

[image: image1]
Multifaceted Immunomodulatory Effects of the BTK Inhibitors Ibrutinib and Acalabrutinib on Different Immune Cell Subsets – Beyond B Lymphocytes












	 
	REVIEW
published: 13 August 2021
doi: 10.3389/fcell.2021.727531





[image: image]

Multifaceted Immunomodulatory Effects of the BTK Inhibitors Ibrutinib and Acalabrutinib on Different Immune Cell Subsets – Beyond B Lymphocytes

Sining Zhu1,2, Samantha Gokhale1,2, Jaeyong Jung1,2, Eris Spirollari1, Jemmie Tsai1, Johann Arceo1, Ben Wang Wu1, Eton Victor1 and Ping Xie1,3*

1Department of Cell Biology and Neuroscience, Rutgers University, Piscataway, NJ, United States

2Graduate Program in Cellular and Molecular Pharmacology, Rutgers University, Piscataway, NJ, United States

3Rutgers Cancer Institute of New Jersey, New Brunswick, NJ, United States

Edited by:
Zhibin Chen, University of Miami, United States

Reviewed by:
Yingqiu Li, Sun Yat-sen University, China
Zengli Guo, University of North Carolina at Chapel Hill, United States

*Correspondence: Ping Xie, xie@dls.rutgers.edu

Specialty section: This article was submitted to Cell Death and Survival, a section of the journal Frontiers in Cell and Developmental Biology

Received: 18 June 2021
Accepted: 26 July 2021
Published: 13 August 2021

Citation: Zhu S, Gokhale S, Jung J, Spirollari E, Tsai J, Arceo J, Wu BW, Victor E and Xie P (2021) Multifaceted Immunomodulatory Effects of the BTK Inhibitors Ibrutinib and Acalabrutinib on Different Immune Cell Subsets – Beyond B Lymphocytes. Front. Cell Dev. Biol. 9:727531. doi: 10.3389/fcell.2021.727531

The clinical success of the two BTK inhibitors, ibrutinib and acalabrutinib, represents a major breakthrough in the treatment of chronic lymphocytic leukemia (CLL) and has also revolutionized the treatment options for other B cell malignancies. Increasing evidence indicates that in addition to their direct effects on B lymphocytes, both BTK inhibitors also directly impact the homeostasis, phenotype and function of many other cell subsets of the immune system, which contribute to their high efficacy as well as adverse effects observed in CLL patients. In this review, we attempt to provide an overview on the overlapping and differential effects of ibrutinib and acalabrutinib on specific receptor signaling pathways in different immune cell subsets other than B cells, including T cells, NK cells, monocytes, macrophages, granulocytes, myeloid-derived suppressor cells, dendritic cells, osteoclasts, mast cells and platelets. The shared and distinct effects of ibrutinib versus acalabrutinib are mediated through BTK-dependent and BTK-independent mechanisms, respectively. Such immunomodulatory effects of the two drugs have fueled myriad explorations of their repurposing opportunities for the treatment of a wide variety of other human diseases involving immune dysregulation.
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INTRODUCTION

The Bruton’s tyrosine kinase (BTK) inhibitors, along with other targeted drugs such as the BCL-2 inhibitors, have fundamentally changed the treatment landscape of chronic lymphocytic leukemia (CLL) and have been transforming the treatment algorithms of other B cell malignancies (Pal Singh et al., 2018; Lucas and Woyach, 2019; Rhodes and Barrientos, 2020). BTK, a member of the TEC kinase family, was initially identified as a non-receptor protein tyrosine kinase that is inactive in patients with the inherited immunodeficiency disease X-linked agammaglobulinemia (XLA) (Hendriks et al., 2014; Pal Singh et al., 2018; Rip et al., 2018). It is required for B cell receptor (BCR) signaling, and therefore plays essential roles in B cell development, survival, proliferation, differentiation and activation (Pal Singh et al., 2018; Rip et al., 2018; Wen et al., 2021). Upon BCR activation, BTK forms a signaling complex together with SYK, VAV, PI3K, SLP65 and PLCγ2. BTK phosphorylates PLCγ2 to activate the transcription factors nuclear factor-κB (NF-κB), nuclear factor of activated T cells (NF-AT), as well as ERK1 and ERK2, which in turn mediate downstream functional responses (Hendriks et al., 2014; Pal Singh et al., 2018; Rip et al., 2018; Wen et al., 2021). In addition to BCR, BTK also regulates the signaling pathways of chemokine receptors in B cells, including CXCR4 and CXCR5, which play pivotal roles in B cell chemotaxis and migration (de Gorter et al., 2007; Hendriks et al., 2014). Overexpression and constitutive activation of BTK have been reported in multiple types of B cell malignancies (Herman et al., 2011; Hendriks et al., 2014; Merolle et al., 2018). Overall, BTK is crucial in the pathogenesis of B cell malignancies and is critically involved in malignant B cell survival, proliferation and migration, and thus has been recognized as a prime therapeutic target for B cell malignancies (Hendriks et al., 2014; Pal Singh et al., 2018).

Ibrutinib is the first-in-class oral inhibitor of BTK. Ibrutinib irreversibly inactivates BTK by covalently binding to Cys481 in the ATP-binding site of BTK (Hendriks et al., 2014; Pal Singh et al., 2018). Ibrutinib has shown potent anti-tumor activity in both indolent and aggressive B cell lymphomas and achieved unprecedently high response rates in patients with CLL (>90% response rate) and mantle cell lymphoma (MCL; >80% response rate) in clinical trials. Targeting BTK in CLL and MCL with ibrutinib results in direct inhibition of cell proliferation and homing/migration due to disruption of BCR and chemokine receptor signaling (Herman et al., 2011; de Rooij et al., 2012; Ponader et al., 2012; Hendriks et al., 2014; Pal Singh et al., 2018). Based on the clinical evidence, ibrutinib has been given the United States Food and Drug Administration (FDA) approval for the treatment of multiple B cell malignances, including CLL/small lymphocytic lymphoma (SLL), MCL, marginal zone lymphoma (MZL) and Waldenstrom macroglobulinemia (WM) (Hendriks et al., 2014; Pal Singh et al., 2018; Zi et al., 2019; Bond and Maddocks, 2020; Castillo et al., 2020b; Grimont et al., 2020; Hanna et al., 2020; Noy et al., 2020; Treon et al., 2021). Furthermore, ibrutinib, as monotherapy or in combination therapies with other targeted drugs (such as anti-CD20, anti-PD-1/PD-L1 and inhibitors of Bcl-2, PI-3Kδ or proteosome), has demonstrated efficacy in patients with diffuse large B-cell lymphoma (DLBCL), follicular lymphoma (FL), Richter’s transformation (RT), multiple myeloma (MM), B cell pro-lymphocytic leukemia (B-PLL), acute lymphoblastic leukemia (ALL), lymphoproliferative disorders (LPD), and primary and secondary central nervous system lymphomas (PCNSL/SCNSL) in recent clinical trials (Hendriks et al., 2014; Pal Singh et al., 2018; Chari et al., 2020; Chen et al., 2020; Fowler et al., 2020; Oka et al., 2020; Schaffer et al., 2020; Graf et al., 2021; Hodkinson et al., 2021; Lewis et al., 2021). However, a unique set of toxicities has also been reported, even though ibrutinib is generally more tolerable than chemoimmunotherapy (CIT) regimens. Common adverse effects of ibrutinib include bleeding, atrial fibrillation, hypertension, neutropenia, arthralgias, myalgias, headache, diarrhea, nausea, fatigue, rash and infection (Bitar et al., 2018; Ball et al., 2020; Kin and Schiffer, 2020; Lasica and Tam, 2020; Lipsky and Lamanna, 2020; Los-Arcos et al., 2020; Pileri et al., 2020; Rhodes et al., 2020; Estupinan et al., 2021; Pellegrini et al., 2021; Steingrimsson et al., 2021). These side effects are mediated by both on-target inhibition of BTK and variable off-target inhibition of other kinases such as interleukin-2-inducible T-cell kinase (ITK), tyrosine kinase expressed in hepatocellular carcinoma (TEC), CSK, SRC, BMX, JAK3, epidermal growth factor receptor (EGFR), c-Kit and platelet-derived growth factor receptor (PDGFR), etc. (Bitar et al., 2018; Liclican et al., 2020; Lipsky and Lamanna, 2020; Sibaud et al., 2020; Estupinan et al., 2021). For example, the effect of ibrutinib on atrial fibrillation is caused by its off-target inhibition of CSK (Xiao et al., 2020), while the skin toxicities of ibrutinib likely involve its inhibition of EGFR as the symptoms overlap with those caused by selective EGFR inhibitors (Singer et al., 2019). The remarkable clinical efficacy of ibrutinib has thus generated great interests to develop the next generation of BTK inhibitors to improve target specificity and reduce off-target toxicities.

Acalabrutinib (ACP-196), a representative second-generation BTK inhibitor, is highly specific for BTK and has minimal effects on other kinases (Byrd et al., 2016; Wu et al., 2016; Barf et al., 2017; Danilov and Persky, 2020). Similar to ibrutinib, acalabrutinib also irreversibly binds to Cys481 located in the ATP-binding site of BTK (Wu et al., 2016; Barf et al., 2017). Compared to ibrutinib, acalabrutinib is more potent, demonstrates higher biochemical and cellular selectivity, and has a faster oral absorption and a shorter half-life (Covey et al., 2015; Byrd et al., 2016; Wu et al., 2016; Barf et al., 2017; Davids et al., 2020; Wen et al., 2021). Due to its high efficacy and improved safety profile, acalabrutinib was granted accelerated approval by FDA in 2017 for the treatment of adult patients with MCL who have received at least one prior therapy (Wang et al., 2018; Telford et al., 2019; Witzig and Inwards, 2019; Bond and Maddocks, 2020; Danilov and Persky, 2020; Morabito et al., 2020). In November 2019, it was also approved for the treatment of adult patients with CLL/SLL (Danilov and Persky, 2020; Davids et al., 2020; Ghia et al., 2020, 2021; Isaac and Mato, 2020; Sharman et al., 2020; Fakhri and Andreadis, 2021). Importantly, a multinational phase I/II study demonstrated the efficacy of acalabrutinib in ibrutinib-intolerant CLL patients, verifying its reduced toxicities compared to ibrutinib (Isaac and Mato, 2020). Clinical trials have also shown the efficacy of acalabrutinib monotherapy in patients with WM (Castillo et al., 2020a; Castillo and Treon, 2020; Owen et al., 2020), which bodes well for additional FDA approval of acalabrutinib in the treatment of WM. A number of ongoing clinical trials are evaluating the effects of acalabrutinib, as monotherapy or in combination therapies with other regimens, in patients with DLBCL (monotherapy or in combination with R-CHOP, KRT-232 or vistusertib), FL (in combination with rituximab or pembrolizumab), MZL (in combination with tafasitamab), MM (monotherapy or in combination with dexamethasone), B-ALL (in combination with ACP-319), post-transplant LPD (in combination with rituximab), PCNSL and SCNSL (in combination with durvalumab)1. Despite its improved specificity and toxicity profile, common adverse effects of acalabrutinib that have been documented include headache, diarrhea, fatigue, myalgias, cough, neutropenia, nausea, skin rash and infection (Awan et al., 2019; Khan and O’Brien, 2019; Byrd et al., 2020; Owen et al., 2020; Sibaud et al., 2020; Delgado et al., 2021), prompting better understanding of the underlying mechanisms.

Since their approval by FDA, ibrutinib and acalabrutinib have significantly altered the clinical course and substantially prolonged the progression-free survival of CLL and MCL patients, especially in high-risk patients (Bond et al., 2019; Liu and Zhao, 2019; Lucas and Woyach, 2019; Telford et al., 2019; Rhodes and Barrientos, 2020). In 2019, both drugs were upgraded from being a “great treatment option” to the “preferred choice” for all lines of treatment in CLL and relapsed MCL after multiple randomized clinical trials proved their superiority compared to conventional CIT regimens, leading to a paradigm shift to chemotherapy-free treatment (Liu and Zhao, 2019; Telford et al., 2019; Bond and Maddocks, 2020; Hanna et al., 2020; Iovino and Shadman, 2020; Rhodes and Barrientos, 2020). It is increasingly clear that in addition to their direct effects on B cells, both BTK inhibitors also directly impact the phenotype and function of many other cell subsets of the immune system, which contribute to their high efficacy as well as adverse effects observed in CLL and MCL patients. Interestingly, such immunomodulatory effects of ibrutinib and acalabrutinib are being exploited to treat a variety of other human diseases, including other hematological malignancies, solid tumors, graft-versus-host disease (GVHD), autoimmune disorders, atherothrombosis, allergy and infectious diseases (Zaitseva et al., 2014; Pillinger et al., 2015; Rushworth et al., 2015; Miklos et al., 2017; Molina-Cerrillo et al., 2017; Dispenza et al., 2018; Florence et al., 2018; Mamand et al., 2018; Rip et al., 2018; Allchin et al., 2019; de Porto et al., 2019; Goldmann et al., 2019; O’Riordan et al., 2019; Riccio et al., 2019; Varikuti et al., 2019; Waller et al., 2019; Hu et al., 2020; Lorenzo-Vizcaya et al., 2020; Metzler et al., 2020; Purvis et al., 2020; Shaker et al., 2020; Teusink-Cross et al., 2020; Nadeem et al., 2021; Nicolson et al., 2021; Wen et al., 2021). Most notably, the repositioning therapeutic potential of BTK inhibitors has been demonstrated by recent application of acalabrutinib in the management of severe respiratory syndrome in patients with COVID-19 (Rada et al., 2020; Roschewski et al., 2020; Treon et al., 2020; Benner and Carson, 2021; Fiorcari et al., 2021; McGee et al., 2021).

Numerous studies have analyzed and reviewed the effects of ibrutinib and acalabrutinib on receptor signaling pathways in normal and malignant B cells. However, so far direct comparison of the effects of these two BTK inhibitors on signaling pathways in non-B immune cell subsets is very limited in the published literature. In this review, we compare the effects of ibrutinib and acalabrutinib on receptor signaling pathways in different immune cell subsets beyond B lymphocytes. Such understanding will provide a rationale to develop optimal combination therapies to achieve much deeper and longer remission in B cell malignancies and will inform future efforts on managing immune-mediated adverse effects and expanding the clinical applications of both drugs to the treatment of other human diseases.



GENERAL IMMUNOMODULATORY EFFECTS OF IBRUTINIB AND ACALABRUTINIB

Mounting evidence obtained from ibrutinib-treated CLL and MCL patients has revealed that in addition to depleting malignant B cells, ibrutinib has compound immunomodulatory effects on the cytokine/chemokine network and a variety of immune cell subsets of both the adaptive and innate immune systems, including CD4 and CD8 T cells, natural killer (NK) cells, monocytes, macrophages, granulocytes, myeloid-derived suppressor cells (MDSCs), dendritic cells (DCs), osteoclasts, mast cells and platelets (Berglof et al., 2015; Long et al., 2017; Pleyer et al., 2018; Mhibik et al., 2019; Cadot et al., 2020; Maffei et al., 2020; Solman et al., 2020, 2021). For example, ibrutinib treatment generally decreases the abnormally high counts of chronically activated, exhausted and effector memory T cells as well as immunosuppressive regulatory T cells (Treg) and myeloid-derived suppressor cells (MDSCs), while restoring the low counts of innate cell subsets such as circulating monocytes and plasmacytoid DCs in CLL patients toward the healthy donor range, thereby rescues both T cell and myeloid cell defects associated with CLL (Pleyer et al., 2018; Parry et al., 2019; Solman et al., 2020, 2021). Interestingly, the effects of ibrutinib on T cells are mainly mediated by its off-target inhibition on ITK, a critical signaling component in T cells and NK cells (Long et al., 2017; Flinsenberg et al., 2019; Mhibik et al., 2019). Given the high specificity of acalabrutinib on BTK and its minimal off-target inhibition of other kinases, the immunomodulatory profile of acalabrutinib is predicted to be distinct from that observed for ibrutinib (Patel et al., 2017). One clinically important difference is that ibrutinib affects antibody-dependent cellular cytotoxicity (ADCC) in NK cells but acalabrutinib does not, leading to much higher potential for acalabrutinib than ibrutinib in combination therapies with anti-CD20 (such as rituximab and obinutuzumab) and many other immunotherapeutic antibodies (Kohrt et al., 2014; Hassenrück et al., 2018; Woyach et al., 2020). However, BTK is not only expressed in B cells but also expressed in other immune cell subsets, including monocytes, macrophages, granulocytes, DCs, MDSCs, osteoclasts, mast cells, megakaryocytes, platelets, NK cells and T cells (Guendel et al., 2015; Weber et al., 2017; Pal Singh et al., 2018; Rip et al., 2018; Xia et al., 2019). Therefore, both BTK inhibitors may affect the homeostasis or function of these immune cell subsets via BTK-dependent mechanisms as well. Here we attempt to provide an overview of current understanding of the overlapping and differential effects of ibrutinib and acalabrutinib on different signaling pathways in various immune cell subsets other than B lymphocytes.



T CELLS AND CHIMERIC ANTIGEN RECEPTOR-T (CAR-T) CELLS

With acalabrutinib, circulating CD4 T cell counts are not changed, while CD8 T cell counts are decreased after 15 cycles of treatment in CLL patients (Byrd et al., 2016). In contrast, ibrutinib treatment exhibits profound effects on the T cell compartments in both CLL and MCL patients, which vary depending on the length of treatment and the time-point examined (Maharaj et al., 2017; Man and Henley, 2019; Cadot et al., 2020). CLL patients usually have immunocompromised T cell compartments with elevated frequencies of chronically activated, exhausted and effector memory T cells and immunosuppressive Tregs. Ibrutinib monotherapy generally improves T cell compartments in CLL patients (Cubillos-Zapata et al., 2016; Yin et al., 2017; Mhibik et al., 2019; Parry et al., 2019; Cadot et al., 2020; Solman et al., 2020, 2021). After 4 weeks of ibrutinib treatment, T cell numbers and the percentage of CD4 T cells, memory CD8 (CD45RO+) T cells and Tregs as well as IL-10 concentration are reduced in CLL patients (Podhorecka et al., 2017). After 8 weeks of treatment, the numbers of naïve and effector/memory CD8 and CD4 T cells are markedly increased, while the expression of immunoinhibitory PD-1 and CTLA-4 is significantly reduced on T cells in CLL patients (Long et al., 2017; Cadot et al., 2020). After 12 and 24 weeks of treatment, decreased frequency of TH17 cells and overall T cell numbers as well as reduced expression of PD-1 and activation markers on T cells are observed in CLL patients (Cubillos-Zapata et al., 2016; Niemann et al., 2016). After the first year of ibrutinib treatment, the pathologically high frequencies of exhausted or chronically activated effector/memory CD4 and CD8 T cells as well as Tregs are reduced, while naive T cells are preserved and T cell receptor (TCR) repertoire diversity is significantly increased in CLL patients (Ryan et al., 2016; Yin et al., 2017; Mhibik et al., 2019; Solman et al., 2020). Interestingly, a reduction in GATA3-expressing TH2 cells but no change in T-bet-expressing TH1 cells have been noticed in the patients (Ryan et al., 2016). Moreover, ibrutinib downregulates the expression of inhibitory receptors and restores the functions of patient-derived T cells, including proliferation, degranulation, and cytokine secretion (Ryan et al., 2016; Mhibik et al., 2019; Solman et al., 2020). In CLL patients receiving ibrutinib therapy for 2 to 4 years, naïve T cells remain within healthy donor range, PD-1 expression is consistently reduced on chronically activated CD8 T cells, and production of IFNγ and TNFα by antigen-specific CD8 T cells is enhanced following stimulation with CMV or EBV peptides, suggesting that long-term treatment of ibrutinib may reverse the exhausted T cell phenotype (Parry et al., 2019; Solman et al., 2021). In MCL patients receiving long-term (>12 months) combination therapy with ibrutinib and venetoclax, increased frequencies of CD4 and CD8 effector and central memory T cells as well as normalized T cell cytokine production have been documented, suggesting the recovery of T cell compartments (Davis et al., 2020). Overall, ibrutinib exhibits beneficial immunomodulatory effects on T cell compartments and promotes the reconstitution of adaptive immunity in both CLL and MCL patients.

