits PI3K
signaling and cellular viability. Blood 2011, 117, 591–594.

41. Hoellenriegel, J.; Meadows, S.A.; Sivina, M.; Wierda, W.G.; Kantarjian, H.; Keating, M.J.; Giese,
N.; O’Brien, S.; Yu, A.; Miller, L.L.; et al. The phosphoinositide 3′-kinase delta inhibitor, CAL-101,
inhibits B-cell receptor signaling and chemokine networks in chronic lymphocytic leukemia. Blood
2011, 118, 3603–3612.

42. O’Brien, S.M.; Lamanna, N.; Kipps, T.J.; Flinn, I.W.; Zelenetz, A.D.; Burger, J.A.; Keating, M.J.;
Mitra, S.; Holes, L.M.; Yu, A.S.; et al. A phase 2 study of idelalisib plus rituximab in treatment-
naïve older patients with chronic lymphocytic leukemia. Blood 2015, 126, 2686–2694.

43. Ghia, P.; Pluta, A.; Wach, M.; Lysak, D.; Kozak, T.; Simkovic, M.; Kaplan, P.; Kraychok, I.; Illes, A.;
De La Serna, J.; et al. ASCEND: Phase III, Randomized Trial of Acalabrutinib Versus Idelalisib
Plus Rituximab or Bendamustine Plus Rituximab in Relapsed or Refractory Chronic Lymphocytic
Leukemia. J. Clin. Oncol. 2020, 38, 2849–2861.

44. Coutre, S.E.; Barrientos, J.C.; Brown, J.R.; de Vos, S.; Furman, R.R.; Keating, M.J.; Li, D.;
O’Brien, S.M.; Pagel, J.M.; Poleski, M.H.; et al. Management of adverse events associated with
idelalisib treatment: Expert panel opinion. Leuk. Lymphoma 2015, 56, 2779–2786.

45. Frustaci, A.M.; Tedeschi, A.; Deodato, M.; Zamprogna, G.; Cairoli, R.; Montillo, M. Duvelisib for
the treatment of chronic lymphocytic leukemia. Expert Opin. Pharmacother. 2020, 21, 1299–1309.

46. De Henau, O.; Rausch, M.; Winkler, D.; Campesato, L.F.; Liu, C.; Cymerman, D.H.; Budhu, S.;
Ghosh, A.; Pink, M.; Tchaicha, J.; et al. Overcoming resistance to checkpoint blockade therapy by
targeting PI3Kgamma in myeloid cells. Nature 2016, 539, 443–447.

47. Winkler, D.G.; Faia, K.L.; DiNitto, J.P.; Ali, J.A.; White, K.F.; Brophy, E.E.; Pink, M.M.; Proctor, J.L.;
Lussier, J.; Martin, C.M.; et al. PI3K-delta and PI3K-gamma inhibition by IPI-145 abrogates
immune responses and suppresses activity in autoimmune and inflammatory disease models.
Chem. Biol. 2013, 20, 1364–1374.

48. O’Brien, S.; Patel, M.; Kahl, B.S.; Horwitz, S.M.; Foss, F.M.; Porcu, P.; Jones, J.; Burger, J.; Jain,
N.; Allen, K.; et al. Duvelisib, an oral dual PI3K-δ,γ inhibitor, shows clinical and pharmacodynamic



PI3K | Encyclopedia.pub

https://encyclopedia.pub/entry/8116 10/10

activity in chronic lymphocytic leukemia and small lymphocytic lymphoma in a phase 1 study. Am.
J. Hematol. 2018, 93, 1318–1326.

49. Burris, H.A., 3rd; Flinn, I.W.; Patel, M.R.; Fenske, T.S.; Deng, C.; Brander, D.M.; Gutierrez, M.;
Essell, J.H.; Kuhn, J.G.; Miskin, H.P.; et al. Umbralisib, a novel PI3Kdelta and casein kinase-
1epsilon inhibitor, in relapsed or refractory chronic lymphocytic leukaemia and lymphoma: An
open-label, phase 1, dose-escalation, first-in-human study. Lancet Oncol. 2018, 19, 486–496.

50. Flinn, I.W.; Hillmen, P.; Montillo, M.; Nagy, Z.; Illés, Á.; Etienne, G.; Delgado, J.; Kuss, B.J.; Tam,
C.S.; Gasztonyi, Z.; et al. The phase 3 DUO trial: Duvelisib vs ofatumumab in relapsed and
refractory CLL/SLL. Blood 2018, 132, 2446–2455.

51. Davids, M.S.; Kuss, B.J.; Hillmen, P.; Montillo, M.; Moreno, C.; Essell, J.; Lamanna, N.; Nagy, Z.;
Tam, C.S.; Stilgenbauer, S.; et al. Efficacy and Safety of Duvelisib Following Disease Progression
on Ofatumumab in Patients with Relapsed/Refractory CLL or SLL in the DUO Crossover
Extension Study. Clin. Cancer Res. 2020, 26, 2096–2103.

Retrieved from https://encyclopedia.pub/entry/history/show/19217