Mechanistic investigation has revealed that the majority of ibrutinib-induced modulatory effects on T cell compartments are mediated through its inhibition of ITK in TCR signaling pathways, including reduced TH2 polarization, altered TH17 and Treg balance, and activation-induced cytokine production as well as cell death (Table 1). ITK is highly expressed in T cells and regulates TCR-induced proliferation, activation and cytokine production (Berglof et al., 2015). TCR signaling is primarily dependent on ITK in TH2 cells, but only partially dependent on ITK in TH1 and CD8 T cells due to the presence of another redundant kinase RLK (Dubovsky et al., 2013; Berglof et al., 2015; Mhibik et al., 2019). Consistent with this notion, a shift toward the TH1 phenotype, reduced TH2 cell numbers and decreased production of TH2 cytokines have been detected in ibrutinib-treated CLL patients (Dubovsky et al., 2013; Ryan et al., 2016; Mhibik et al., 2019; Solman et al., 2020). Interestingly, ibrutinib treatment also promotes an anti-tumor TH1 phenotype of Vγ9Vδ2 T cells via an ITK-dependent mechanism and rescues the dysfunction of autologous Vγ9Vδ2 T cells in CLL patients, resulting in potent cytotoxicity toward malignant B cells (de Weerdt et al., 2018). Ibrutinib irreversibly binds to ITK in conventional T cells and Vγ9Vδ2 T cells obtained from the patients (Dubovsky et al., 2013; de Weerdt et al., 2018). ITK also critically regulates the TH17 versus Treg differentiation (Mhibik et al., 2019). Itk–/– CD4 T cells preferentially differentiate into Tregs both in vivo and under conditions favoring TH17 differentiation in vitro, while T cells from a patient with ITK mutation exhibit decreased production of TH17-associated cytokines IL-17A, IL-22 and GM-CSF (Gomez-Rodriguez et al., 2014; Eken et al., 2019; Mhibik et al., 2019). Recapitulating the effects of ITK deficiency, ibrutinib suppresses human CD4 T cells of healthy donors from differentiating into TH17 cells in vitro and reduces the in vivo frequencies of both TH17 and Tregs as well as the serum levels of TH17-associated cytokines IL-17A, IL-21 and IL-23 in CLL patients (Niemann et al., 2016; Eken et al., 2019; Mhibik et al., 2019). Furthermore, T cells from Itk–/– mice exhibit diminished activation-induced cell death (AICD) with defective FAS ligand (FASL) expression (Miller and Berg, 2002; Sun et al., 2015). Mirroring this phenotype, ibrutinib but not acalabrutinib inhibits AICD in human T cells by reducing the upregulation of FASL, and increases CD4 and CD8 T cell numbers especially the effector/effector memory subsets in CLL patients (Long et al., 2017). Thus, ibrutinib-mediated inhibition of ITK-dependent signaling pathways in T cells have been elucidated by examining ITK-deficient model systems and by comparing the effects of ibrutinib and acalabrutinib on T cells.


TABLE 1. Effects of ibrutinib and acalabrutinib on T cells and NK cells.

[image: Table 1]
In addition to ITK, BTK is also expressed in T cells and further upregulated in effector and memory T cells (Xia et al., 2019). Recent evidence reveals that BTK is activated and phosphorylated by TCR signaling to promote T cell proliferation and activation by phosphorylating PLCγ1 (Xia et al., 2019). In response to CD3 and CD28 stimulation, Btk–/– T cells exhibit defective proliferation and reduced expression of the activation marker CD69 as well as production of cytokines (Xia et al., 2019). Treatment with acalabrutinib (0.1–1 μM) robustly suppresses the proliferation of WT but not Btk–/– T cells induced by CD3 and CD28 in vitro (Xia et al., 2019). In a mouse model of immune-mediated aplastic anemia, Btk–/– donor T cells fail to mount graft-versus-host responses and cannot cause bone marrow destruction or blood pancytopenia in recipient mice (Xia et al., 2019). In vivo administration of acalabrutinib reduces the expansion of WT donor T cells and ameliorates bone marrow destruction and aplastic anemia in recipient mice (Xia et al., 2019). Interestingly, expression of the immune checkpoints PD-1 and CTLA-4 on T cells in CLL patients is markedly downregulated by both ibrutinib and acalabrutinib (Long et al., 2017), suggesting a common BTK-dependent mechanism. Furthermore, ibrutinib significantly decreases dermal IL-17A-producing γδ T cells in a mouse model of imiquimod-induced psoriatic inflammation by inhibiting the TLR7-BTK-STAT3 signaling pathway (Nadeem et al., 2020), while reducing γδ T cell activation and CD107a degranulation induced by phosphoantigens or anti-CD3 by inhibiting the TCR-ITK signaling pathway (Risnik et al., 2020). Thus, while ibrutinib has unique ITK-dependent mechanisms of action on T cells, both ibrutinib and acalabrutinib can modulate T cell activation and phenotype via BTK-dependent mechanisms (Table 1; Long et al., 2017; Xia et al., 2019; Nadeem et al., 2020). These findings suggest potential applications of both BTK inhibitors for the treatment of human diseases involving T cell abnormalities, including GVHD, autoimmune diseases and cancers.

Both ibrutinib and acalabrutinib also inhibit the phosphorylation of LCK and SRC in human T cells of healthy donors in a dose-dependent manner, but the extent and efficacy of inhibition are very different for the two drugs (Patel et al., 2017). Ibrutinib demonstrates an almost complete inhibition with an EC50 < 0.2 μM and acalabrutinib shows a partial inhibition on the phosphorylation of LCK and SRC with an EC50 > 10 μM (Patel et al., 2017). This suggests that ITK plays a dominant role and BTK may play a supporting role in these signaling events, or alternatively, ibrutinib may have direct off-target inhibition on LCK and SRC, which requires further investigation.

Of clinical importance, emerging evidence indicates that both ibrutinib and acalabrutinib can improve the efficacy of chimeric antigen receptor-T (CAR-T) cells, a promising therapy for B cell malignancies and other human cancers. Impaired T cell fitness and defective T cell compartments of CLL patients often hampers the expansion and function of CAR-T cells (Fraietta et al., 2016; Fan et al., 2021). It is found that pretreatment with ibrutinib (≥1 year and ≥5 cycles) improves the ex vivo and in vivo expansion of CD19-directed CAR-T cells and decreases the expression of the immunoinhibitory receptor PD-1 on T cells and of the immunoinhibitory ligand CD200 on malignant B cells in CLL patients (Fraietta et al., 2016). Concurrent ibrutinib treatment improves the anti-tumor efficacy of CAR-T cells and reduces cytokine release syndrome (CRS) associated with CAR-T cell therapy in relapsed/refractory (R/R) CLL patients, resulting in improved clinical outcome (Gauthier et al., 2020). In in vitro assays and in mouse xenograft models, ibrutinib enhances the killing activities of anti-CD19 CAR-T cells derived from CLL or MCL patients or normal donors, and improves CAR-T cell engraftment, tumor clearance and long-term remission in mice with xenografts of human CLL, ALL or MCL (Fraietta et al., 2016; Ruella et al., 2016). Ibrutinib also inhibits the production of inflammatory cytokines from both CAR-T cells and tumor cells during CAR-T cell therapy in a MCL xenograft model (Ruella et al., 2017). A more recent study reports that ex vivo treatment with ibrutinib increases cell viability and expansion of CLL patient-derived CAR-T cells, enriches CAR-T cells with less-differentiated naïve-like phenotype, decreases the expression of the exhaustion markers PD-1, TIM-3 and LAG-3, and enhances the cytokine release capacity of CLL patient-derived CAR-T cells (Fan et al., 2021). Furthermore, in vitro treatment with ibrutinib or acalabrutinib improves CAR-T cell effector function in prolonged stimulation assays, while in vivo administration of ibrutinib or acalabrutinib improves CAR-T cell-mediated clearance of CD19+ tumor and prolongs the survival of tumor-bearing mice (Table 1; Qin et al., 2020). Interestingly, RNA-seq analysis reveals that only ibrutinib-treated, but not acalabrutinib-treated, CAR-T cells exhibit gene expression changes toward a memory-like TH1 phenotype, suggesting an ITK-dependent mechanism (Qin et al., 2020). Overall, the mechanisms of action for these two drugs on CAR-T cells are not clearly elucidated and represent an interesting area for future investigation. Despite of that, available evidence supports the therapeutic potential of combination or sequential therapies using ibrutinib or acalabrutinib and CAR-T cells.



NATURAL KILLER CELLS AND NATURAL KILLER T CELLS

Natural killer (NK) cells and natural killer T (NKT) cells are important effector cells of the innate immune system that contribute to immune responses against pathogens and tumor surveillance/immunity (Biron and Brossay, 2001; Woo et al., 2015). Similar to that observed for T cells, ibrutinib but not acalabrutinib inhibits AICD in ex vivo cultured human NK cells derived from healthy donors by reducing the upregulation of FASL in a dose-dependent manner (Long et al., 2017). However, the in vivo relevance of this finding is unclear. In CLL patients, ibrutinib treatment preserves circulating CD16+ NK cell counts but decreases immature CD16- NK cell counts and reduces the aberrantly elevated NKT cell counts at month 11 and stabilizes it thereafter (Solman et al., 2020, 2021). With acalabrutinib, circulating NK cell counts are briefly decreased at cycle 2 and then reverted back to baseline during subsequent cycles (Byrd et al., 2016). Therefore, these two BTK inhibitors exhibit different dynamic effects on circulating NK and NKT cell counts.

Bruton’s tyrosine kinase inhibitors are currently used and being tested in combination therapies with anti-CD20 and other antibodies for the treatment of B cell malignancies and other human diseases. As of May 2021, over 50 worldwide clinical trials registered on ClinicalTrials.gov are designed to assess the efficacy and safety of various antibody immunotherapy in combination with ibrutinib or acalabrutinib. NK cells play a vital role in cancer immunotherapies due to their expression of Fc receptors, which are activated by bound antibodies and mediate the killing of antibody-coated tumor or other target cells by NK cells. This defines a key mechanism of action for many therapeutic antibodies, termed ADCC. As mentioned above, one clinically significant difference between the impacts of the two BTK inhibitors on NK cell function is that ibrutinib but not acalabrutinib significantly affects ADCC (Table 1). It was found that in in vitro co-culture experiments, ibrutinib strongly inhibits healthy donor NK cell-mediated killing of CLL or MCL cells coated by anti-CD20 antibodies rituximab, ofatumumab or obinutuzumab (Bojarczuk et al., 2014; Kohrt et al., 2014; Da Roit et al., 2015; Hassenrück et al., 2018; Flinsenberg et al., 2019; Hofland et al., 2019). Continued oral ibrutinib treatment also inhibits anti-CD20 mediated activation of NK cells in vivo in CLL and MCL patients (Da Roit et al., 2015; Flinsenberg et al., 2019). Ibrutinib potently suppresses anti-CD20-induced calcium mobilization, IFNγ production, degranulation and cytotoxicity of NK cells, which all appear to be ITK-dependent, as these NK cell functions are not affected by more selective BTK inhibitors, including acalabrutinib, zanubrutinib or CGI-1746 (Kohrt et al., 2014; Da Roit et al., 2015; Hassenrück et al., 2018; Flinsenberg et al., 2019; Hofland et al., 2019). These results are in line with the observation that ITK is expressed in NK cells and regulates NK cell-mediated cytotoxicity and granule release (Khurana et al., 2007; Kohrt et al., 2014). ITK overexpression in NK cells results in enhanced FcR-initiated killing but reduced NKG2D-initiated cytotoxicity (Khurana et al., 2007). Overall, these studies reveal that the inhibitory effects of ibrutinib on ADCC can be attributed to its off-target inhibition of ITK in NK cells. Interestingly, a recent phase Ib/II study (NCT02296918) reported that acalabrutinib plus obinutuzumab (an anti-CD20 with enhanced ADCC activity) produce high and durable responses that deepen over time in CLL patients, while ibrutinib plus rituximab do not show benefits over the respective monotherapy (Woyach et al., 2020). Thus, understanding the differential effects of BTK inhibitors on ADCC will guide better design rationale in combination regimens involving these drugs and antibodies. When ibrutinib and antibody therapy are applied, appropriate sequential or alternate dosing schedules of ibrutinib versus antibody treatment episodes rather than concurrent administration should be considered.

Besides ITK, BTK also regulates NK cell function (Bao et al., 2012; Maffei et al., 2015). NK cells express moderate levels of BTK (Kohrt et al., 2014). Btk expression is upregulated during maturation and activation of mouse NK cells (Bao et al., 2012). Btk–/– NK cells show reduced TLR3-induced NF-κB activation and immune responses, including IFNγ production, expression of perforin and granzyme B, and cytotoxicity (Bao et al., 2012). Poly(I:C)-induced NK cell-mediated acute hepatitis is attenuated in Btk–/– mice or in mice received in vivo administration of a Btk inhibitor, LFM-A13 (Bao et al., 2012). NK cells derived from XLA patients with BTK mutations also exhibit decreased TLR3-induced activation, including IFNγ production, expression of CD69 and CD107a, and cytotoxicity. These findings indicate that BTK is required for TLR-induced NK cell activation (Bao et al., 2012; Maffei et al., 2015). However, information regarding the effects and clinical significance of ibrutinib and acalabrutinib on TLR-BTK-dependent NK cell activation in CLL and MCL patients is still lacking and awaits further investigation. Such information will also have implications for treatment-associated infections.



MONOCYTES AND MACROPHAGES

In CLL patients, circulating monocyte counts are not changed by acalabrutinib treatment but are significantly and progressively increased by ibrutinib treatment toward healthy donor range (Byrd et al., 2016; Solman et al., 2020, 2021). Treatment with ibrutinib for 30 days reduces the refractory state of monocytes in CLL patients and restores lipopolysaccharide (LPS)-induced inflammatory responses through enhancing the phosphorylation of ERK1/2 and antigen presentation (Cubillos-Zapata et al., 2016). Long-term administration of ibrutinib is associated with enhanced HLA-DR expression on all monocyte subsets in CLL patients (Manukyan et al., 2018). Interestingly, ibrutinib treatment sustains the M2 phenotypes and immunosuppressive profile of nurse-like cells (NLCs), which are differentiated from monocytes and share the properties of M2-skewed tumor-associated macrophages (TAMs), in lymphoid organs of CLL patients by hampering TLR4 signaling (Tsukada et al., 2002; Filip et al., 2013; Boissard et al., 2015; Fiorcari et al., 2016). Ibrutinib treatment also alters M-CSF-induced differentiation of monocytes to fibrocyte-like cells with defective adhesion, impaired phagocytosis and enhanced production of reactive oxygen species (ROS) (Ferrarini et al., 2019). These findings are consistent with the notion that BTK regulates monocyte differentiation and macrophage polarization (Ni Gabhann et al., 2014). Btk–/– macrophages show impaired LPS-induced M1 polarization but stronger tendency of M2 polarization, which is accompanied by reduced NF-κB activation and enhanced expression of the phosphatase SHIP1 (Ni Gabhann et al., 2014). Therefore, ibrutinib may induce M2 polarization and alter monocyte differentiation through BTK-dependent mechanisms. However, the detailed mechanisms and the effects of acalabrutinib on these processes await further investigation.

Both monocytes and macrophages express high levels of BTK (Rip et al., 2018). In these cells, BTK critically regulates TLR signaling by directly interacting with cytoplasmic Toll/IL-1 receptor (TIR) domains of most TLRs as well as their downstream adaptor proteins MYD88, TRIF, TIRAP and IRAK1 (Jefferies et al., 2003; Gray et al., 2006; Doyle et al., 2007; Liu et al., 2011; Lee et al., 2012; Marron et al., 2012; Chattopadhyay and Sen, 2014). Upon ligand binding, TLR-induced BTK phosphorylation promotes the activation of the transcription factors NF-κB and interferon-regulatory factors (IRFs) to enhance the expression of inflammatory cytokines, chemokines and interferons (IFNs) (Jefferies et al., 2003; Horwood et al., 2006; Doyle et al., 2007; Liljeroos et al., 2007; Liu et al., 2011; Lee et al., 2012; Marron et al., 2012; Chattopadhyay and Sen, 2014; Page et al., 2018). Monocytes or macrophages derived from XLA patients or Btk–/– mice exhibit defective TNFα production in response to TLR2, 4, 7/8 signaling and IFN production in response to TLR3 signaling or viral infection (Jefferies et al., 2003; Horwood et al., 2006; Liu et al., 2011; Lee et al., 2012; Marron et al., 2012; Chattopadhyay and Sen, 2014; Page et al., 2018). In line with this, ibrutinib treatment inhibits LPS-induced production of CXCL12, CXCL13, CCL19 and VEGF in THP-1 macrophages (Ping et al., 2017). In vivo ibrutinib treatment leads to reduced serum levels of a variety of chemokines and inflammatory cytokines in CLL patients as well as decreased chemoattraction of CLL cells through inhibiting CXCL13 secretion by macrophages (Niemann et al., 2016). Acalabrutinib treatment similarly ameliorates LPS/galactosamine-induced infiltration of macrophages and reduces serum levels of MCP-1 in a mouse model of hepatic damage by inhibiting TLR4-induced NF-κB activation (Shaker et al., 2020). Interestingly, a number of case studies have reported the effects of ibrutinib or acalabrutinib on attenuating inflammatory cytokine and chemokine release, lung injury and respiratory failure in patients with severe COVID-19 (Lin et al., 2020; Rada et al., 2020; Scarfo et al., 2020; Treon et al., 2020; Alsuliman et al., 2021; Benner and Carson, 2021; Fiorcari et al., 2021; Molina-Cerrillo et al., 2021). Specifically, Roschewski et al. (2020) found that acalabrutinib treatment improves oxygenation and reduces IL-6 production in monocytes of patients with severe COVID-19. Furthermore, BTK-deficient or ibrutinib/acalabrutinib-treated monocytes and macrophages show defects in TLR-mediated phagocytosis of tumor cells as well as TLR9-, TREM-1 and Dectin-1-dependent production of inflammatory cytokines and phagocytosis upon fungal infection (Ormsby et al., 2011; Strijbis et al., 2013; Feng et al., 2015; Bercusson et al., 2018; Fiorcari et al., 2020). Monocytes and macrophages isolated from CLL patients treated with ibrutinib or acalabrutinib also exhibit reduced zymosan-induced phagocytosis (Fiorcari et al., 2020). Taken together, both ibrutinib and acalabrutinib can inhibit TLR-BTK, TREM-1-BTK and Dectin-1-BTK signaling pathways in monocytes and macrophages, resulting in reduced production of inflammatory cytokines and chemokines as well as impaired phagocytosis of tumor cells and infectious pathogens (Table 2 and Figure 1).


TABLE 2. Effects of ibrutinib and acalabrutinib on monocytes and macrophages.

[image: Table 2]

[image: image]

FIGURE 1. Overlapping and differential effects of ibrutinib and acalabrutinib on BTK-dependent versus -independent receptor signaling in macrophages. Major proximal signaling events and downstream effector functions of TLRs, NLRP3, TREM-1, Dectin-1, α4β1, and FcγRs in macrophages are illustrated in the figure. Both ibrutinib (IBR) and acalabrutinib (ACP) can inhibit TLR-, NLRP3-, TREM- 1-, and Dectin-1- induced signaling and effector functions (depicted in solid purple boxes in the figure) in macrophages via BTK-dependent mechanisms, suggesting the shared potential of both drugs in controlling certain inflammatory diseases and severe inflammation or cytokine storm associated with infections. Available evidence also demonstrates that ibrutinib inhibits α4β1- and FcγR-induced macrophage adhesion and M2 polarization as well as AKT-mTOR-induced autophagy via BTK-dependent mechanisms. These effects are predicted to be shared by acalabrutinib (depicted in dashed purple boxes in the figure), although direct evidence is still lacking and requires investigation. In contrast, ibrutinib but not acalabrutinib impairs FcγR-mediated ADCP of opsonized CLL cells by macrophages via BTK-independent mechanisms, likely through its off-target inhibition of TEC (depicted in solid blue boxes in the figure), suggesting differential potential of the two drugs in combination therapies with various depleting antibodies.


Notably, BTK is essential for NLRP3 inflammasome activation by physically interacting with NLRP3 and ASC (Ito et al., 2015; Liu et al., 2017; Song and Li, 2018; Weber, 2021). Upon NLRP3 activation, BTK is rapidly phosphorylated and in turn phosphorylates NLRP3 (Weber, 2021). Following priming by low-doses of LPS or polyI:C, Btk–/– macrophages and PBMCs derived from XLA patients exhibit defective inflammasome activation, caspase-1 activation and IL-1β secretion in response to various activators of NLRP3 such as alum, crystals, ATP and nigericin, but show normal inflammasome activation and IL-1β secretion in response to the AIM2 activator Poly(dA:dT) (Ito et al., 2015; Liu et al., 2017; Weber, 2021). Corroborating the genetic evidence that BTK is a positive regulator of NLRP3 signaling, treatment with ibrutinib or acalabrutinib suppresses NLRP3- but not AIM2-induced inflammasome activation and blocks IL-1β processing in human and mouse macrophages or TAMs in vitro as well as in vivo in mouse models of ischemic brain injury, polymicrobial sepsis and bacterial infection (Ito et al., 2015; Liu et al., 2017; Benner et al., 2019; de Porto et al., 2019; O’Riordan et al., 2019; Weber, 2021). Paradoxically, following priming by a high-dose of LPS, Btk–/– macrophages and monocytes derived from XLA patients display stronger NLRP3 inflammasome activation (Mao et al., 2020). Enhanced NLRP3 inflammasome activity is also observed in macrophages exposed to low doses of ibrutinib and in monocytes of CLL patients that received ibrutinib treatment (Mao et al., 2020). A negative role of BTK in NLRP3 inflammasome activation is also supported by the evidence that Btk–/– mice exhibit increased severity of TNBS-induced colitis due to elevated IL-1β production, which may partially explain why XLA patients are prone to develop Crohn’s disease (Mao et al., 2020). However, such interpretation is confounded by the ablation of regulatory B cells (Bregs) in the BTK-deficient individuals and potential involvement of other inflammasomes in colitis (such as NLRC4, NLRP6, pyrin or AIM2) (Weber, 2021). Mechanistically, Mao et al. demonstrated that BTK binds to NLRP3 and inhibits the dephosphorylation of NLPR3 by the phosphatase PP2A to block the assembly of inflammasome (Mao et al., 2020). Thus, the exact effects of BTK, ibrutinib and acalabrutinib on NLRP3 inflammasome activation appear to be much more complex than initially revealed and may vary drastically depending on the concentrations of different stimuli or drugs and the extent or stage of inflammasome assembly in different cellular contexts.

Bruton’s tyrosine kinase also participates in the regulation of adhesion and autophagy in monocytes and macrophages (Gunderson et al., 2016; Ferrarini et al., 2019; Hu et al., 2020). An integrin α4β1-PI3Kγ-BTK-PLCγ2 signaling pathway is activated in macrophages prior to cell adhesion to VCAM1 (Gunderson et al., 2016). Ibrutinib has been shown to inhibit α4β1 integrin-mediated adhesion of macrophages to VCAM1 and disaggregate the interactions between macrophages and CLL cells in the bone marrow (Gunderson et al., 2016; Pleyer et al., 2018). Ibrutinib also affects both chemoattractant-triggered inside-out signaling of β2 integrins (LFA-1 and Mac1) and β2 integrin-mediated outside-in signaling events, thus inhibiting monocyte adhesion and spreading on immobilized ICAM-1 (Ferrarini et al., 2019), although the detailed mechanism of action is unclear. Interestingly, ibrutinib suppresses Mycobacterium tuberculosis (Mtb) survival in human macrophages by inducing complete autophagy flux through inhibition of the BTK-AKT-mTOR pathway (Hu et al., 2020). In vivo administration of ibrutinib reduces Mtb load in the mediastinal lymph nodes and spleens of Mtb-infected mice, suggesting that ibrutinib may serve as a promising anti-TB drug (Hu et al., 2020). It is likely that acalabrutinib can also inhibit BTK-dependent adhesion and autophagy, but this remains to be directly tested in monocytes and macrophages.

The most important difference between the effects of ibrutinib and acalabrutinib on monocytes and macrophages is on FcγR-mediated antibody-dependent cellular phagocytosis (ADCP), one of the major mechanisms for clearance of opsonized malignant B cells in anti-CD20-based therapies (Maffei et al., 2015; VanDerMeid et al., 2018). Early evidence showed that BTK is activated by FcγR and is required for FcγR-mediated optimal phagocytosis (Jongstra-Bilen et al., 2008). However, ibrutinib treatment does not impair FcγR-mediated phagocytosis of opsonized sheep red blood cells, but suppresses FcγR-induced cytokine production such as TNFα in in vitro cultured human peripheral blood monocytes and inhibits FcγR-mediated M2 polarization of macrophages (Gunderson et al., 2016; Ren et al., 2016). Notably, ibrutinib but not acalabrutinib significantly impairs ADCP of rituximab-opsonized CLL cells by human macrophages, suggesting a BTK-independent mechanism of action (Borge et al., 2015; Da Roit et al., 2015; Golay et al., 2017). Acalabrutinib has also been shown to be less inhibitory than ibrutinib on ADCP of CLL cells opsonized with the next-generation anti-CD20 mAbs ofatumumab and ocaratuzumab by human macrophages (VanDerMeid et al., 2018). In line with this, ibrutinib in combination with rituximab or obinutuzumab do not show favorable clinical outcomes compared to ibrutinib monotherapy in clinical studies, which may be attributed to impaired ADCC and ADCP mechanisms (Rogers and Woyach, 2020). On the contrary, however, one recent study has reported that ibrutinib, but not acalabrutinib or other second-generation BTK inhibitors, enhances ADCP of human MYC/BCL-2 cell line opsonized with mAbs (rituximab, obinutuzumab or alemtuzumab) by mouse macrophage cell line J774A.1 through off-target inhibition of JAK2-STAT3/STAT6 signaling (Barbarino et al., 2020). The contradictory effects of ibrutinib on ADCP observed in different studies may be attributable to the use of different macrophages and target cells. Despite of that, all these studies suggest that ibrutinib affects ADCP via BTK-independent, off-target inhibition of other kinases such as TEC and JAK2, while acalabrutinib does not significantly interfere with ADCP (Jongstra-Bilen et al., 2008; Borge et al., 2015; Da Roit et al., 2015; Golay et al., 2017; VanDerMeid et al., 2018; Barbarino et al., 2020).

Collectively, both ibrutinib and acalabrutinib can inhibit TLR-, TREM- 1-, Dectin-1- and NLRP3-induced signaling pathways and effector functions in monocytes and macrophages via BTK-dependent mechanisms (Figure 1 and Table 2), suggesting the shared potential of both drugs in controlling certain inflammatory diseases and severe inflammation or cytokine storm associated with infections. In contrast, ibrutinib but not acalabrutinib impairs FcγR-mediated ADCP of opsonized CLL cells by human macrophages likely via off-target inhibition of TEC (Figure 1 and Table 2), suggesting differential potential of these two BTK inhibitors in combination therapies with various depleting antibodies.



GRANULOCYTES AND MAST CELLS

It is intriguing that acalabrutinib treatment improves neutrophil counts in most relapsed CLL patients that had cytopenia at baseline (Byrd et al., 2016), while no effect of ibrutinib treatment on circulating neutrophil counts has been reported for CLL and MCL patients. Given the evidence that neutrophils from patients with XLA are more susceptible to apoptosis due to ROS accumulation (Honda et al., 2012), it is likely that acalabrutinib improves neutrophil counts through an indirect immunomodulatory mechanism. Occasional cases of neutrophilic panniculitis, characterized by predominantly neutrophilic inflammation in the subcutaneous fat, has been reported as an emerging adverse reaction in CLL patients that received ibrutinib therapy (Stewart et al., 2018), although the underlying mechanism is unclear.

Similar to that observed in monocytes and macrophages, ibrutinib inhibits TLR-, TREM-1- and NLRP3-induced inflammatory responses and effector functions via BTK-dependent mechanisms in granulocytes (Table 3). Ibrutinib treatment reduces TLR2-induced CD11b expression on neutrophils upon in vitro stimulation with lipoteichoic acid (LTA) and in vivo neutrophil influx in the lung in response to intranasal LTA instillation (de Porto et al., 2019). Ibrutinib treatment also attenuates TLR7-induced Btk phosphorylation, oxidative stress and production of IL-23 and TNFα in dermal and splenic neutrophils in a mouse model of imiquimod-induced psoriatic inflammation (Al-Harbi et al., 2020). Interestingly, ibrutinib significantly inhibits TREM-1-induced oxidative burst and completely abrogates TREM-1-induced ERK1/2 phosphorylation, CD62L shedding and CD66b upregulation in human neutrophils purified from healthy donors, but only partially inhibits LPS-induced CD66b upregulation and does not inhibit LPS-induced ERK1/2 phosphorylation or CD62L shedding (Stadler et al., 2017). Ibrutinib also suppresses NLRP3 inflammasome activation and caspase-1 activity, thus blocking maturation of IL-1β in infiltrating neutrophils in a mouse model of ischemic brain injury (Ito et al., 2015).


TABLE 3. Effects of ibrutinib and acalabrutinib on granulocytes and mast cells.
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In line with its effects on receptor signaling pathways, ibrutinib treatment generally affects neutrophil activation in response to bacterial or fungal infection, which typically engage multiple TLRs, TREM-1 and NLRP3. Neutrophils purified from ibrutinib-treated CLL patients exhibit reduced E. coli-induced oxidative burst and bacteria killing capacity and slightly impaired neutrophil extracellular trap (NET) production (Prezzo et al., 2019; Risnik et al., 2020). Ibrutinib treatment reduces systemic neutrophil activation and neutrophil influx in the lung during ceftriaxone-treated pneumococcal pneumonia in mice (de Porto et al., 2019). Both ibrutinib-treated neutrophils obtained from healthy donors and neutrophils from ibrutinib-treated CLL patients show decreased ROS production as well as impaired phagocytosis and microbicidal capacity in response to infection by Aspergillus fumigatus (Blez et al., 2020). Ibrutinib treatment also inhibits in vivo neutrophil activation, resulting in increased fungal burden in the lung in a mouse model of fungal infection by A. fumigatus conidia (Stadler et al., 2017). Furthermore, ibrutinib treatment potently suppresses Btk phosphorylation in neutrophils and attenuates neutrophilic and eosinophilic inflammation in a mouse model of cockroach allergen extract (CAE)-induced eosinophilic and neutrophilic asthma, which involves the activation of TLRs, CLRs and PAR-2 in granulocytes (Gao, 2012; Nadeem et al., 2019). However, information regarding the effects of acalabrutinib in these BTK-dependent signaling pathways in neutrophils is still lacking and awaits investigation.

Ibrutinib also inhibits FcγR signaling in neutrophils, causing reduced neutrophil degranulation and ADCP in response to opsonized pathogens and malignant cells. In the early phases of treatment, neutrophils purified from ibrutinib-treated CLL patients display decreased FcγR-mediated IL-8 production and degranulation in response to opsonized E. coli, leading to reduced release of neutrophil elastase (NE), myeloperoxidase (MPO) and lactoferrin (Prezzo et al., 2019). Ibrutinib potently inhibits ADCP of lymphoma cells opsonized with anti-CD20 (rituximab, obinutuzumab or ofatumumab) or tumor cells opsonized with anti-HER2 (trastuzumab) by fresh human neutrophils in vitro (Da Roit et al., 2015; Duong et al., 2015). Interestingly, neutrophils of XLA patients exhibit normal IL-8 production, degranulation and ADCP in response to opsonized bacteria and malignant cells (Cavaliere et al., 2017). Given the lack of effects of acalabrutinib on FcγR-mediated ADCP in macrophages (Golay et al., 2017; VanDerMeid et al., 2018), it is not likely that acalabrutinib could inhibit FcγR-mediated ADCP in neutrophils, although direct evidence has not been reported. Thus, the inhibitory effects of ibrutinib on FcγR-mediated neutrophil activation and ADCP are likely mediated through its off-target inhibition on non-BTK TEC family kinases that modulate neutrophil functions (Prezzo et al., 2019). The exact target kinases and detailed molecular mechanisms of ibrutinib on FcγR signaling in neutrophils remain to be elucidated in future studies.

Of particular relevance to the prevention and treatment of allergy, both ibrutinib and acalabrutinib can inhibit FcεR-BTK-mediated signaling and allergic responses in basophils and mast cells. Treatment with ibrutinib or acalabrutinib abolishes IgE-induced degranulation and release of histamine, leukotriene C4 (LTC4) and IL-4 as well as upregulation of activation markers CD63, CD164, CD203c or LAMP1 in human basophils and mast cells in vitro (MacGlashan et al., 2011; Smiljkovic et al., 2017; Dispenza et al., 2020). Treatment with ibrutinib also eliminates skin prick test reactivity and IgE-mediated basophil activation test (BAT) responses to aeroallergens in CLL patients (Dispenza et al., 2017; Regan et al., 2017). The role of BTK in this pathway has been revealed by the evidence that bone marrow-derived mast cells of Btk–/– mice exhibit impaired FcεRI-mediated production of eicosanoid, LTC4 and ROS in vitro (Kuehn et al., 2008). Interestingly, ibrutinib or acalabrutinib prevents allergen-IgE-mediated bronchoconstriction in isolated human lung tissues ex vivo and acalabrutinib effectively protects against IgE-mediated systemic anaphylaxis and death in a humanized mouse model in vivo, suggesting an almost complete blockade of histamine and leukotriene release by mast cells and basophils (Dispenza et al., 2020). Therefore, by acting on TLR, TREM-1, NLRP3, FcγR and FcεR signaling pathways, ibrutinib and acalabrutinib may compromise innate immune responses of granulocytes against bacterial and fungal infections, but may also provide protection against damaging inflammatory responses of neutrophils and eosinophils as well as allergic responses of basophils and mast cells (Table 3).



MYELOID-DERIVED SUPPRESSOR CELLS

Myeloid-derived suppressor cells (MDSCs) potently suppress both adaptive and innate immune responses and are recognized barriers of cancer immunotherapy (Veglia et al., 2018). Ibrutinib treatment significantly decreases the aberrantly elevated counts of MDSCs and effectively normalizes MDSC counts to healthy donor range within the first 1–2 years of therapy in CLL patients, suggesting that ibrutinib continuously improves the immunosuppressive condition in these patients (Solman et al., 2020, 2021). Interestingly, a recent phase II clinical trial on patients with advanced pancreatic cancer has demonstrated that acalabrutinib monotherapy or combination therapy with the anti-PD-1 antibody pembrolizumab leads to consistent and durable reductions in peripheral blood granulocytic (CD15+) MDSCs over time, with median reduction of >50% achieved after 2–3 weeks of therapy (Overman et al., 2020). In another phase II clinical trial on patients with platinum-refractory metastatic urothelial carcinoma, acalabrutinib plus pembrolizumab therapy also led to decreased MDSC levels in a patient with high MDSCs at the baseline (Zhang et al., 2020). These findings suggest that both ibrutinib and acalabrutinib may help to control the abnormal expansion of MDSCs and thus relieve immunosuppression in cancer patients.

Human and murine MDSCs express BTK (Stiff et al., 2016; Ishfaq et al., 2021). Increased expression of BTK correlates with a poor relapse-free survival probability in patients with neuroblastoma (Ishfaq et al., 2021). Similar to that observed in CLL patients, ibrutinib treatment results in a significant reduction of MDSCs in the spleen and tumor in WT mice transplanted with mammary tumors, melanomas or neuroblastomas, but not in transplanted XID mice harboring a BTK mutation, suggesting a BTK-dependent mechanism of action for ibrutinib on MDSCs (Stiff et al., 2016; Varikuti et al., 2020; Ishfaq et al., 2021). Reduced MDSCs in these tumor-bearing WT mice are accompanied by increased T cell infiltration and effector functions as well as decreased tumor growth and metastasis (Stiff et al., 2016; Varikuti et al., 2020; Ishfaq et al., 2021). Varikuti et al. (2020) revealed that ibrutinib-mediated reduction of MDSCs is associated with increased frequency of mature DCs in the spleen and tumor of transplanted WT mice and that ex vivo treatment of MDSCs with ibrutinib induces their maturation toward CD11c+MHCII+ DCs. Interestingly, ibrutinib inhibits in vitro generation of human MDSCs from healthy donor monocytes induced by GM-CSF and IL-6, and also inhibits the phosphorylation of BTK and significantly reduces the expression of the immunosuppressive gene Ido1 in the in vitro generated human MDSCs (Stiff et al., 2016). Ibrutinib also inhibits LPS-induced phosphorylation of BTK, expression of Arg1, Nos2, Ido1 and Tgfb, and production of TNFα and NO in the murine MDSC cell line MSC2 and primary MDSCs isolated from mice bearing neuroblastoma (Stiff et al., 2016). Ibrutinib-treated MDSCs display defects in suppressing T cell proliferation and activation in vitro (Ishfaq et al., 2021). In addition, ibrutinib reduces the expression of adhesion molecules CD49D and CD11a on MDSCs, which are known to play a role in MDSC migration (Stiff et al., 2016). Indeed, ibrutinib impairs the in vitro migration of MSC2 cells induced by cancer cell-conditioned media and human MDSCs induced by GM-CSF or CXCL12 (also known as SDF-1), and also restricts the in vivo migration of MDSCs into the tumor microenvironment (TME) in melanoma-bearing mice (Stiff et al., 2016; Conniot et al., 2019). However, the effects of acalabrutinib on MDSC generation, immunosuppressive function or migration have not been reported yet. Overall, the information of the effects of ibrutinib and acalabrutinib on MDSCs is very limited (Table 4) and their mechanisms of action in MDSCs remain elusive, representing an interesting and significant area for future research.


TABLE 4. Effects of ibrutinib and acalabrutinib on MDSCs, DCs and osteoclasts.
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DENDRITIC CELLS

Dendritic cells (DCs) are the most potent antigen-presenting cells, linking the innate arm of the immune response to the adaptive counterpart (Chudnovskiy et al., 2019; Heath et al., 2019). While no effect of acalabrutinib on DC counts has been reported, ibrutinib treatment gradually increases the counts of plasmacytoid DCs in CLL patients from abnormally low at baseline to healthy donor range at 2 years after treatment (Solman et al., 2021).

Mechanistically, ibrutinib promotes DC maturation and differentially affects DC activation via BTK-dependent pathways. BTK is expressed in DCs (Kawakami et al., 2006). In response to LPS-induced TLR4 signaling, in vitro cultured bone marrow-derived DCs (BMDCs) of Btk–/– mice exhibit enhanced maturation and increased up-regulation of the co-stimulatory molecules CD80 and CD86, but decreased production of the anti-inflammatory cytokine IL-10 (Kawakami et al., 2006). Similarly, ibrutinib treatment accelerates GM-CSF-induced maturation, augments the up-regulation of MHC class II and CD80, and down-regulates the expression of Ly6C in DCs derived from WT mice (Natarajan et al., 2016a). Btk–/– DCs display an enhanced in vivo activity at stimulating IgE response, TH2-driven asthma and TH1-driven contact sensitivity in mouse models (Kawakami et al., 2006). BMDCs differentiated under ibrutinib treatment subsequently show altered responses to LPS stimulation, including increased upregulation of MHC class II, CD80 and CCR7, increased production of IFNβ and IL-10, and enhanced ability to activate CD4 T cells in co-culture experiments, but decreased up-regulation of CD86 and reduced production of IL-6, IL-12 and nitric oxide (NO) (Natarajan et al., 2016a). When ibrutinib treatment is applied after the differentiation of BMDCs is completed, it exerts different effects on LPS-induced activation of BMDCs, including elevated up-regulation of CD80, increased production of IL-6, IL-18, IL-10 and TGFβ, and enhanced ability to drive TH17 response in co-culture experiments, but decreased production of TNFα and NO as well as dampened expression of MHC class II and CD86 (Natarajan et al., 2016b). As observed in neutrophils, ibrutinib also attenuates TLR7-induced Btk phosphorylation, oxidative stress and production of inflammatory cytokines IL-23 and TNFα in dermal and splenic DCs in a mouse model of imiquimod-induced psoriatic inflammation (Al-Harbi et al., 2020; Nadeem et al., 2020). Furthermore, ibrutinib treatment impairs CpG-, but not LPS-, induced activation of STAT1/STAT3 and up-regulation of CD86, CD83, CD80 and HLA-DR as well as production of cytokines IL-6, IL-12 and TNFα in human monocyte-derived DCs prepared from healthy donors by inhibiting TLR9 signaling (Lougaris et al., 2014). A BTK-dependent mechanism of action has been verified by similarly impaired CpG-, but not LPS-, induced activation of DCs derived from XLA patients (Lougaris et al., 2014). Taken together, ibrutinib treatment modulates the maturation and activation of DCs induced by GM-CSF, TLR4, TLR7 and TLR9 signaling via BTK-dependent mechanisms (Table 4). Acalabrutinib is predicted to have similar effects on DCs, but direct evidence is still lacking.



OSTEOCLASTS

Bone-resorbing osteoclasts play an essential role in normal bone homeostasis. Dysregulation of osteoclasts has been implicated in the pathogenesis of several bone disorders such as osteoporosis, periodontitis and rheumatoid arthritis (RA) (Takayanagi, 2007). BTK is expressed in osteoclasts and is essential for RANKL-induced osteoclast differentiation (Lee et al., 2008). Both ibrutinib and acalabrutinib potently inhibit RANKL-induced osteoclast differentiation in in vitro cultured bone marrow-derived monocytes/macrophages (BMMs) or RAW264.7 cells via the RANK-BTK-PLCγ1/γ2-NF-ATc1 pathway (Shinohara et al., 2014; Pokhrel et al., 2019; Liu et al., 2021). Acalabrutinib also inhibits LPS-induced osteoclast differentiation from RANKL-primed osteoclast precursors via the TLR4-BTK-NF-ATc1/c-Fos pathway (Pokhrel et al., 2019). Both ibrutinib and acalabrutinib can significantly reduce the bone-resorbing activities of osteoclasts following treatment with RANKL and M-CSF (Shinohara et al., 2014; Pokhrel et al., 2019). Interestingly, reduction in resorption activities of osteoblasts by ibrutinib is mediated through suppression of the expression of Src, Ptk2, Ptk2b and Talin 1 via an NF-ATc1-independent mechanism (Shinohara et al., 2014). In line with the in vitro evidence, in vivo administration of ibrutinib protects against bone loss in a mouse model of RANKL-induced osteoporosis (Shinohara et al., 2014). Similarly, acalabrutinib treatment protects against Porphyromonas gingivalis LPS-induced alveolar bone erosion in a mouse model of periodontitis (Pokhrel et al., 2019). Furthermore, oral administration of ibrutinib or acalabrutinib ameliorates bone damage and arthritis severity in a mouse model of collagen-induced arthritis (Table 4; Liu et al., 2021). Together, these findings suggest that BTK inhibitors are new therapeutic candidates for the treatment of bone disorders involving bone destruction. On the other hand, long-term treatment with ibrutinib or acalabrutinib may affect bone homoeostasis due to inhibition of osteoclast differentiation and function.



MEGAKARYOCYTES AND PLATELETS

One of the most common adverse effects of ibrutinib and acalabrutinib is an increased risk of bleeding in CLL and MCL patients (Busygina et al., 2019). Approximately 30–50% of CLL and MCL patients treated with ibrutinib or acalabrutinib have low-grade (grade 1–2) bleeding. However, ibrutinib treatment is associated with an increased risk of major bleeding (grade 3–4), which is much reduced with acalabrutinib treatment (Byrd et al., 2016; Wang et al., 2018; Pellegrini et al., 2021). After initiation of ibrutinib therapy, the majority of CLL patients show a small decrease in platelet counts on day 2, which is followed by a rapid increase in platelet counts several days later (Lipsky et al., 2015; Huang et al., 2021). Platelets from ibrutinib-treated CLL patients exhibit reduced surface levels of GPIb-IX complex and αIIbβ3 integrin (also known as GPIIb/IIIa), higher membrane fluidity, lower resting membrane potential and higher level of ROS production compared to those derived from untreated CLL patients and healthy volunteers (Dobie et al., 2019; Popov et al., 2020). In vitro treatment of whole blood from healthy donors with ibrutinib induces a time-dependent shedding of GPIb-IX complex and αIIbβ3 integrin from the platelet surface by activating ADAM17 and an unknown sheddase (Dobie et al., 2019). These findings suggest that ibrutinib has complex effects on platelet counts and platelet physiology in patients.

Consistent with the clinical observation, ibrutinib treatment impairs the proliferation of megakaryocyte progenitor cells during early stage megakaryopoiesis and decreases the number of colony-forming units of megakaryocytes (CFU-MKs) derived from human cord blood CD34+ hematopoietic stem cells (HSCs) or a human megakaryoblastic cell line SET-2 in vitro (Huang et al., 2021). On the other hand, ibrutinib enhances the differentiation and ploidy of megakaryocytes as well as proplatelet formation during late-stage megakaryopoiesis (Huang et al., 2021). Ibrutinib also impairs megakaryocyte adhesion and spreading on immobilized fibrinogen by inhibiting the integrin αIIbβ3 outside-in signaling in megakaryocytes (Huang et al., 2021). In vivo administration of ibrutinib in C57BL/6 mice results in thrombocytopenia in the bone marrow associated with a decrease in platelet counts at day 2 to day 7, which is recovered to normal levels by day 15 after treatment (Huang et al., 2021). Thus, the complex effects of ibrutinib on platelet counts are mediated at least partially by its differential modulation of megakaryocyte differentiation and function at different stages of megakaryopoiesis (Table 5), although the underlying molecular mechanisms remain unclear and require further investigation.


TABLE 5. Effects of ibrutinib and acalabrutinib on megakaryocytes and platelets.
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Bruton’s tyrosine kinase is expressed in megakaryocytes and platelets, but XLA patients do not show a bleeding phenotype (Busygina et al., 2019; Huang et al., 2021). Bleedings observed in CLL and MCL patients that receive ibrutinib or acalabrutinib therapy are mainly attributable to the drug-induced platelet dysfunctions (Bye et al., 2017; Chen et al., 2018; Nicolson et al., 2018; Denzinger et al., 2019; Dmitrieva et al., 2020; Ninomoto et al., 2020). It has been consistently reported that ibrutinib and acalabrutinib significantly delay glycoprotein VI (GPVI)-mediated platelet aggregation in response to collagen or collagen-related peptide (CRP) and that ibrutinib has much higher potency than acalabrutinib (IC50 0.35 versus 1.85 μM) on this (Bye et al., 2017; Chen et al., 2018; Nicolson et al., 2018; Busygina et al., 2019; Denzinger et al., 2019; Ninomoto et al., 2020; Series et al., 2019; Zheng et al., 2021). Platelets of XLA patients only show defects in GPVI-mediated platelet activation in response to low collagen concentrations but not to high collagen concentrations (Quek et al., 1998). High collagen concentrations also activate the other kinase TEC expressed in platelets, which compensates for BTK functional deficiency in platelets of XLA patients (Quek et al., 1998; Chen et al., 2018; Busygina et al., 2019). Ibrutinib and acalabrutinib inhibit both BTK and TEC to delay collagen-induced platelet aggregation, granule secretion, and “inside-out” activation of the platelet surface integrin αIIbβ3 via the GPVI-FcRγ-SYK-LAT-PI3K-BTK/TEC-PLCγ2-PKC-Ca2+ signaling pathway (Bye et al., 2017; Chen et al., 2018; Nicolson et al., 2018; Busygina et al., 2019; Denzinger et al., 2019; Zheng et al., 2021). Complementary to the signaling events downstream of GPVI activation, fibrinogen binding to the platelet integrin αIIbβ3 invokes a parallel “outside-in” signaling cascade also involving the SYK-PI3K-BTK axis to mediate platelet spreading on fibrinogen, cytoskeletal assembly and platelet aggregation, which is significantly decreased by ibrutinib and acalabrutinib (Dobie et al., 2019; Zheng et al., 2021). Similarly, ibrutinib and acalabrutinib inhibit ristocetin- or botrocetin/von Willebrand factor (VWF)-induced platelet adhesion and aggregation via the GPIb-IX-SYK-LAT-PI3K-BTK-PLCγ2-Ca2+ signaling pathway (Busygina et al., 2019; Denzinger et al., 2019; Dobie et al., 2019). In contrast, ibrutinib and acalabrutinib do not compromise platelet activation and aggregation induced by ADP, TRAP6 or arachidonic acid (Busygina et al., 2019; Goldmann et al., 2019; Ninomoto et al., 2020). Collectively, ibrutinib and acalabrutinib specifically inhibit GPVI-mediated platelet activation and aggregation via BTK/TEC-dependent mechanisms and also affect αIIbβ3- and GPIb-IX-mediated signaling in platelets by inhibiting the SYK-PI3K-BTK axis (Table 5), which contribute to the increased bleeding observed in CLL and MCL patients.

Interestingly, mounting evidence suggests that some of the effects of ibrutinib and acalabrutinib on platelets can be harnessed to treat thrombosis-related cardiovascular diseases. Interaction of plaque-derived collagen with GPVI and interaction of VWF with GPIb are essential for thrombus formation on ruptured or eroded atherosclerotic plaques, termed atherothrombosis (Busygina et al., 2018; Denzinger et al., 2019). Both BTK inhibitors do not impair primary hemostasis but do inhibit GPVI-mediated platelet aggregation induced by collagen under blood flow conditions and in blood exposed to human plaque homogenates (Busygina et al., 2018). Ibrutinib and acalabrutinib are also able to prevent platelet thrombus formation in arterially flowing blood on human atherosclerotic plaque homogenates and plaque tissue sections (Busygina et al., 2018). This plaque-selective platelet inhibition was verified in CLL patients taking ibrutinib and in volunteers after much lower and intermittent dosing of ibrutinib (Busygina et al., 2018; Busygina et al., 2019). However, ibrutinib but not acalabrutinib inhibits thrombus formation in blood from healthy donors on collagen under arterial shear conditions due to off-target inhibition of the SRC family kinases by ibrutinib (Bye et al., 2017; Dobie et al., 2019). In line with this, platelets from ibrutinib- but not zanubrutinib-treated CLL patients also exhibit reduced thrombus formation on collagen under arterial flow conditions (Dobie et al., 2019). Intriguingly, low concentrations of ibrutinib and acalabrutinib effectively block the C-type lectin receptor CLEC-2-mediated platelet activation, which demonstrates a critical role in inflammation-driven venous thrombosis but not in hemostasis (Manne et al., 2015; Dobie et al., 2019; Nicolson et al., 2021). Platelets from ibrutinib- or acalabrutinib-treated CLL patients do not aggregate in response to the CLEC-2 agonist rhodocytin and cannot adhere to the CLEC-2 ligand podoplanin under venous flow conditions ex vivo (Nicolson et al., 2021). The inhibitory effects of ibrutinib and acalabrutinib on CLEC-2-mediated platelet activation are primarily mediated through specific inhibition of BTK in the SYK-LAT-BTK-PLCγ2-NF-AT pathway and a BTK-dependent positive feedback signaling involving ADP and thromboxane A2, as CLEC-2-mediated platelet activation and aggregation are also blocked by BTK mutations in platelets of XLA patients (Nicolson et al., 2021). In vivo administration of ibrutinib reduces the prevalence of CLEC-2-dependent deep vein thrombosis in a mouse model of inferior vena cava stenosis (Nicolson et al., 2021). Based on these findings, BTK inhibitors have been proposed as novel drugs for treating atherothrombosis and thrombo-inflammatory diseases.

Additional potential application of BTK inhibitors on platelet-related diseases includes heparin-induced thrombocytopenia type II (HIT), in which activation of the platelet FcγRIIA (CD32a) is an early and crucial step of disease pathogenesis (Goldmann et al., 2019). Both ibrutinib and acalabrutinib inhibit FcγRIIA-induced platelet aggregation, ATP secretion, P-selectin expression and formation of platelet-neutrophil complexes in blood from healthy donors in response to stimulation by antibody-mediated CD32a cross-linking or sera from HIT patients in vitro and ex vivo, but ibrutinib exhibits much higher potency than acalabrutinib (IC50: 0.08 versus 0.38 μM) (Goldmann et al., 2019). A single dose of ibrutinib also prevents in vivo platelet aggregation stimulated by CD32 cross-linking in three healthy physicians (Goldmann et al., 2019). Thus, ibrutinib and acalabrutinib can protect against HIT by inhibiting FcγRIIA-BTK-PLCγ2 signaling in platelets and this new rationale warrants testing in patients with HIT (Goldmann et al., 2019).

Taken together, ibrutinib is generally more potent than acalabrutinib at inhibiting GPVI-, αIIbβ3-, GPIb-IX-, CLEC-2- and FcγRIIA-induced platelet aggregation via blocking the BTK/TEC-PLCγ2 signaling axis in platelets (Table 5). Ibrutinib but not acalabrutinib also inhibits thrombus formation on collagen under arterial shear conditions due to off-target inhibition of the SRC family kinases. Although the effects of ibrutinib and acalabrutinib on platelet function may cause undesired bleeding risks in CLL and MCL patients (especially those treated with ibrutinib), some of these effects expand their potential as anti-platelet drugs even at low doses for treating atherothrombosis, thrombo-inflammatory diseases and HIT.



INNATE LYMPHOID CELLS

To date, there are no studies in the literature reporting the effects of ibrutinib or acalabrutinib on innate lymphoid cells (ILCs), the most recently discovered immune cell subsets. However, ITK is expressed in ILC subsets at a level similar to that detected in NK cells (Eken et al., 2019). The functional importance of ITK in ILCs is highlighted by the evidence that the frequency of ILC2 and ILC3 populations is decreased in the peripheral blood of an ITK-deficient patient and that Itk–/– mice exhibit a substantial loss of ILC2 in the intestinal lamina propria (Cho et al., 2019; Eken et al., 2019). In this context, it is likely that ibrutinib treatment may affect ILC2 and ILC3 subsets through its off-target inhibition of ITK, which awaits investigation.



SUMMARY

The clinical success of ibrutinib and acalabrutinib represents a major breakthrough in the treatment of CLL and MCL, and has also revolutionized the treatment options for other B cell malignancies. Compared to ibrutinib, acalabrutinib has improved target specificity and therefore reduced toxicities. Increasing preclinical and clinical evidence indicates that both ibrutinib and acalabrutinib have multifaceted immunomodulatory effects on various immune cell subsets. The shared effects of ibrutinib and acalabrutinib on these immune cell subsets are primarily mediated through inhibition of BTK-dependent signaling pathways of specific immune receptors. These BTK-dependent receptors include adaptive immune receptors (such as BCR and TCR), innate immune receptors (such as TLRs, TREM-1, Dectin-1, NLRP3 and CLEC-2), cytokine receptors (such as GM-CSFR and RANK), chemokine receptors (such as CXCR4 and CXCR5), Fc receptors (such as FcγRIIIA, FcγRIIA and FcεRI) and adhesion molecules (such as GPVI, αIIbβ3 and GPIb-IX). However, ibrutinib also has distinct effects on T cells, NK cells, myeloid cells and platelets through its off-target inhibition of ITK, TEC and the SRC family kinases. Elucidation of these signaling pathways has provided a much better understanding of the mechanisms of action that contribute to the exceptionally high clinical efficacy as well as the unique toxicity profiles of the two drugs observed in CLL and MCL patients. Furthermore, these findings open up new indications for clinical applications of both drugs in a wide variety of human diseases beyond B cell malignancies.



AUTHOR CONTRIBUTIONS

PX and SZ have taken the leading roles in designing and writing this manuscript. SG, JJ, ES, JT, JA, BW, and EV have also made significant contributions to writing this manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by a research grant from Acerta Pharma, the National Institutes of Health Grants R01 CA158402 and R21 AI128264 (PX), the Department of Defense Grant W81XWH-13-1-0242 (PX), a New Jersey Commission on Cancer Research (NJCCR) Grant DCHS19CRF005 (PX), a Busch Biomedical Grant (PX), and a Pilot Award from the Cancer Institute of New Jersey through Grant Number P30CA072720 from the National Cancer Institute (PX).


FOOTNOTES

1www.clinicaltrials.gov


REFERENCES

Al-Harbi, N. O., Nadeem, A., Ahmad, S. F., Bakheet, S. A., El-Sherbeeny, A. M., Ibrahim, K. E., et al. (2020). Therapeutic treatment with Ibrutinib attenuates imiquimod-induced psoriasis-like inflammation in mice through downregulation of oxidative and inflammatory mediators in neutrophils and dendritic cells. Eur. J. Pharmacol. 877:173088. doi: 10.1016/j.ejphar.2020.173088

Allchin, R. L., Kelly, M. E., Mamand, S., Doran, A. G., Keane, T., Ahearne, M. J., et al. (2019). Structural and diffusion weighted MRI demonstrates responses to ibrutinib in a mouse model of follicular helper (Tfh) T-cell lymphoma. PLoS One 14:e0215765. doi: 10.1371/journal.pone.0215765

Alsuliman, T., Faict, S., Malard, F., Genthon, A., Brissot, E., Van de Wyngaert, Z., et al. (2021). Does Ibrutinib impact outcomes of viral infection by SARS-CoV-2 in mantle cell lymphoma patients? Curr. Res. Transl. Med. 69:103273. doi: 10.1016/j.retram.2020.103273

Awan, F. T., Schuh, A., Brown, J. R., Furman, R. R., Pagel, J. M., Hillmen, P., et al. (2019). Acalabrutinib monotherapy in patients with chronic lymphocytic leukemia who are intolerant to ibrutinib. Blood Adv. 3, 1553–1562. doi: 10.1182/bloodadvances.2018030007

Ball, S., Das, A., Vutthikraivit, W., Edwards, P. J., Hardwicke, F., Short, N. J., et al. (2020). Risk of infection associated with ibrutinib in patients with B-cell malignancies: a systematic review and meta-analysis of randomized controlled trials. Clin. Lymphoma Myeloma Leuk. 20, 87–97.e85. doi: 10.1016/j.clml.2019.10.004

Bao, Y., Zheng, J., Han, C., Jin, J., Han, H., Liu, Y., et al. (2012). Tyrosine kinase Btk is required for NK cell activation. J. Biol. Chem. 287, 23769–23778. doi: 10.1074/jbc.M112.372425

Barbarino, V., Henschke, S., Blakemore, S. J., Izquierdo, E., Michalik, M., Nickel, N., et al. (2020). Macrophage-mediated antibody dependent effector function in aggressive B-cell lymphoma treatment is enhanced by ibrutinib via inhibition of JAK2. Cancers (Basel) 12:2303. doi: 10.3390/cancers12082303

Barf, T., Covey, T., Izumi, R., van de Kar, B., Gulrajani, M., van Lith, B., et al. (2017). Acalabrutinib (ACP-196): a covalent bruton tyrosine kinase inhibitor with a differentiated selectivity and in vivo potency profile. J. Pharmacol. Exp. Ther. 363, 240–252. doi: 10.1124/jpet.117.242909

Benner, B., and Carson, W. E. (2021). Observations on the use of Bruton’s tyrosine kinase inhibitors in SAR-CoV-2 and cancer. J. Hematol. Oncol. 14:15. doi: 10.1186/s13045-020-00999-8

Benner, B., Scarberry, L., Stiff, A., Duggan, M. C., Good, L., Lapurga, G., et al. (2019). Evidence for interaction of the NLRP3 inflammasome and Bruton’s tyrosine kinase in tumor-associated macrophages: implications for myeloid cell production of interleukin-1beta. Oncoimmunology 8:1659704. doi: 10.1080/2162402X.2019.1659704

Bercusson, A., Colley, T., Shah, A., Warris, A., and Armstrong-James, D. (2018). Ibrutinib blocks Btk-dependent NF-kB and NFAT responses in human macrophages during Aspergillus fumigatus phagocytosis. Blood 132, 1985–1988. doi: 10.1182/blood-2017-12-823393

Berglof, A., Hamasy, A., Meinke, S., Palma, M., Krstic, A., Mansson, R., et al. (2015). Targets for ibrutinib beyond B cell malignancies. Scand. J. Immunol. 82, 208–217. doi: 10.1111/sji.12333

Biron, C. A., and Brossay, L. (2001). NK cells and NKT cells in innate defense against viral infections. Curr. Opin. Immunol. 13, 458–464. doi: 10.1016/s0952-7915(00)00241-7

Bitar, C., Sadeghian, A., Sullivan, L., and Murina, A. (2018). Ibrutinib-associated pityriasis rosea-like rash. JAAD Case Rep. 4, 55–57. doi: 10.1016/j.jdcr.2017.06.035

Blez, D., Blaize, M., Soussain, C., Boissonnas, A., Meghraoui-Kheddar, A., Menezes, N., et al. (2020). Ibrutinib induces multiple functional defects in the neutrophil response against Aspergillus fumigatus. Haematologica 105, 478–489. doi: 10.3324/haematol.2019.219220

Boissard, F., Fournie, J. J., Quillet-Mary, A., Ysebaert, L., and Poupot, M. (2015). Nurse-like cells mediate ibrutinib resistance in chronic lymphocytic leukemia patients. Blood Cancer J. 5:e355. doi: 10.1038/bcj.2015.74

Bojarczuk, K., Siernicka, M., Dwojak, M., Bobrowicz, M., Pyrzynska, B., Gaj, P., et al. (2014). B-cell receptor pathway inhibitors affect CD20 levels and impair antitumor activity of anti-CD20 monoclonal antibodies. Leukemia 28, 1163–1167. doi: 10.1038/leu.2014.12

Bond, D. A., Alinari, L., and Maddocks, K. (2019). Bruton tyrosine kinase inhibitors for the treatment of mantle cell lymphoma: review of current evidence and future directions. Clin. Adv. Hematol. Oncol. 17, 223–233.

Bond, D. A., and Maddocks, K. J. (2020). Current role and emerging evidence for bruton tyrosine kinase inhibitors in the treatment of mantle cell lymphoma. Hematol. Oncol. Clin. North Am. 34, 903–921. doi: 10.1016/j.hoc.2020.06.007

Borge, M., Belen Almejun, M., Podaza, E., Colado, A., Fernandez Grecco, H., Cabrejo, M., et al. (2015). Ibrutinib impairs the phagocytosis of rituximab-coated leukemic cells from chronic lymphocytic leukemia patients by human macrophages. Haematologica 100, e140–e142. doi: 10.3324/haematol.2014.119669

Busygina, K., Denzinger, V., Bernlochner, I., Weber, C., Lorenz, R., and Siess, W. (2019). Btk inhibitors as first oral atherothrombosis-selective antiplatelet drugs? Thromb. Haemost. 119, 1212–1221. doi: 10.1055/s-0039-1687877

Busygina, K., Jamasbi, J., Seiler, T., Deckmyn, H., Weber, C., Brandl, R., et al. (2018). Oral Bruton tyrosine kinase inhibitors selectively block atherosclerotic plaque-triggered thrombus formation in humans. Blood 131, 2605–2616. doi: 10.1182/blood-2017-09-808808

Bye, A. P., Unsworth, A. J., Desborough, M. J., Hildyard, C. A. T., Appleby, N., Bruce, D., et al. (2017). Severe platelet dysfunction in NHL patients receiving ibrutinib is absent in patients receiving acalabrutinib. Blood Adv. 1, 2610–2623. doi: 10.1182/bloodadvances.2017011999

Byrd, J. C., Harrington, B., O’Brien, S., Jones, J. A., Schuh, A., Devereux, S., et al. (2016). Acalabrutinib (ACP-196) in relapsed chronic lymphocytic leukemia. N. Engl. J. Med. 374, 323–332. doi: 10.1056/Nejmoa1509981

Byrd, J. C., Wierda, W. G., Schuh, A., Devereux, S., Chaves, J. M., Brown, J. R., et al. (2020). Acalabrutinib monotherapy in patients with relapsed/refractory chronic lymphocytic leukemia: updated phase 2 results. Blood 135, 1204–1213. doi: 10.1182/blood.2018884940

Cadot, S., Valle, C., Tosolini, M., Pont, F., Largeaud, L., Laurent, C., et al. (2020). Longitudinal CITE-Seq profiling of chronic lymphocytic leukemia during ibrutinib treatment: evolution of leukemic and immune cells at relapse. Biomark. Res. 8:72. doi: 10.1186/s40364-020-00253-w

Castillo, J. J., Advani, R. H., Branagan, A. R., Buske, C., Dimopoulos, M. A., D’Sa, S., et al. (2020a). Consensus treatment recommendations from the tenth International Workshop for Waldenstrom Macroglobulinaemia. Lancet Haematol. 7, e827–e837. doi: 10.1016/S2352-3026(20)30224-6

Castillo, J. J., Gustine, J. N., Meid, K., Flynn, C. A., Demos, M. G., Guerrera, M. L., et al. (2020b). Response and survival outcomes to ibrutinib monotherapy for patients with Waldenstrom macroglobulinemia on and off clinical trials. Hemasphere 4:e363. doi: 10.1097/HS9.0000000000000363

Castillo, J. J., and Treon, S. P. (2020). Management of Waldenstrom macroglobulinemia in 2020. Hematol. Am. Soc. Hematol. Educ. Program 2020, 372–379. doi: 10.1182/hematology.2020000121

Cavaliere, F. M., Prezzo, A., Bilotta, C., Iacobini, M., and Quinti, I. (2017). The lack of BTK does not impair monocytes and polymorphonuclear cells functions in X-linked agammaglobulinemia under treatment with intravenous immunoglobulin replacement. PLoS One 12:e0175961. doi: 10.1371/journal.pone.0175961

Chari, A., Cornell, R. F., Gasparetto, C., Karanes, C., Matous, J. V., Niesvizky, R., et al. (2020). Final analysis of a phase 1/2b study of ibrutinib combined with carfilzomib/dexamethasone in patients with relapsed/refractory multiple myeloma. Hematol. Oncol. 38, 353–362. doi: 10.1002/hon.2723

Chattopadhyay, S., and Sen, G. C. (2014). Tyrosine phosphorylation in Toll-like receptor signaling. Cytokine Growth Factor Rev. 25, 533–541. doi: 10.1016/j.cytogfr.2014.06.002

Chen, F., Pang, D., Guo, H., Ou, Q., Wu, X., Jiang, X., et al. (2020). Clinical outcomes of newly diagnosed primary CNS lymphoma treated with ibrutinib-based combination therapy: a real-world experience of off-label ibrutinib use. Cancer Med. 9, 8676–8684. doi: 10.1002/cam4.3499

Chen, J., Kinoshita, T., Gururaja, T., Sukbuntherng, J., James, D., Lu, D., et al. (2018). The effect of Bruton’s tyrosine kinase (BTK) inhibitors on collagen-induced platelet aggregation, BTK, and tyrosine kinase expressed in hepatocellular carcinoma (TEC). Eur. J. Haematol. 101, 604–612. doi: 10.1111/ejh.13148

Cho, H.-S., Reboldi, A., Hall, J. A., and Berg, L. J. (2019). The Tec kinase ITK is essential for ILC2 survival and epithelial integrity in the intestine. Nat. Commun. 10:784. doi: 10.1038/s41467-019-08699-9

Chudnovskiy, A., Pasqual, G., and Victora, G. D. (2019). Studying interactions between dendritic cells and T cells in vivo. Curr. Opin. Immunol. 58, 24–30. doi: 10.1016/j.coi.2019.02.002

Conniot, J., Scomparin, A., Peres, C., Yeini, E., Pozzi, S., Matos, A. I., et al. (2019). Immunization with mannosylated nanovaccines and inhibition of the immune-suppressing microenvironment sensitizes melanoma to immune checkpoint modulators. Nat. Nanotechnol. 14, 891–901. doi: 10.1038/s41565-019-0512-0

Covey, T., Barf, T., Gulrajani, M., Krantz, F., van Lith, B., Bibikova, E., et al. (2015). ACP-196: a novel covalent Bruton’s tyrosine kinase (Btk) inhibitor with improved selectivity and in vivo target coverage in chronic lymphocytic leukemia (CLL) patients. Cancer Res. 75, 2596–2596. doi: 10.1158/1538-7445.AM2015-2596

Cubillos-Zapata, C., Avendano-Ortiz, J., Cordoba, R., Hernandez-Jimenez, E., Toledano, V., Perez de Diego, R., et al. (2016). Ibrutinib as an antitumor immunomodulator in patients with refractory chronic lymphocytic leukemia. Oncoimmunology 5:e1242544. doi: 10.1080/2162402X.2016.1242544

Da Roit, F., Engelberts, P. J., Taylor, R. P., Breij, E. C., Gritti, G., Rambaldi, A., et al. (2015). Ibrutinib interferes with the cell-mediated anti-tumor activities of therapeutic CD20 antibodies: implications for combination therapy. Haematologica 100, 77–86. doi: 10.3324/haematol.2014.107011

Danilov, A. V., and Persky, D. O. (2020). Incorporating acalabrutinib, a selective next-generation Bruton tyrosine kinase inhibitor, into clinical practice for the treatment of haematological malignancies. Br. J. Haematol. 193, 15–25. doi: 10.1111/bjh.17184

Davids, M. S., Waweru, C., Le Nouveau, P., Padhiar, A., Singh, G., Abhyankar, S., et al. (2020). Comparative efficacy of acalabrutinib in frontline treatment of chronic lymphocytic leukemia: a systematic review and network meta-analysis. Clin. Ther. 42, 1955–1974.e1915. doi: 10.1016/j.clinthera.2020.08.017

Davis, J. E., Handunnetti, S. M., Ludford-Menting, M., Sharpe, C., Blombery, P., Anderson, M. A., et al. (2020). Immune recovery in patients with mantle cell lymphoma receiving long-term ibrutinib and venetoclax combination therapy. Blood Adv. 4, 4849–4859. doi: 10.1182/bloodadvances.2020002810

de Gorter, D. J., Beuling, E. A., Kersseboom, R., Middendorp, S., van Gils, J. M., Hendriks, R. W., et al. (2007). Bruton’s tyrosine kinase and phospholipase Cgamma2 mediate chemokine-controlled B cell migration and homing. Immunity 26, 93–104. doi: 10.1016/j.immuni.2006.11.012

de Porto, A. P., Liu, Z., de Beer, R., Florquin, S., de Boer, O. J., Hendriks, R. W., et al. (2019). Btk inhibitor ibrutinib reduces inflammatory myeloid cell responses in the lung during murine pneumococcal pneumonia. Mol. Med. 25:3. doi: 10.1186/s10020-018-0069-7

de Rooij, M. F., Kuil, A., Geest, C. R., Eldering, E., Chang, B. Y., Buggy, J. J., et al. (2012). The clinically active BTK inhibitor PCI-32765 targets B-cell receptor- and chemokine-controlled adhesion and migration in chronic lymphocytic leukemia. Blood 119, 2590–2594. doi: 10.1182/blood-2011-11-390989

de Weerdt, I., Hofland, T., Lameris, R., Endstra, S., Jongejan, A., Moerland, P. D., et al. (2018). Improving CLL Vgamma9Vdelta2-T-cell fitness for cellular therapy by ex vivo activation and ibrutinib. Blood 132, 2260–2272. doi: 10.1182/blood-2017-12-822569

Delgado, J., Josephson, F., Camarero, J., Garcia-Ochoa, B., Lopez-Anglada, L., Prieto-Fernandez, C., et al. (2021). EMA review of acalabrutinib for the treatment of adult patients with chronic lymphocytic leukemia. Oncologist 26, 242–249. doi: 10.1002/onco.13685

Denzinger, V., Busygina, K., Jamasbi, J., Pekrul, I., Spannagl, M., Weber, C., et al. (2019). Optimizing platelet GPVI inhibition versus haemostatic impairment by the Btk inhibitors ibrutinib, acalabrutinib, ONO/GS-4059, BGB-3111 and evobrutinib. Thromb. Haemost. 119, 397–406. doi: 10.1055/s-0039-1677744

Dispenza, M. C., Krier-Burris, R. A., Chhiba, K. D., Undem, B. J., Robida, P. A., and Bochner, B. S. (2020). Bruton’s tyrosine kinase inhibition effectively protects against human IgE-mediated anaphylaxis. J. Clin. Invest. 130, 4759–4770. doi: 10.1172/JCI138448

Dispenza, M. C., Pongracic, J. A., Singh, A. M., and Bochner, B. S. (2018). Short-term ibrutinib therapy suppresses skin test responses and eliminates IgE-mediated basophil activation in adults with peanut or tree nut allergy. J. Allergy Clin. Immunol. 141, 1914–1916.e1917. doi: 10.1016/j.jaci.2017.12.987

Dispenza, M. C., Regan, J. A., and Bochner, B. S. (2017). Potential applications of Bruton’s tyrosine kinase inhibitors for the prevention of allergic reactions. Expert Rev. Clin. Immunol. 13, 921–923. doi: 10.1080/1744666X.2017.1370374

Dmitrieva, E. A., Nikitin, E. A., Ignatova, A. A., Vorobyev, V. I., Poletaev, A. V., Seregina, E. A., et al. (2020). Platelet function and bleeding in chronic lymphocytic leukemia and mantle cell lymphoma patients on ibrutinib. J. Thromb. Haemost. 18, 2672–2684. doi: 10.1111/jth.14943

Dobie, G., Kuriri, F. A., Omar, M. M. A., Alanazi, F., Gazwani, A. M., Tang, C. P. S., et al. (2019). Ibrutinib, but not zanubrutinib, induces platelet receptor shedding of GPIb-IX-V complex and integrin alphaIIbbeta3 in mice and humans. Blood Adv. 3, 4298–4311. doi: 10.1182/bloodadvances.2019000640

Doyle, S. L., Jefferies, C. A., Feighery, C., and O’Neill, L. A. (2007). Signaling by Toll-like receptors 8 and 9 requires Bruton’s tyrosine kinase. J. Biol. Chem. 282, 36953–36960. doi: 10.1074/jbc.M707682200

Dubovsky, J. A., Beckwith, K. A., Natarajan, G., Woyach, J. A., Jaglowski, S., Zhong, Y., et al. (2013). Ibrutinib is an irreversible molecular inhibitor of ITK driving a Th1-selective pressure in T lymphocytes. Blood 122, 2539–2549. doi: 10.1182/blood-2013-06-507947

Duong, M. N., Matera, E. L., Mathe, D., Evesque, A., Valsesia-Wittmann, S., Clemenceau, B., et al. (2015). Effect of kinase inhibitors on the therapeutic properties of monoclonal antibodies. MAbs 7, 192–198. doi: 10.4161/19420862.2015.989020

Eken, A., Cansever, M., Somekh, I., Mizoguchi, Y., Zietara, N., Okus, F. Z., et al. (2019). Genetic deficiency and biochemical inhibition of ITK affect human Th17, Treg, and innate lymphoid cells. J. Clin. Immunol. 39, 391–400. doi: 10.1007/s10875-019-00632-5

Estupinan, H. Y., Berglof, A., Zain, R., and Smith, C. I. E. (2021). Comparative analysis of BTK inhibitors and mechanisms underlying adverse effects. Front. Cell Dev. Biol. 9:630942. doi: 10.3389/fcell.2021.630942

Fakhri, B., and Andreadis, C. (2021). The role of acalabrutinib in adults with chronic lymphocytic leukemia. Ther. Adv. Hematol. 12:2040620721990553. doi: 10.1177/2040620721990553

Fan, F., Yoo, H. J., Stock, S., Wang, L., Liu, Y., Schubert, M. L., et al. (2021). Ibrutinib for improved chimeric antigen receptor T-cell production for chronic lymphocytic leukemia patients. Int. J. Cancer 148, 419–428. doi: 10.1002/ijc.33212

Feng, M., Chen, J. Y., Weissman-Tsukamoto, R., Volkmer, J. P., Ho, P. Y., McKenna, K. M., et al. (2015). Macrophages eat cancer cells using their own calreticulin as a guide: roles of TLR and Btk. Proc. Natl. Acad. Sci. U.S.A. 112, 2145–2150. doi: 10.1073/pnas.1424907112

Ferrarini, I., Rigo, A., Montresor, A., Laudanna, C., and Vinante, F. (2019). Monocyte-to-macrophage switch reversibly impaired by Ibrutinib. Oncotarget 10, 1943–1956. doi: 10.18632/oncotarget.26744

Filip, A. A., Cisel, B., Koczkodaj, D., Wasik-Szczepanek, E., Piersiak, T., and Dmoszynska, A. (2013). Circulating microenvironment of CLL: are nurse-like cells related to tumor-associated macrophages? Blood Cells Mol. Dis. 50, 263–270. doi: 10.1016/j.bcmd.2012.12.003

Fiorcari, S., Atene, C. G., Maffei, R., Debbia, G., Potenza, L., Luppi, M., et al. (2021). Ibrutinib interferes with innate immunity in chronic lymphocytic leukemia patients during COVID-19 infection. Haematologica106, 2265–2268. doi: 10.3324/haematol.2020.277392

Fiorcari, S., Maffei, R., Audrito, V., Martinelli, S., Ten Hacken, E., Zucchini, P., et al. (2016). Ibrutinib modifies the function of monocyte/macrophage population in chronic lymphocytic leukemia. Oncotarget 7, 65968–65981. doi: 10.18632/oncotarget.11782

Fiorcari, S., Maffei, R., Vallerini, D., Scarfo, L., Barozzi, P., Maccaferri, M., et al. (2020). BTK inhibition impairs the innate response against fungal infection in patients with chronic lymphocytic leukemia. Front. Immunol. 11:2158. doi: 10.3389/fimmu.2020.02158

Flinsenberg, T. W. H., Tromedjo, C. C., Hu, N., Liu, Y., Guo, Y., Thia, K. Y. T., et al. (2019). Differential effects of BTK inhibitors ibrutinib and zanubrutinib on NK cell effector function in patients with mantle cell lymphoma. Haematologica 105, e76–e79. doi: 10.3324/haematol.2019.220590

Florence, J. M., Krupa, A., Booshehri, L. M., Davis, S. A., Matthay, M. A., and Kurdowska, A. K. (2018). Inhibiting Bruton’s tyrosine kinase rescues mice from lethal influenza-induced acute lung injury. Am. J. Physiol. Lung Cell. Mol. Physiol. 315, L52–L58. doi: 10.1152/ajplung.00047.2018

Fowler, N. H., Nastoupil, L., De Vos, S., Knapp, M., Flinn, I. W., Chen, R., et al. (2020). The combination of ibrutinib and rituximab demonstrates activity in first-line follicular lymphoma. Br. J. Haematol. 189, 650–660. doi: 10.1111/bjh.16424

Fraietta, J. A., Beckwith, K. A., Patel, P. R., Ruella, M., Zheng, Z., Barrett, D. M., et al. (2016). Ibrutinib enhances chimeric antigen receptor T-cell engraftment and efficacy in leukemia. Blood 127, 1117–1127. doi: 10.1182/blood-2015-11-679134

Gao, P. (2012). Sensitization to cockroach allergen: immune regulation and genetic determinants. Clin. Dev. Immunol. 2012:563760. doi: 10.1155/2012/563760

Gauthier, J., Hirayama, A. V., Purushe, J., Hay, K. A., Lymp, J., Li, D. H., et al. (2020). Feasibility and efficacy of CD19-targeted CAR T cells with concurrent ibrutinib for CLL after ibrutinib failure. Blood 135, 1650–1660. doi: 10.1182/blood.2019002936

Ghia, P., Dlugosz-Danecka, M., Scarfo, L., and Jurczak, W. (2021). Acalabrutinib: a highly selective, potent Bruton tyrosine kinase inhibitor for the treatment of chronic lymphocytic leukemia. Leuk. Lymphoma 62, 1066–1076. doi: 10.1080/10428194.2020.1864352

Ghia, P., Pluta, A., Wach, M., Lysak, D., Kozak, T., Simkovic, M., et al. (2020). 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. 38, 2849–2861. doi: 10.1200/JCO.19.03355

Golay, J., Ubiali, G., and Introna, M. (2017). The specific Bruton tyrosine kinase inhibitor acalabrutinib (ACP-196) shows favorable in vitro activity against chronic lymphocytic leukemia B cells with CD20 antibodies. Haematologica 102, e400–e403. doi: 10.3324/haematol.2017.169334

Goldmann, L., Duan, R., Kragh, T., Wittmann, G., Weber, C., Lorenz, R., et al. (2019). Oral Bruton tyrosine kinase inhibitors block activation of the platelet Fc receptor CD32a (FcgammaRIIA): a new option in HIT? Blood Adv. 3, 4021–4033. doi: 10.1182/bloodadvances.2019000617

Gomez-Rodriguez, J., Wohlfert, E. A., Handon, R., Meylan, F., Wu, J. Z., Anderson, S. M., et al. (2014). Itk-mediated integration of T cell receptor and cytokine signaling regulates the balance between Th17 and regulatory T cells. J. Exp. Med. 211, 529–543. doi: 10.1084/jem.20131459

Graf, S. A., Cassaday, R. D., Morris, K., Voutsinas, J. M., Wu, Q. V., Behnia, S., et al. (2021). Ibrutinib monotherapy in relapsed or refractory, transformed diffuse large B-cell lymphoma. Clin. Lymphoma Myeloma Leuk. 21, 176–181. doi: 10.1016/j.clml.2020.11.023

Gray, P., Dunne, A., Brikos, C., Jefferies, C. A., Doyle, S. L., and O’Neill, L. A. (2006). MyD88 adapter-like (Mal) is phosphorylated by Bruton’s tyrosine kinase during TLR2 and TLR4 signal transduction. J. Biol. Chem. 281, 10489–10495. doi: 10.1074/jbc.M508892200

Grimont, C. N., Castillo Almeida, N. E., and Gertz, M. A. (2020). Current and emerging treatments for waldenstrom macroglobulinemia. Acta Haematol. 144, 146–157. doi: 10.1159/000509286

Guendel, I., Iordanskiy, S., Sampey, G. C., Van Duyne, R., Calvert, V., Petricoin, E., et al. (2015). Role of Bruton’s tyrosine kinase inhibitors in HIV-1-infected cells. J. Neurovirol. 21, 257–275. doi: 10.1007/s13365-015-0323-5

Gunderson, A. J., Kaneda, M. M., Tsujikawa, T., Nguyen, A. V., Affara, N. I., Ruffell, B., et al. (2016). Bruton tyrosine kinase-dependent immune cell cross-talk drives pancreas cancer. Cancer Discov. 6, 270–285. doi: 10.1158/2159-8290.CD-15-0827

Hanna, K. S., Campbell, M., Husak, A., and Sturm, S. (2020). The role of Bruton’s tyrosine kinase inhibitors in the management of mantle cell lymphoma. J. Oncol. Pharm. Pract. 26, 1190–1199. doi: 10.1177/1078155220915956

Hassenrück, F., Knödgen, E., Göckeritz, E., Midda, S. H., Vondey, V., Neumann, L., et al. (2018). Sensitive detection of the natural killer cell-mediated cytotoxicity of anti-CD20 antibodies and its impairment by B-cell receptor pathway inhibitors. Biomed Res. Int. 2018:1023490. doi: 10.1155/2018/1023490

Heath, W. R., Kato, Y., Steiner, T. M., and Caminschi, I. (2019). Antigen presentation by dendritic cells for B cell activation. Curr. Opin. Immunol. 58, 44–52. doi: 10.1016/j.coi.2019.04.003

Hendriks, R. W., Yuvaraj, S., and Kil, L. P. (2014). Targeting Bruton’s tyrosine kinase in B cell malignancies. Nat. Rev. Cancer 14, 219–232. doi: 10.1038/nrc3702

Herman, S. E., Gordon, A. L., Hertlein, E., Ramanunni, A., Zhang, X., Jaglowski, S., et al. (2011). Bruton tyrosine kinase represents a promising therapeutic target for treatment of chronic lymphocytic leukemia and is effectively targeted by PCI-32765. Blood 117, 6287–6296. doi: 10.1182/blood-2011-01-328484

Hodkinson, B. P., Schaffer, M., Brody, J. D., Jurczak, W., Carpio, C., Ben-Yehuda, D., et al. (2021). Biomarkers of response to ibrutinib plus nivolumab in relapsed diffuse large B-cell lymphoma, follicular lymphoma, or Richter’s transformation. Transl. Oncol. 14:100977. doi: 10.1016/j.tranon.2020.100977

Hofland, T., de Weerdt, I., ter Burg, H., de Boer, R., Tannheimer, S., Tonino, S. H., et al. (2019). Dissection of the effects of JAK and BTK inhibitors on the functionality of healthy and malignant lymphocytes. J. Immunol. 203, 2100–2109. doi: 10.4049/jimmunol.1900321

Honda, F., Kano, H., Kanegane, H., Nonoyama, S., Kim, E. S., Lee, S. K., et al. (2012). The kinase Btk negatively regulates the production of reactive oxygen species and stimulation-induced apoptosis in human neutrophils. Nat. Immunol. 13, 369–378. doi: 10.1038/ni.2234

Horwood, N. J., Page, T. H., McDaid, J. P., Palmer, C. D., Campbell, J., Mahon, T., et al. (2006). Bruton’s tyrosine kinase is required for TLR2 and TLR4-induced TNF, but not IL-6, production. J. Immunol. 176, 3635–3641. doi: 10.4049/jimmunol.176.6.3635

Hu, Y., Wen, Z., Liu, S., Cai, Y., Guo, J., Xu, Y., et al. (2020). Ibrutinib suppresses intracellular mycobacterium tuberculosis growth by inducing macrophage autophagy. J. Infect. 80, e19–e26. doi: 10.1016/j.jinf.2020.03.003

Huang, J., Huang, S., Ma, Z., Lin, X., Li, X., Huang, X., et al. (2021). Ibrutinib suppresses early megakaryopoiesis but enhances proplatelet formation. Thromb. Haemost. 121, 192–205. doi: 10.1055/s-0040-1716530

Iovino, L., and Shadman, M. (2020). Novel therapies in chronic lymphocytic leukemia: a rapidly changing landscape. Curr. Treat. Options Oncol. 21:24. doi: 10.1007/s11864-020-0715-5

Isaac, K., and Mato, A. R. (2020). Acalabrutinib and its therapeutic potential in the treatment of chronic lymphocytic leukemia: a short review on emerging data. Cancer Manag. Res. 12, 2079–2085. doi: 10.2147/CMAR.S219570

Ishfaq, M., Pham, T., Beaman, C., Tamayo, P., Yu, A. L., and Joshi, S. (2021). BTK inhibition reverses MDSC-mediated immunosuppression and enhances response to anti-PDL1 therapy in neuroblastoma. Cancers (Basel) 13:817. doi: 10.3390/cancers13040817

Ito, M., Shichita, T., Okada, M., Komine, R., Noguchi, Y., Yoshimura, A., et al. (2015). Bruton’s tyrosine kinase is essential for NLRP3 inflammasome activation and contributes to ischaemic brain injury. Nat. Commun. 6:7360. doi: 10.1038/ncomms8360

Jefferies, C. A., Doyle, S., Brunner, C., Dunne, A., Brint, E., Wietek, C., et al. (2003). Bruton’s tyrosine kinase is a Toll/interleukin-1 receptor domain-binding protein that participates in nuclear factor kappaB activation by Toll-like receptor 4. J. Biol. Chem. 278, 26258–26264. doi: 10.1074/jbc.M301484200

Jongstra-Bilen, J., Cano, A. P., Hasija, M., Xiao, H. Y., Smith, C. I. E., and Cybulsky, M. I. (2008). Dual functions of Bruton’s tyrosine kinase and tec kinase during Fc gamma receptor-induced signaling and phagocytosis. J. Immunol. 181, 288–298. doi: 10.4049/jimmunol.181.1.288

Kawakami, Y., Inagaki, N., Salek-Ardakani, S., Kitaura, J., Tanaka, H., Nagao, K., et al. (2006). Regulation of dendritic cell maturation and function by Bruton’s tyrosine kinase via IL-10 and Stat3. Proc. Natl. Acad. Sci. U.S.A. 103, 153–158. doi: 10.1073/pnas.0509784103

Khan, Y., and O’Brien, S. (2019). Acalabrutinib and its use in treatment of chronic lymphocytic leukemia. Future Oncol. 15, 579–589. doi: 10.2217/fon-2018-0637

Khurana, D., Arneson, L. N., Schoon, R. A., Dick, C. J., and Leibson, P. J. (2007). Differential regulation of human NK cell-mediated cytotoxicity by the tyrosine kinase Itk. J. Immunol. 178, 3575–3582. doi: 10.4049/jimmunol.178.6.3575

Kin, A., and Schiffer, C. A. (2020). Infectious complications of tyrosine kinase inhibitors in hematological malignancies. Infect. Dis. Clin. North Am. 34, 245–256. doi: 10.1016/j.idc.2020.02.008

Kohrt, H. E., Sagiv-Barfi, I., Rafiq, S., Herman, S. E. M., Butchar, J. P., Cheney, C., et al. (2014). Ibrutinib antagonizes rituximab-dependent NK cell–mediated cytotoxicity. Blood 123, 1957–1960. doi: 10.1182/blood-2014-01-547869

Kuehn, H. S., Swindle, E. J., Kim, M. S., Beaven, M. A., Metcalfe, D. D., and Gilfillan, A. M. (2008). The phosphoinositide 3-kinase-dependent activation of Btk is required for optimal eicosanoid production and generation of reactive oxygen species in antigen-stimulated mast cells. J. Immunol. 181, 7706–7712. doi: 10.4049/jimmunol.181.11.7706

Lasica, M., and Tam, C. S. (2020). Management of Ibrutinib toxicities: a practical guide. Curr. Hematol. Malig. Rep. 15, 177–186. doi: 10.1007/s11899-020-00576-3

Lee, K. G., Xu, S., Kang, Z. H., Huo, J., Huang, M., Liu, D., et al. (2012). Bruton’s tyrosine kinase phosphorylates Toll-like receptor 3 to initiate antiviral response. Proc. Natl. Acad. Sci. U.S.A. 109, 5791–5796. doi: 10.1073/pnas.1119238109

Lee, S. H., Kim, T., Jeong, D., Kim, N., and Choi, Y. (2008). The tec family tyrosine kinase Btk Regulates RANKL-induced osteoclast maturation. J. Biol. Chem. 283, 11526–11534. doi: 10.1074/jbc.M708935200

Lewis, K. L., Chin, C. K., Manos, K., Casey, J., Hamad, N., Crawford, J., et al. (2021). Ibrutinib for central nervous system lymphoma: the Australasian Lymphoma Alliance/MD Anderson Cancer Center experience. Br. J. Haematol. 192, 1049–1053. doi: 10.1111/bjh.16946

Liclican, A., Serafini, L., Xing, W., Czerwieniec, G., Steiner, B., Wang, T., et al. (2020). Biochemical characterization of tirabrutinib and other irreversible inhibitors of Bruton’s tyrosine kinase reveals differences in on - and off - target inhibition. Biochim. Biophys. Acta Gen. Subj. 1864:129531. doi: 10.1016/j.bbagen.2020.129531

Liljeroos, M., Vuolteenaho, R., Morath, S., Hartung, T., Hallman, M., and Ojaniemi, M. (2007). Bruton’s tyrosine kinase together with PI 3-kinase are part of Toll-like receptor 2 multiprotein complex and mediate LTA induced Toll-like receptor 2 responses in macrophages. Cell. Signal. 19, 625–633. doi: 10.1016/j.cellsig.2006.08.013

Lin, A. Y., Cuttica, M. J., Ison, M. G., and Gordon, L. I. (2020). Ibrutinib for chronic lymphocytic leukemia in the setting of respiratory failure from severe COVID-19 infection: case report and literature review. EJHaem 1, 596–600. doi: 10.1002/jha2.98

Lipsky, A. H., Farooqui, M. Z., Tian, X., Martyr, S., Cullinane, A. M., Nghiem, K., et al. (2015). Incidence and risk factors of bleeding-related adverse events in patients with chronic lymphocytic leukemia treated with ibrutinib. Haematologica 100, 1571–1578. doi: 10.3324/haematol.2015.126672

Lipsky, A., and Lamanna, N. (2020). Managing toxicities of Bruton tyrosine kinase inhibitors. Hematology Am. Soc. Hematol. Educ. Program 2020, 336–345. doi: 10.1182/hematology.2020000118

Liu, D., and Zhao, J. (2019). Frontline therapies for untreated chronic lymphoid leukemia. Exp. Hematol. Oncol. 8:15. doi: 10.1186/s40164-019-0139-8

Liu, X., Pichulik, T., Wolz, O. O., Dang, T. M., Stutz, A., Dillen, C., et al. (2017). Human NACHT, LRR, and PYD domain-containing protein 3 (NLRP3) inflammasome activity is regulated by and potentially targetable through Bruton tyrosine kinase. J. Allergy Clin. Immunol. 140, 1054–1067.e1010. doi: 10.1016/j.jaci.2017.01.017

Liu, X., Zhan, Z., Li, D., Xu, L., Ma, F., Zhang, P., et al. (2011). Intracellular MHC class II molecules promote TLR-triggered innate immune responses by maintaining activation of the kinase Btk. Nat. Immunol. 12, 416–424. doi: 10.1038/ni.2015

Liu, Y. T., Ding, H. H., Lin, Z. M., Wang, Q., Chen, L., Liu, S. S., et al. (2021). A novel tricyclic BTK inhibitor suppresses B cell responses and osteoclastic bone erosion in rheumatoid arthritis. Acta Pharmacol. Sin. doi: 10.1038/s41401-020-00578-0 [Epub ahead of print].

Long, M., Beckwith, K., Do, P., Mundy, B. L., Gordon, A., Lehman, A. M., et al. (2017). Ibrutinib treatment improves T cell number and function in CLL patients. J. Clin. Invest. 127, 3052–3064. doi: 10.1172/JCI89756

Lorenzo-Vizcaya, A., Fasano, S., and Isenberg, D. A. (2020). Bruton’s tyrosine kinase inhibitors: a new therapeutic target for the treatment of SLE? Immunotargets Ther. 9, 105–110. doi: 10.2147/ITT.S240874

Los-Arcos, I., Aguilar-Company, J., and Ruiz-Camps, I. (2020). Risk of infection associated with new therapies for lymphoproliferative syndromes. Med. Clin. (Barc) 154, 101–107. doi: 10.1016/j.medcli.2019.07.026

Lougaris, V., Baronio, M., Vitali, M., Tampella, G., Cattalini, M., Tassone, L., et al. (2014). Bruton tyrosine kinase mediates TLR9-dependent human dendritic cell activation. J. Allergy Clin. Immunol. 133, 1644–1650.e1644. doi: 10.1016/j.jaci.2013.12.1085

Lucas, F., and Woyach, J. A. (2019). Inhibiting Bruton’s tyrosine kinase in CLL and other B-cell malignancies. Target. Oncol. 14, 125–138. doi: 10.1007/s11523-019-00635-7

MacGlashan, D. Jr., Honigberg, L. A., Smith, A., Buggy, J., and Schroeder, J. T. (2011). Inhibition of IgE-mediated secretion from human basophils with a highly selective Bruton’s tyrosine kinase, Btk, inhibitor. Int. Immunopharmacol. 11, 475–479. doi: 10.1016/j.intimp.2010.12.018

Maffei, R., Fiorcari, S., Martinelli, S., Potenza, L., Luppi, M., and Marasca, R. (2015). Targeting neoplastic B cells and harnessing microenvironment: the “double face” of Ibrutinib and Idelalisib. J. Hematol. Oncol. 8:60. doi: 10.1186/s13045-015-0157-x

Maffei, R., Maccaferri, M., Arletti, L., Fiorcari, S., Benatti, S., Potenza, L., et al. (2020). Immunomodulatory effect of Ibrutinib: reducing the barrier against fungal infections. Blood Rev. 40:100635. doi: 10.1016/j.blre.2019.100635

Maharaj, K., Sahakian, E., and Pinilla-Ibarz, J. (2017). Emerging role of BCR signaling inhibitors in immunomodulation of chronic lymphocytic leukemia. Blood Adv. 1, 1867–1875. doi: 10.1182/bloodadvances.2017006809

Mamand, S., Allchin, R. L., Ahearne, M. J., and Wagner, S. D. (2018). Comparison of interleukin-2-inducible kinase (ITK) inhibitors and potential for combination therapies for T-cell lymphoma. Sci. Rep. 8:14216. doi: 10.1038/s41598-018-32634-5

Man, S., and Henley, P. (2019). Chronic lymphocytic leukaemia: the role of T cells in a B cell disease. Br. J. Haematol. 186, 220–233. doi: 10.1111/bjh.15918

Manne, B. K., Badolia, R., Dangelmaier, C., Eble, J. A., Ellmeier, W., Kahn, M., et al. (2015). Distinct pathways regulate Syk protein activation downstream of immune tyrosine activation motif (ITAM) and hemITAM receptors in platelets. J. Biol. Chem. 290, 11557–11568. doi: 10.1074/jbc.M114.629527

Manukyan, G., Turcsanyi, P., Mikulkova, Z., Gabcova, G., Urbanova, R., Gajdos, P., et al. (2018). Dynamic changes in HLA-DR expression during short-term and long-term ibrutinib treatment in patients with chronic lymphocytic leukemia. Leuk. Res. 72, 113–119. doi: 10.1016/j.leukres.2018.08.006

Mao, L., Kitani, A., Hiejima, E., Montgomery-Recht, K., Zhou, W., Fuss, I., et al. (2020). Bruton tyrosine kinase deficiency augments NLRP3 inflammasome activation and causes IL-1beta-mediated colitis. J. Clin. Invest. 130, 1793–1807. doi: 10.1172/JCI128322

Marron, T. U., Martinez-Gallo, M., Yu, J. E., and Cunningham-Rundles, C. (2012). Toll-like receptor 4-, 7-, and 8-activated myeloid cells from patients with X-linked agammaglobulinemia produce enhanced inflammatory cytokines. J. Allergy Clin. Immunol. 129, 184–190.e181-e184. doi: 10.1016/j.jaci.2011.10.009

McGee, M. C., August, A., and Huang, W. (2021). BTK/ITK dual inhibitors: modulating immunopathology and lymphopenia for COVID-19 therapy. J. Leukoc. Biol. 109, 49–53. doi: 10.1002/JLB.5COVR0620-306R

Merolle, M. I., Ahmed, M., Nomie, K., and Wang, M. L. (2018). The B cell receptor signaling pathway in mantle cell lymphoma. Oncotarget 9, 25332–25341. doi: 10.18632/oncotarget.25011

Metzler, J. M., Burla, L., Fink, D., and Imesch, P. (2020). Ibrutinib in gynecological malignancies and breast cancer: a systematic review. Int. J. Mol. Sci. 21:4154. doi: 10.3390/ijms21114154

Mhibik, M., Wiestner, A., and Sun, C. (2019). Harnessing the Effects of BTKi on T Cells for Effective Immunotherapy against CLL. Int. J. Mol. Sci. 21:68. doi: 10.3390/ijms21010068

Miklos, D., Cutler, C. S., Arora, M., Waller, E. K., Jagasia, M., Pusic, I., et al. (2017). Ibrutinib for chronic graft-versus-host disease after failure of prior therapy. Blood 130, 2243–2250. doi: 10.1182/blood-2017-07-793786

Miller, A. T., and Berg, L. J. (2002). Defective Fas ligand expression and activation-induced cell death in the absence of IL-2-inducible T cell kinase. J. Immunol. 168, 2163–2172. doi: 10.4049/jimmunol.168.5.2163

Molina-Cerrillo, J., Alonso-Gordoa, T., Gajate, P., and Grande, E. (2017). Bruton’s tyrosine kinase (BTK) as a promising target in solid tumors. Cancer Treat. Rev. 58, 41–50. doi: 10.1016/j.ctrv.2017.06.001

Molina-Cerrillo, J., Marquet-Palomanes, J., Alonso-Gordoa, T., Lopez-Jimenez, J., and Grande, E. (2021). May ibrutinib have activity in respiratory complications by SARS-CoV-2? Clinical experience in a patient with chronic lymphocytic leukemia. Healthcare (Basel) 9:78. doi: 10.3390/healthcare9010078

Morabito, F., Recchia, A. G., Vigna, E., Botta, C., Skafi, M., Abu-Rayyan, M., et al. (2020). An in-depth evaluation of acalabrutinib for the treatment of mantle-cell lymphoma. Expert Opin. Pharmacother. 21, 29–38. doi: 10.1080/14656566.2019.1689959

Nadeem, A., Ahmad, S. F., Al-Harbi, N. O., El-Sherbeeny, A. M., Alasmari, A. F., Alanazi, W. A., et al. (2020). Bruton’s tyrosine kinase inhibitor suppresses imiquimod-induced psoriasis-like inflammation in mice through regulation of IL-23/IL-17A in innate immune cells. Int. Immunopharmacol. 80:106215. doi: 10.1016/j.intimp.2020.106215

Nadeem, A., Ahmad, S. F., Al-Harbi, N. O., Ibrahim, K. E., Alqahtani, F., Alanazi, W. A., et al. (2021). Bruton’s tyrosine kinase inhibition attenuates oxidative stress in systemic immune cells and renal compartment during sepsis-induced acute kidney injury in mice. Int. Immunopharmacol. 90:107123. doi: 10.1016/j.intimp.2020.107123

Nadeem, A., Ahmad, S. F., Al-Harbi, N. O., Ibrahim, K. E., Siddiqui, N., Al-Harbi, M. M., et al. (2019). Inhibition of Bruton’s tyrosine kinase and IL-2 inducible T-cell kinase suppresses both neutrophilic and eosinophilic airway inflammation in a cockroach allergen extract-induced mixed granulocytic mouse model of asthma using preventative and therapeutic strategy. Pharmacol. Res. 148:104441. doi: 10.1016/j.phrs.2019.104441

Natarajan, G., Oghumu, S., Terrazas, C., Varikuti, S., Byrd, J. C., and Satoskar, A. R. (2016a). A Tec kinase BTK inhibitor ibrutinib promotes maturation and activation of dendritic cells. OncoImmunology 5:e1151592. doi: 10.1080/2162402X.2016.1151592

Natarajan, G., Terrazas, C., Oghumu, S., Varikuti, S., Dubovsky, J. A., Byrd, J. C., et al. (2016b). Ibrutinib enhances IL-17 response by modulating the function of bone marrow derived dendritic cells. Oncoimmunology 5:e1057385. doi: 10.1080/2162402X.2015.1057385

Ni Gabhann, J., Hams, E., Smith, S., Wynne, C., Byrne, J. C., Brennan, K., et al. (2014). Btk regulates macrophage polarization in response to lipopolysaccharide. PLoS One 9:e85834. doi: 10.1371/journal.pone.0085834

Nicolson, P. L. R., Hughes, C. E., Watson, S., Nock, S. H., Hardy, A. T., Watson, C. N., et al. (2018). Inhibition of Btk by Btk-specific concentrations of ibrutinib and acalabrutinib delays but does not block platelet aggregation mediated by glycoprotein VI. Haematologica 103, 2097–2108. doi: 10.3324/haematol.2018.193391

Nicolson, P. L. R., Nock, S. H., Hinds, J., Garcia-Quintanilla, L., Smith, C. W., Campos, J., et al. (2021). Low-dose Btk inhibitors selectively block platelet activation by CLEC-2. Haematologica 106, 208–219. doi: 10.3324/haematol.2019.218545

Niemann, C. U., Herman, S. E., Maric, I., Gomez-Rodriguez, J., Biancotto, A., Chang, B. Y., et al. (2016). Disruption of in vivo chronic lymphocytic leukemia tumor-microenvironment interactions by ibrutinib–findings from an investigator-initiated phase II study. Clin. Cancer Res. 22, 1572–1582. doi: 10.1158/1078-0432.CCR-15-1965

Ninomoto, J., Mokatrin, A., Kinoshita, T., Marimpietri, C., Barrett, T. D., Chang, B. Y., et al. (2020). Effects of ibrutinib on in vitro platelet aggregation in blood samples from healthy donors and donors with platelet dysfunction. Hematology 25, 112–117. doi: 10.1080/16078454.2020.1730080

Noy, A., de Vos, S., Coleman, M., Martin, P., Flowers, C. R., Thieblemont, C., et al. (2020). Durable ibrutinib responses in relapsed/refractory marginal zone lymphoma: long-term follow-up and biomarker analysis. Blood Adv. 4, 5773–5784. doi: 10.1182/bloodadvances.2020003121

Oka, S., Ono, K., and Nohgawa, M. (2020). Effective upfront treatment with low-dose ibrutinib for a patient with B cell prolymphocytic leukemia. Invest. New Drugs 38, 1598–1600. doi: 10.1007/s10637-020-00902-9

O’Riordan, C. E., Purvis, G. S. D., Collotta, D., Chiazza, F., Wissuwa, B., Al Zoubi, S., et al. (2019). Bruton’s tyrosine kinase inhibition attenuates the cardiac dysfunction caused by cecal ligation and puncture in mice. Front. Immunol. 10:2129. doi: 10.3389/fimmu.2019.02129

Ormsby, T., Schlecker, E., Ferdin, J., Tessarz, A. S., Angelisova, P., Koprulu, A. D., et al. (2011). Btk is a positive regulator in the TREM-1/DAP12 signaling pathway. Blood 118, 936–945. doi: 10.1182/blood-2010-11-317016

Overman, M., Javle, M., Davis, R. E., Vats, P., Kumar-Sinha, C., Xiao, L., et al. (2020). Randomized phase II study of the Bruton tyrosine kinase inhibitor acalabrutinib, alone or with pembrolizumab in patients with advanced pancreatic cancer. J. Immunother. Cancer 8:e000587. doi: 10.1136/jitc-2020-000587

Owen, R. G., McCarthy, H., Rule, S., D’Sa, S., Thomas, S. K., Tournilhac, O., et al. (2020). Acalabrutinib monotherapy in patients with Waldenstrom macroglobulinemia: a single-arm, multicentre, phase 2 study. Lancet Haematol. 7, e112–e121. doi: 10.1016/S2352-3026(19)30210-8

Page, T. H., Urbaniak, A. M., Espirito Santo, A. I., Danks, L., Smallie, T., Williams, L. M., et al. (2018). Bruton’s tyrosine kinase regulates TLR7/8-induced TNF transcription via nuclear factor-kappaB recruitment. Biochem. Biophys. Res. Commun. 499, 260–266. doi: 10.1016/j.bbrc.2018.03.140

Pal Singh, S., Dammeijer, F., and Hendriks, R. W. (2018). Role of Bruton’s tyrosine kinase in B cells and malignancies. Mol. Cancer 17:57. doi: 10.1186/s12943-018-0779-z

Parry, H. M., Mirajkar, N., Cutmore, N., Zuo, J., Long, H., Kwok, M., et al. (2019). Long-Term ibrutinib therapy reverses CD8(+) T cell exhaustion in B cell chronic lymphocytic leukaemia. Front. Immunol. 10:2832. doi: 10.3389/fimmu.2019.02832

Patel, V., Balakrishnan, K., Bibikova, E., Ayres, M., Keating, M. J., Wierda, W. G., et al. (2017). Comparison of acalabrutinib, A selective bruton tyrosine kinase inhibitor, with ibrutinib in chronic lymphocytic leukemia cells. Clin. Cancer Res. 23, 3734–3743. doi: 10.1158/1078-0432.CCR-16-1446

Pellegrini, L., Novak, U., Andres, M., Suter, T., and Nagler, M. (2021). Risk of bleeding complications and atrial fibrillation associated with ibrutinib treatment: a systematic review and meta-analysis. Crit. Rev. Oncol. Hematol. 159:103238. doi: 10.1016/j.critrevonc.2021.103238

Pileri, A., Guglielmo, A., Agostinelli, C., Evangelista, V., Bertuzzi, C., Alessandrini, A., et al. (2020). Cutaneous adverse-events in patients treated with Ibrutinib. Dermatol. Ther. 33:e14190. doi: 10.1111/dth.14190

Pillinger, G., Abdul-Aziz, A., Zaitseva, L., Lawes, M., MacEwan, D. J., Bowles, K. M., et al. (2015). Targeting BTK for the treatment of FLT3-ITD mutated acute myeloid leukemia. Sci. Rep. 5:12949. doi: 10.1038/srep12949

Ping, L., Ding, N., Shi, Y., Feng, L., Li, J., Liu, Y., et al. (2017). The Bruton’s tyrosine kinase inhibitor ibrutinib exerts immunomodulatory effects through regulation of tumor-infiltrating macrophages. Oncotarget 8, 39218–39229. doi: 10.18632/oncotarget.16836

Pleyer, C., Wiestner, A., and Sun, C. (2018). Immunological changes with kinase inhibitor therapy for chronic lymphocytic leukemia. Leuk. Lymphoma 59, 2792–2800. doi: 10.1080/10428194.2018.1457147

Podhorecka, M., Goracy, A., Szymczyk, A., Kowal, M., Ibanez, B., Jankowska-Lecka, O., et al. (2017). Changes in T-cell subpopulations and cytokine network during early period of ibrutinib therapy in chronic lymphocytic leukemia patients: the significant decrease in T regulatory cells number. Oncotarget 8, 34661–34669. doi: 10.18632/oncotarget.16148

Pokhrel, N. K., Kim, Y. G., Kim, H. J., Kim, H. J., Lee, J. H., Choi, S. Y., et al. (2019). A novel Bruton’s tyrosine kinase inhibitor, acalabrutinib, suppresses osteoclast differentiation and Porphyromonas gingivalis lipopolysaccharide-induced alveolar bone resorption. J. Periodontol. 90, 546–554. doi: 10.1002/JPER.18-0334

Ponader, S., Chen, S. S., Buggy, J. J., Balakrishnan, K., Gandhi, V., Wierda, W. G., et al. (2012). The Bruton tyrosine kinase inhibitor PCI-32765 thwarts chronic lymphocytic leukemia cell survival and tissue homing in vitro and in vivo. Blood 119, 1182–1189. doi: 10.1182/blood-2011-10-386417

Popov, V. M., Matei, C. O., Omer, M., Onisai, M., Matei, M. B., Savopol, T., et al. (2020). Effects of Ibrutinib on biophysical parameters of platelet in patients with chronic lymphocytic leukaemia. Am. J. Blood Res. 10, 311–319.

Prezzo, A., Cavaliere, F. M., Bilotta, C., Pentimalli, T. M., Iacobini, M., Cesini, L., et al. (2019). Ibrutinib-based therapy impaired neutrophils microbicidal activity in patients with chronic lymphocytic leukemia during the early phases of treatment. Leuk. Res. 87:106233. doi: 10.1016/j.leukres.2019.106233

Purvis, G. S. D., Collino, M., Aranda-Tavio, H., Chiazza, F., O’Riordan, C. E., Zeboudj, L., et al. (2020). Inhibition of Bruton’s TK regulates macrophage NF-kappaB and NLRP3 inflammasome activation in metabolic inflammation. Br. J. Pharmacol. 177, 4416–4432. doi: 10.1111/bph.15182

Qin, J. S., Johnstone, T. G., Baturevych, A., Hause, R. J., Ragan, S. P., Clouser, C. R., et al. (2020). Antitumor potency of an anti-CD19 chimeric antigen receptor T-cell therapy, lisocabtagene maraleucel in combination with ibrutinib or acalabrutinib. J. Immunother. 43, 107–120. doi: 10.1097/CJI.0000000000000307

Quek, L. S., Bolen, J., and Watson, S. P. (1998). A role for Bruton’s tyrosine kinase (Btk) in platelet activation by collagen. Curr. Biol. 8, 1137–1140. doi: 10.1016/s0960-9822(98)70471-3

Rada, M., Qusairy, Z., Massip-Salcedo, M., and Macip, S. (2020). Relevance of the Bruton Tyrosine Kinase as a Target for COVID-19 Therapy. Mol. Cancer Res. 19, 549–554. doi: 10.1158/1541-7786.MCR-20-0814

Regan, J. A., Cao, Y., Dispenza, M. C., Ma, S., Gordon, L. I., Petrich, A. M., et al. (2017). Ibrutinib, a Bruton’s tyrosine kinase inhibitor used for treatment of lymphoproliferative disorders, eliminates both aeroallergen skin test and basophil activation test reactivity. J. Allergy Clin. Immunol. 140, 875–879.e871. doi: 10.1016/j.jaci.2017.03.013

Ren, L., Campbell, A., Fang, H., Gautam, S., Elavazhagan, S., Fatehchand, K., et al. (2016). Analysis of the effects of the Bruton’s tyrosine kinase (Btk) inhibitor ibrutinib on monocyte fcgamma receptor (FcgammaR) function. J. Biol. Chem. 291, 3043–3052. doi: 10.1074/jbc.M115.687251

Rhodes, J. M., and Barrientos, J. C. (2020). Chemotherapy-free frontline therapy for CLL: is it worth it? Hematology Am. Soc. Hematol. Educ. Program 2020, 24–32. doi: 10.1182/hematology.2020000085

Rhodes, J. M., LoRe, V. A. III, Mato, A. R., Chong, E. A., Barrientos, J. C., Gerson, J. N., et al. (2020). Ibrutinib-associated arthralgias/myalgias in patients with chronic lymphocytic leukemia: incidence and impact on clinical outcomes. Clin. Lymphoma Myeloma Leuk. 20, 438–444.e431. doi: 10.1016/j.clml.2020.02.001

Riccio, L. G. C., Jeljeli, M., Santulli, P., Chouzenoux, S., Doridot, L., Nicco, C., et al. (2019). B lymphocytes inactivation by Ibrutinib limits endometriosis progression in mice. Hum. Reprod. 34, 1225–1234. doi: 10.1093/humrep/dez071

Rip, J., Van Der Ploeg, E. K., Hendriks, R. W., and Corneth, O. B. J. (2018). The role of Bruton’s tyrosine kinase in immune cell signaling and systemic autoimmunity. Crit. Rev. Immunol. 38, 17–62. doi: 10.1615/CritRevImmunol.2018025184

Risnik, D., Elias, E. E., Keitelman, I., Colado, A., Podaza, E., Cordini, G., et al. (2020). The effect of ibrutinib on neutrophil and gammadelta T cell functions. Leuk. Lymphoma 61, 2409–2418. doi: 10.1080/10428194.2020.1753043

Rogers, A., and Woyach, J. A. (2020). BTK inhibitors and anti-CD20 monoclonal antibodies for treatment-naive elderly patients with CLL. Ther. Adv. Hematol. 11:2040620720912990. doi: 10.1177/2040620720912990

Roschewski, M., Lionakis, M. S., Sharman, J. P., Roswarski, J., Goy, A., Monticelli, M. A., et al. (2020). Inhibition of Bruton tyrosine kinase in patients with severe COVID-19. Sci. Immunol. 5:eabd0110. doi: 10.1126/sciimmunol.abd0110

Ruella, M., Kenderian, S. S., Shestova, O., Fraietta, J. A., Qayyum, S., Zhang, Q., et al. (2016). The Addition of the BTK inhibitor ibrutinib to Anti-CD19 chimeric antigen receptor T cells (CART19) improves responses against mantle cell lymphoma. Clin. Cancer Res. 22, 2684–2696. doi: 10.1158/1078-0432.CCR-15-1527

Ruella, M., Kenderian, S. S., Shestova, O., Klichinsky, M., Melenhorst, J. J., Wasik, M. A., et al. (2017). Kinase inhibitor ibrutinib to prevent cytokine-release syndrome after anti-CD19 chimeric antigen receptor T cells for B-cell neoplasms. Leukemia 31, 246–248. doi: 10.1038/leu.2016.262

Rushworth, S. A., Pillinger, G., Abdul-Aziz, A., Piddock, R., Shafat, M. S., Murray, M. Y., et al. (2015). Activity of Bruton’s tyrosine-kinase inhibitor ibrutinib in patients with CD117-positive acute myeloid leukaemia: a mechanistic study using patient-derived blast cells. Lancet Haematol. 2, e204–e211. doi: 10.1016/S2352-3026(15)00046-0

Ryan, C. E., Sahaf, B., Logan, A. C., O’Brien, S., Byrd, J. C., Hillmen, P., et al. (2016). Ibrutinib efficacy and tolerability in patients with relapsed chronic lymphocytic leukemia following allogeneic HCT. Blood 128, 2899–2908. doi: 10.1182/blood-2016-06-715284

Scarfo, L., Chatzikonstantinou, T., Rigolin, G. M., Quaresmini, G., Motta, M., Vitale, C., et al. (2020). COVID-19 severity and mortality in patients with chronic lymphocytic leukemia: a joint study by ERIC, the European Research Initiative on CLL, and CLL Campus. Leukemia 34, 2354–2363. doi: 10.1038/s41375-020-0959-x

Schaffer, M., Chaturvedi, S., Davis, C., de Jong, J., Aquino, R., Oki, Y., et al. (2020). Activity of ibrutinib plus R-CHOP in diffuse large B-cell lymphoma: response, pharmacodynamic, and biomarker analyses of a phase Ib study. Cancer Treat. Res. Commun. 25:100235. doi: 10.1016/j.ctarc.2020.100235

Series, J., Garcia, C., Levade, M., Viaud, J., Sie, P., Ysebaert, L., et al. (2019). Differences and similarities in the effects of ibrutinib and acalabrutinib on platelet functions. Haematologica 104, 2292–2299. doi: 10.3324/haematol.2018.207183

Shaker, M. E., Gomaa, H. A. M., Alharbi, K. S., Al-Sanea, M. M., El-Mesery, M. E., and Hazem, S. H. (2020). Inhibition of Bruton tyrosine kinase by acalabrutinib dampens lipopolysaccharide/galactosamine-induced hepatic damage. Biomed. Pharmacother. 131:110736. doi: 10.1016/j.biopha.2020.110736

Sharman, J. P., Egyed, M., Jurczak, W., Skarbnik, A., Pagel, J. M., Flinn, I. W., et al. (2020). Acalabrutinib with or without obinutuzumab versus chlorambucil and obinutuzmab for treatment-naive chronic lymphocytic leukaemia (ELEVATE TN): a randomised, controlled, phase 3 trial. Lancet 395, 1278–1291. doi: 10.1016/S0140-6736(20)30262-2

Shinohara, M., Chang, B. Y., Buggy, J. J., Nagai, Y., Kodama, T., Asahara, H., et al. (2014). The orally available Btk inhibitor ibrutinib (PCI-32765) protects against osteoclast-mediated bone loss. Bone 60, 8–15. doi: 10.1016/j.bone.2013.11.025

Sibaud, V., Beylot-Barry, M., Protin, C., Vigarios, E., Recher, C., and Ysebaert, L. (2020). Dermatological toxicities of Bruton’s tyrosine kinase inhibitors. Am. J. Clin. Dermatol. 21, 799–812. doi: 10.1007/s40257-020-00535-x

Singer, S., Tan, S. Y., Dewan, A. K., Davids, M., LaCasce, A. S., Treon, S. P., et al. (2019). Cutaneous eruptions from ibrutinib resembling EGFR inhibitor-induced dermatologic adverse events. J. Am. Acad. Dermatol. S0190–9622, 33308–33310. doi: 10.1016/j.jaad.2019.12.031

Smiljkovic, D., Blatt, K., Stefanzl, G., Dorofeeva, Y., Skrabs, C., Focke-Tejkl, M., et al. (2017). BTK inhibition is a potent approach to block IgE-mediated histamine release in human basophils. Allergy 72, 1666–1676. doi: 10.1111/all.13166

Solman, I. G., Blum, L. K., Burger, J. A., Kipps, T. J., Dean, J. P., James, D. F., et al. (2021). Impact of long-term ibrutinib treatment on circulating immune cells in previously untreated chronic lymphocytic leukemia. Leuk. Res. 102:106520. doi: 10.1016/j.leukres.2021.106520

Solman, I. G., Blum, L. K., Hoh, H. Y., Kipps, T. J., Burger, J. A., Barrientos, J. C., et al. (2020). Ibrutinib restores immune cell numbers and function in first-line and relapsed/refractory chronic lymphocytic leukemia. Leuk. Res. 97:106432. doi: 10.1016/j.leukres.2020.106432

Song, N., and Li, T. (2018). Regulation of NLRP3 inflammasome by phosphorylation. Front. Immunol. 9:2305. doi: 10.3389/fimmu.2018.02305

Stadler, N., Hasibeder, A., Lopez, P. A., Teschner, D., Desuki, A., Kriege, O., et al. (2017). The Bruton tyrosine kinase inhibitor ibrutinib abrogates triggering receptor on myeloid cells 1-mediated neutrophil activation. Haematologica 102, e191–e194. doi: 10.3324/haematol.2016.152017

Steingrimsson, V., Gislason, G. K., Thornorsteinsdottir, S., Rognvaldsson, S., Gottfreethsson, M., Aspelund, T., et al. (2021). A nationwide study on inpatient opportunistic infections in patients with chronic lymphocytic leukemia in the pre-ibrutinib era. Eur. J. Haematol. 106, 346–353. doi: 10.1111/ejh.13553

Stewart, J., Bayers, S., and Vandergriff, T. (2018). Self-limiting Ibrutinib-Induced Neutrophilic Panniculitis. Am. J. Dermatopathol. 40, e28–e29. doi: 10.1097/DAD.0000000000000980

Stiff, A., Trikha, P., Wesolowski, R., Kendra, K., Hsu, V., Uppati, S., et al. (2016). Myeloid-Derived suppressor cells express Bruton’s tyrosine kinase and can be depleted in tumor-bearing hosts by ibrutinib treatment. Cancer Res. 76, 2125–2136. doi: 10.1158/0008-5472.CAN-15-1490

Strijbis, K., Tafesse, F. G., Fairn, G. D., Witte, M. D., Dougan, S. K., Watson, N., et al. (2013). Bruton’s Tyrosine Kinase (BTK) and Vav1 contribute to Dectin1-dependent phagocytosis of Candida albicans in macrophages. PLoS Pathog. 9:e1003446. doi: 10.1371/journal.ppat.1003446

Sun, Y., Peng, I., Webster, J. D., Suto, E., Lesch, J., Wu, X., et al. (2015). Inhibition of the kinase ITK in a mouse model of asthma reduces cell death and fails to inhibit the inflammatory response. Sci. Signal. 8:ra122. doi: 10.1126/scisignal.aab0949

Takayanagi, H. (2007). Osteoimmunology: shared mechanisms and crosstalk between the immune and bone systems. Nat. Rev. Immunol. 7, 292–304. doi: 10.1038/nri2062

Telford, C., Kabadi, S. M., Abhyankar, S., Song, J., Signorovitch, J., Zhao, J., et al. (2019). Matching-adjusted indirect comparisons of the efficacy and safety of acalabrutinib versus other targeted therapies in relapsed/refractory mantle cell lymphoma. Clin. Ther. 41, 2357–2379.e2351. doi: 10.1016/j.clinthera.2019.09.012

Teusink-Cross, A., Davies, S. M., Grimley, M. S., Chandra, S., Flannery, A., Dandoy, C. E., et al. (2020). Ibrutinib for the treatment of chronic graft-vs-host disease in pediatric hematopoietic stem cell transplant patients: a single-center experience. Pediatr. Transplant. 24:e13692. doi: 10.1111/petr.13692

Treon, S. P., Castillo, J. J., Skarbnik, A. P., Soumerai, J. D., Ghobrial, I. M., Guerrera, M. L., et al. (2020). The BTK inhibitor ibrutinib may protect against pulmonary injury in COVID-19-infected patients. Blood 135, 1912–1915. doi: 10.1182/blood.2020006288

Treon, S. P., Meid, K., Gustine, J., Yang, G., Xu, L., Liu, X., et al. (2021). Long-Term follow-up of ibrutinib monotherapy in symptomatic, previously treated patients with waldenstrom macroglobulinemia. J. Clin. Oncol. 39, 565–575. doi: 10.1200/JCO.20.00555

Tsukada, N., Burger, J. A., Zvaifler, N. J., and Kipps, T. J. (2002). Distinctive features of “nurselike” cells that differentiate in the context of chronic lymphocytic leukemia. Blood 99, 1030–1037. doi: 10.1182/blood.v99.3.1030

VanDerMeid, K. R., Elliott, M. R., Baran, A. M., Barr, P. M., Chu, C. C., and Zent, C. S. (2018). Cellular cytotoxicity of next-generation CD20 monoclonal antibodies. Cancer Immunol. Res. 6, 1150–1160. doi: 10.1158/2326-6066.CIR-18-0319

Varikuti, S., Singh, B., Volpedo, G., Ahirwar, D. K., Jha, B. K., Saljoughian, N., et al. (2020). Ibrutinib treatment inhibits breast cancer progression and metastasis by inducing conversion of myeloid-derived suppressor cells to dendritic cells. Br. J. Cancer 122, 1005–1013. doi: 10.1038/s41416-020-0743-8

Varikuti, S., Volpedo, G., Saljoughian, N., Hamza, O. M., Halsey, G., Ryan, N. M., et al. (2019). The potent ITK/BTK inhibitor ibrutinib is effective for the treatment of experimental visceral leishmaniasis caused by Leishmania donovani. J. Infect. Dis. 219, 599–608. doi: 10.1093/infdis/jiy552

Veglia, F., Perego, M., and Gabrilovich, D. (2018). Myeloid-derived suppressor cells coming of age. Nat. Immunol. 19, 108–119. doi: 10.1038/s41590-017-0022-x

Waller, E. K., Miklos, D., Cutler, C., Arora, M., Jagasia, M. H., Pusic, I., et al. (2019). Ibrutinib for chronic graft-versus-host disease after failure of prior therapy: 1-year update of a phase 1b/2 study. Biol. Blood Marrow Transplant. 25, 2002–2007. doi: 10.1016/j.bbmt.2019.06.023

Wang, M., Rule, S., Zinzani, P. L., Goy, A., Casasnovas, O., Smith, S. D., et al. (2018). Acalabrutinib in relapsed or refractory mantle cell lymphoma (ACE-LY-004): a single-arm, multicentre, phase 2 trial. Lancet 391, 659–667. doi: 10.1016/S0140-6736(17)33108-2

Weber, A. N. R. (2021). Targeting the NLRP3 Inflammasome via BTK. Front. Cell Dev. Biol. 9:630479. doi: 10.3389/fcell.2021.630479

Weber, A. N. R., Bittner, Z., Liu, X., Dang, T. M., Radsak, M. P., and Brunner, C. (2017). Bruton’s tyrosine kinase: an emerging key player in innate immunity. Front. Immunol. 8:1454. doi: 10.3389/fimmu.2017.01454

Wen, T., Wang, J., Shi, Y., Qian, H., and Liu, P. (2021). Inhibitors targeting Bruton’s tyrosine kinase in cancers: drug development advances. Leukemia 35, 312–332. doi: 10.1038/s41375-020-01072-6

Witzig, T. E., and Inwards, D. (2019). Acalabrutinib for mantle cell lymphoma. Blood 133, 2570–2574. doi: 10.1182/blood.2019852368

Woo, S. R., Corrales, L., and Gajewski, T. F. (2015). Innate immune recognition of cancer. Annu. Rev. Immunol. 33, 445–474. doi: 10.1146/annurev-immunol-032414-112043

Woyach, J. A., Blachly, J. S., Rogers, K. A., Bhat, S. A., Jianfar, M., Lozanski, G., et al. (2020). Acalabrutinib plus obinutuzumab in treatment-naive and relapsed/refractory chronic lymphocytic leukemia. Cancer Discov. 10, 394–405. doi: 10.1158/2159-8290.CD-19-1130

Wu, J. J., Zhang, M. Z., and Liu, D. L. (2016). Acalabrutinib (ACP-196): a selective second-generation BTK inhibitor. J. Hematol. Oncol. 9:21. doi: 10.1186/s13045-016-0250-9

Xia, S., Liu, X., Cao, X., and Xu, S. (2019). T-cell expression of Bruton’s tyrosine kinase promotes autoreactive T-cell activation and exacerbates aplastic anemia. Cell. Mol. Immunol. 17, 1042–1052. doi: 10.1038/s41423-019-0270-9

Xiao, L., Salem, J. E., Clauss, S., Hanley, A., Bapat, A., Hulsmans, M., et al. (2020). Ibrutinib-Mediated atrial fibrillation attributable to inhibition of C-terminal Src kinase. Circulation 142, 2443–2455. doi: 10.1161/CIRCULATIONAHA.120.049210

Yin, Q., Sivina, M., Robins, H., Yusko, E., Vignali, M., O’Brien, S., et al. (2017). Ibrutinib therapy increases T cell repertoire diversity in patients with chronic lymphocytic leukemia. J. Immunol. 198, 1740–1747. doi: 10.4049/jimmunol.1601190

Zaitseva, L., Murray, M. Y., Shafat, M. S., Lawes, M. J., MacEwan, D. J., Bowles, K. M., et al. (2014). Ibrutinib inhibits SDF1/CXCR4 mediated migration in AML. Oncotarget 5, 9930–9938. doi: 10.18632/oncotarget.2479

Zhang, T., Harrison, M. R., O’Donnell, P. H., Alva, A. S., Hahn, N. M., Appleman, L. J., et al. (2020). A randomized phase 2 trial of pembrolizumab versus pembrolizumab and acalabrutinib in patients with platinum-resistant metastatic urothelial cancer. Cancer 126, 4485–4497. doi: 10.1002/cncr.33067

Zheng, T. J., Lofurno, E. R., Melrose, A. R., Lakshmanan, H. H. S., Pang, J., Phillips, K. G., et al. (2021). Assessment of the effects of Syk and BTK inhibitors on GPVI-mediated platelet signaling and function. Am. J. Physiol. Cell Physiol. 320, C902–C915. doi: 10.1152/ajpcell.00296.2020

Zi, F., Yu, L., Shi, Q., Tang, A., and Cheng, J. (2019). Ibrutinib in CLL/SLL: from bench to bedside (Review). Oncol. Rep. 42, 2213–2227. doi: 10.3892/or.2019.7364


Conflict of Interest: This study was partially supported by a research grant from Acerta Pharma, LLC.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Zhu, Gokhale, Jung, Spirollari, Tsai, Arceo, Wu, Victor and Xie. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fcell-09-727531-g001.jpg
B-glucan

Dectin- 1?1

lgG

FcyRs
L ——

Macrophages (MQJ)

crysta is, \

or nigericin

I polymerization I
—

Autophagosome

/N
Pro-IL-18  IL-1B
| Autophagy | | Adhesionto | | M2 !
of Mtb . Y VCAM-1 | I_polarization I

IL-1
secretion I I

T T T T T T T

IBR ACP IBR ACP IBR ACP IBR ACP? IBR ACP? IBR ACP? IBR

ADCP of
opsonized CLL

Phagocytosis upon
fungal infection

Cytokine and chemokine
Production, M@ infiltration






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Multifaceted Immunomodulatory Effects of the BTK Inhibitors Ibrutinib and Acalabrutinib on Different Immune Cell Subsets – Beyond B Lymphocytes



		INTRODUCTION



		GENERAL IMMUNOMODULATORY EFFECTS OF IBRUTINIB AND ACALABRUTINIB



		T CELLS AND CHIMERIC ANTIGEN RECEPTOR-T (CAR-T) CELLS



		NATURAL KILLER CELLS AND NATURAL KILLER T CELLS



		MONOCYTES AND MACROPHAGES



		GRANULOCYTES AND MAST CELLS



		MYELOID-DERIVED SUPPRESSOR CELLS



		DENDRITIC CELLS



		OSTEOCLASTS



		MEGAKARYOCYTES AND PLATELETS



		INNATE LYMPHOID CELLS



		SUMMARY



		AUTHOR CONTRIBUTIONS



		FUNDING



		FOOTNOTES



		REFERENCES

















OPS/images/fcell-09-727531-t003.jpg
Cells Inhibitor Target

Signaling pathway

Effects

References

Granulocytes  Acalabrutinib

BTK

Ibrutinib

BTK

TEC?

Mast cells Acalabrutinib  BTK

Ibrutinib BTK

Unclear

FceR-BTK

Unclear

TLR2-MYD88-BTK

TLR4-MYD88-BTK
TLR7-MYD88-BTK

TREM-1-BTK-ERK1/2
NLRP3-ASC-BTK-NF-kB/caspase-1

TLR/TREM-1/NLRP3-BTK

TLR/CLR-BTK?

FceR-BTK

FcyR-TEC family?

FceR-BTK

FceR-BTK

Improves neutrophil counts in most relapsed CLL patients that had cytopenia at
baseline

Inhibits IgE-induced degranulation, release of histamine, leukotriene C4 and
IL-4, and upregulation of CD63, CD164, CD203c or LAMP1 in basophils

Induces occasional cases of neutrophilic inflammation in the subcutaneous fat
in CLL patients

Inhibits LTA-induced neutrophil influx in the lung and reduces LTA-induced
CD11b expression on neutrophils

Partially inhibits LPS-induced CD66b upregulation in neutrophils

Attenuates imiquimod-induced oxidative stress and production of IL-23 and
TNFa in neutrophils

Inhibits neutrophil oxidative burst, CD62L shedding and CD66b upregulation

Suppresses NLRP3-induced inflammasome activation and IL-1f processing in
neutrophils

Inhibits E. coli-induced oxidative burst, bacteria killing capacity and NET
production of neutrophils

Reduces systemic neutrophil activation and neutrophil influx in the lung during
ceftriaxone- treated pneumococcal pneumonia in mice

Impairs ROS production, phagocytosis and microbicidal capacity of neutrophils
in response

Attenuates neutrophilic and eosinophilic inflammation induced by cockroach
allergens

Inhibits IgE-induced degranulation, release of histamine, leukotriene C4 and
IL-4, and upregulation of CD63, CD164, CD203c or LAMP1 in basophils

Eliminates IgE-mediated basophil activation test response to aeroallergens in
CLL patients

Decreases IL-8 production, degranulation and release of NE, MPO and
lactoferrin by neutrophils in response to opsonized E. coli

Inhibits ADCP of lymphoma cells opsonized with anti-CD20 or tumor cells
opsonized with

Inhibits IgE-induced degranulation, release of histamine, leukotriene C4 and
IL-4, and upregulation of CD63, CD164, CD203c or LAMP1 in mast cells

Prevents allergen-IgE-mediated broncho-constriction in isolated human lung
tissues

Protects against IgE-mediated systemic anaphylaxis and death

Inhibits IgE-induced degranulation, release of histamine, leukotriene C4 and
IL-4, and upregulation of CD63, CD164, CD203c or LAMP1 in mast cells

Prevents allergen-IgE-mediated broncho-constriction in isolated human lung
tissues

Eliminates skin prick test reactivity in CLL patients

Byrd et al., 2016

Dispenza et al., 2020

Stewart et al., 2018

de Porto et al., 2019

Stadler et al., 2017
Al-Harbi et al., 2020

Stadler et al., 2017
lto et al., 2015

Prezzo et al., 2019; Risnik et al., 2020

de Porto et al., 2019

Stadler et al., 2017; Blez et al., 2020

Nadeem et al., 2019

MacGlashan et al., 2011

Smiljkovic et al., 2017

Dispenza et al., 2020

Dispenza et al., 2017; Regan et al., 2017
Prezzo et al., 2019

Da Roit et al., 2015; Duong et al., 2015

Dispenza et al., 2020

Smiljkovic et al., 2017
Dispenza et al., 2020

Dispenza et al., 2020
Dispenza et al., 2020

Dispenza et al., 2020

Dispenza et al., 2017; Regan et al., 2017





OPS/images/cover.jpg
, frontiers
in Cell and Developmental Biology






OPS/images/fcell-09-727531-t004.jpg
Cells

MDSCs

DCs

Osteoclasts

Inhibitor

Acalabrutinb  BTK

Iborutinib BTK

Ibrutinib
BTK

Acalabrutinib  BTK

lbrutinib

Target

BTK

Signaling pathway

Unclear

Unclear

GM-CSFR/IL-6R-BTK

TLR4-MyD88-BTK

GM-CSFR-BTK
CXCR4-BTK
Unclear
GM-CSFR-BTK

TLR4-MyD88-BTK

TLR7-MYD88-BTK

TLR9-MYD88-BTK-
STAT3/STATH
RANK-BTK-PLCy1/y2-
NFATc1/c-Fos/NF-«xB

TLR4-MyD88-BTK-
NFATc1/c-Fos

RANK-BTK-PLCy1/y2-

NFATc1/SRC

Effects

Reduces peripheral blood granulocytic MDSCs in patients with advanced pancreatic
cancer and metastatic urothelial carcinoma

Decreases the elevated counts of MDSCs in CLL patients
Reduces MDSCs in the spleen and tumor in mice bearing transplanted solid tumors

Induces the maturation of MDSCs toward CD11¢c+MHCII+ DCs in vitro and in mice
bearing transplanted EO771 mammary tumors

Inhibits MDSC-mediated suppression of T-cell proliferation and activation
Reduces the expression of adhesion molecules CD49D and CD11a on MDSCs

Inhibits GM-CSF+IL-6-induced in vitro generation of MDSCs from normal human blood
monocytes

Reduces GM-CSF+IL-6-induced /do7 expression in in vitro generated MDSCs

Inhibits LPS-induced expression of Arg7, Nos2, Ido1 and Tgfb as well as production of
TNFa and NO in MDSCs

Impairs GM-CSF-induced migration of MDSCs

Inhibits CXCL12-induced in vitro migration and in vivo migration of MDSCs into the TME
Gradually increases the counts of plasmacytoid DCs in CLL patients

Accelerates GM-CSF-induced maturation, down-regulates the expression of Ly6C and
up-regulates MHC class Il and CD80 in DCs

Decreases LPS-induced up-regulation of CD86 and production of IL-6, IL-12 and NO in
differentiating BMDCs

Increases LPS-induced upregulation of MHC class Il, CD80 and CCR?7, production of
IFNB and IL-10, and the ability to activate CD4 T cells in

differentiating BMDCs

Inhibits LPS-induced production of TNFa and NO as well as expression of MHC class I
and CD86 in differentiated BMDCs

Elevates LPS-induced up-regulation of CD80, production of IL-6, IL-18, IL-10 and
TGFB,and the ability to drive Th17 response in differentiated BMDCs

Attenuates imiquimod-induced oxidative stress and production of IL-23 and TNFa in
dermal and splenic DCs

Impairs CpG-induced up-regulation of CD86, CD83, CD80 and HLA-DR as well as
production of IL-6, IL-12, TNFa and IL-10

Inhibits RANKL-induced osteoclast differentiation from monocytes or macrophages

Reduces the bone-resorbing activities of osteoclasts induced by RANKL and M-CSF
Ameliorates bone damage and arthritis severity in a mouse model of collagen-induced
arthritis

Inhibits LPS-induced osteoclast differentiation from RANKL-primed osteoclast
precursors

Protects against Porphyromonas gingivalis LPS- induced alveolar bone erosion in a
mouse model of periodontitis

Inhibits RANKL-induced osteoclast differentiation from
monocytes or macrophages

Reduces the bone-resorbing activities of osteoclasts
induced by RANKL and M-CSF

Protects against bone loss in a mouse model of
RANKL-induced osteoporosis

Ameliorates bone damage and arthritis severity in a mouse
model of collagen-induced arthritis
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Effects

Decreases CD8 T cell counts after 15 cycles of treatment in
CLL patients

Suppresses T cell proliferation after stimulation with CD3
and CD28

Reduces the expansion of WT donor T cells and
ameliorates bone marrow destruction and aplastic anemia
in recipient mice

Downregulates PD-1 and CTLA-4 expression on T cells in
CLL patients

Downregulates PD-1 and CTLA-4 expression on T cells in
CLL patients

Inhibits imiquimod-induced IL-17 production in dermal y§ T
cells

Preserves naive T cells, increasing diversification of the TCR
repertoire and decreasing exhausted T cells and Tregs in
CLL patients

Increases CD4 and CD8 T cell numbers and reduces
Treg/CD4 T cell ratio in CLL patients

Enhances Th1 response and impairs Th2 polarization

Reduces Th17 differentiation and frequency

Reduces Treg cell frequency and reduces
serum level of IL-10

Inhibits FASL expression and AICD

Enhances production of IFNy and TNFa by CD8 T cells
after stimulation with CMV/EBV peptides

Reduces the frequency of memory CD8 T cells

Promotes an anti-tumor Th1 phenotype of Vy9Vs2 T cells
Inhibits v8 T cell activation and CD107a degranulation
induced by phosphoantigens or anti-CD3

Improves CAR-T cell effector function in prolonged
stimulation assays

Improves CAR-T cell-mediated clearance of CD19+ tumor
in mouse xenograft models

Improves the ex vivo and in vivo expansion of CAR-T cells
derived from ibrutinib-treated CLL patients

Enhances the anti-tumor efficacy of CAR-T cells and
reduces cytokine release syndrome (CRS) when given
concurrently with CAR-T cells in R/R CLL patients

Enhances the killing activities of anti-CD19 CAR-T cells

in vitro and in mouse xenograft models

Improves CAR-T cell engraftment, tumor clearance and
long-term remission in mouse xenograft models of CLL,
ALL and MCL

Inhibits the production of inflammatory cytokines from
CAR-T cells in a MCL xenograft model

Increases cell viability and expansion of CLL patient-derived
CAR-T cells after ex vivo treatment

Decreases the expression of PD-1, TIM-3 and LAG-3 and
enriches CAR-T cells with less-differentiated naive-like
phenotype

Improves CAR-T cell effector function in prolonged
stimulation assays

Induces gene expression changes of CAR-T cells toward a
memory-like, Th1 phenotype

Does not affect ADCC

Decreases immature CD16- NK cell counts in CLL patients
Inhibits FASL expression and AICD in NK cells

Inhibits ADCC, calcium mobilization, IFNy production and
degranulation in response to opsonized CLL or MCL cells

Reduces the aberrantly elevated NKT cell counts in CLL
patients
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Effects

Inhibits TNF-a and IL-1p production and phagocytosis during Aspergillus fumigatus
infection or stimulation with zymosan

Reduces IL-6 production in monocytes of COVID-19 patients

Progressively increases circulating monocyte counts in CLL patients
Reduces the refractory state of monocytes in CLL patients

Restores LPS-induced inflammatory responses in monocytes of CLL patients

Enhances HLA-DR expression on monocytes in CLL patients after long-term
administration

Inhibits chemoattractant-triggered inside-out signaling of p2 integrins (LFA-1 and
Mac1) and thus adhesion to ICAM-1

Inhibits B2 integrin-mediated outside-in signaling and thus spreading on ICAM-1

Alters M-CSF-induced differentiation to fiorocyte- like cells with defective adhesion,
impaired phagocytosis and enhanced ROS production

Inhibits TNF-a and IL-1p production and phagocytosis during Aspergillus fumigatus
infection or stimulation
with zymosan

Enhances inflammasome activity in monocytes of CLL patients that received
ibrutinib treatment

Inhibits integrin activation and SDF1- or IL1B-mediated adhesion to VCAM1
Inhibits FcyR-mediated cytokine production
Suppresses LPS-induced MCP-1 production and macrophage infiltration

Inhibits TNF-a and IL-1B production and phagocytosis during Aspergillus fumigatus
infection or stimulation
with zymosan

Reduces cytokine and chemokine production Attenuates sepsis-associated cardiac
dysfunction in mice

Does not impair ADCP of rituximab-opsonized CLL cells
Weakly inhibits ADCP of CLL cells opsonized with ofatumumab and ocaratuzumab
Suppresses TLR-induced cytokine and chemokine production

Sustains the M2 phenotypes and immunosuppressive profile of NLCs
Inhibits TLR-mediated phagocytosis of tumor cells
Inhibits TNFa production and phagocytosis during fungal infection

Inhibits TNF-a and IL-1p production and phagocytosis during Aspergillus fumigatus
infection or stimulation with zymosan

Suppresses NLRP3-mediated inflammasome activation and blocks IL-18
processing

Protects against ischemic brain injury by inhibiting NLRP3-mediated inflammasome
activation

Enhances inflammasome activity by low doses of ibrutinib
Reduces cytokine and chemokine production, affects
bacterial clearance, and attenuates sepsis-associated
cardiac dysfunction in mice

Inhibits integrin activation and SDF1- or IL1B-mediated
adhesion to VCAM1

Induces autophagy of M. tuberculosis and suppresses Mtb
intracellular growth

Promotes macrophage M1 polarization and inhibits
macrophage M2 polarization

Impairs ADCP of rituximab-opsonized CLL cells by human
macrophages
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Inhibits ADCP of CLL cells opsonized with ofatumumab and
ocaratuzumab

Enhances ADCP of opsonized MYC/BCL2 cells by mouse
macrophage cell line J774A.1 cells
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Effects

Impairs the proliferation of progenitor cells during early stage megakaryopoiesis

Decreases the number of colony-forming units of megakaryocytes (CFU-MKs)
derived from HSCs

Enhances the differentiation and ploidy of megakaryocytes and the formation of
proplatelets during late-stage megakaryopoiesis

Increases the expression of integrin allbp3 on megakaryocytes
Induces thrombocytopenia in the bone marrow of mice
Impairs megakaryocyte adhesion and spreading on immobilized fibrinogen

Inhibits the integrin allbp3 outside-in signaling in megakaryocytes

Inhibits platelet spreading on fibrinogen, cytoskeletal assembly and platelet
aggregation

Inhibits ristocetin- or VWF-induced platelet adhesion and aggregation

Blocks CLEC-2-mediated platelet activation and granule secretion

Platelets from acalabrutinib-treated CLL patients do not aggregate in response
to rhodocytin or podoplanin

Inhibits FcyRIIA-mediated platelet aggregation, ATP secretion, P-selectin
expression and platelet-neutrophil complex formation

Delays collagen- or CRP-induced platelet aggregation, granule secretion and
inside-out activation of allbp3

Inhibits plaque-induced platelet aggregation in blood under static condition

Prevents platelet thrombus formation in arterially flowing blood on human
atherosclerotic plaque homogenates and plaque tissue sections

Induces shedding of GPIb-IX complex and allb3 from the platelet surface

Increases membrane fluidity and ROS production of platelets

Inhibits platelet spreading on fibrinogen, cytoskeletal assembly and platelet
aggregation

Inhibits ristocetin- or VWF-induced platelet adhesion and aggregation

Inhibits rhodocytin-induced platelet activation and granule secretion

Reduces the prevalence of CLEC-2-dependent deep vein thrombosis in a
mouse model of inferior vena cava stenosis

Inhibits FcyRIIA-mediated platelet aggregation, ATP secretion, P-selectin
expression and platelet-neutrophil complex formation

Prevents in vivo platelet aggregation stimulated by CD32 cross-linking in 3
healthy physicians

Delays collagen- or CRP-induced platelet aggregation, granule secretion and
inside-out activation of allbp3

Inhibits plaque-induced platelet aggregation in blood under static condition
Prevents platelet thrombus formation in arterially flowing blood on human
atherosclerotic plague homogenates and plaque tissue sections

Inhibits thrombus formation in blood from healthy donors on collagen under
arterial shear conditions
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