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Abstract
Purpose of Review This review focuses on the feasibility of combining Bruton’s tyrosine kinase (BTK) inhibitors (BTKis) 
with chimeric antigen receptor (CAR) T-cell therapy in patients with relapsed or refractory (R/R) mantle cell lymphoma 
(MCL). Potential scenarios for combination treatment with these agents are presented.
Recent Findings BTKis and CAR T-cell therapy have revolutionized the treatment paradigm for R/R MCL. Ibrutinib, acala-
brutinib, and zanubrutinib are covalent irreversible BTKis approved for R/R MCL. Brexucabtagene autoleucel was the first 
CAR T-cell therapy approved for R/R MCL based on findings from the ZUMA-2 trial. There is evidence to suggest that 
combination treatment with BTKis and CAR T-cell therapy may improve CAR T-cell efficacy.
Summary As BTKis and CAR T-cell therapy become mainstays in R/R MCL therapy, combination treatment strategies 
should be evaluated for their potential benefit in R/R MCL.

Keywords Bruton’s tyrosine kinase · Chimeric antigen receptor T-cell therapy · Relapsed/refractory mantle cell 
lymphoma · Combination therapy

Introduction

The pathogenesis of mantle cell lymphoma (MCL) is driven 
by various mechanisms, including anomalous cell cycle 
regulation, dysregulation of B-cell receptor (BCR) signal-
ing, molecular and genomic changes, DNA damage, and 
microenvironmental effects [1]. As Bruton’s tyrosine kinase 
(BTK) is a key intermediary in BCR signaling, BTK inhibi-
tors (BTKis) are highly effective in the treatment of MCL 
[2]. Ibrutinib is a first-in-class BTKi approved for relapsed 
or refractory (R/R) MCL [2] based on outcomes reported 

in phase 2 (overall response rate [ORR], 67%; complete 
response [CR], 23%) and phase 3 trials (ibrutinib vs. tem-
sirolimus, ORR 77 vs. 47%; CR 23 vs. 3%) [3, 4]. Ibrutinib 
also inhibits interleukin-2 (IL-2) inducible T-cell kinase 
(ITK), tyrosine protein kinase (TEC), epidermal growth 
factor receptor (EGFR), Janus kinase 3, and human EGFR 
2 [5]. Inhibition of ITK by ibrutinib suppresses the Th 2 
response [6] and induces a Th1-dominant response, which 
promotes cytotoxicity and influences immune surveillance 
by effector cells that is driven by interferon gamma (IFN-γ) 
and IL-2 [7]. The second-generation irreversible covalent 
BTKi acalabrutinib and irreversible covalent BTKi zanu-
brutinib have minimal inhibition of ITK, TEC, and EGFR 
[8, 9], resulting in fewer off-target effects than ibrutinib. 
These agents were efficacious (acalabrutinib, ORR=81%; 
CR=40%; zanubrutinib, ORR=84%; CR=69%) and safe 
in patients with R/R MCL [10, 11] and were subsequently 
approved for this indication.

Following the advent of BTKis, the emergence of CD19-
targeted chimeric antigen receptor (CAR) T-cell therapy 
represents another major advance in R/R MCL therapy. 
Brexucabtagene autoleucel (brexu-cel; formerly known as 
KTE-X19) was the first approved CD19-targeted CAR T-cell 
therapy for R/R MCL based on findings from the phase 2 
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ZUMA-2 trial, which demonstrated an ORR of 93% and 
CR rate of 67% [12••]. However, immune-mediated adverse 
events (AEs) such as cytokine release syndrome (CRS) and 
neurotoxicity are frequently observed with CAR T-cell ther-
apy [12••]. In ZUMA-2, elevated cytokine levels (i.e., inter-
leukin-6 [IL-6], IL-2, and IFN-γ) correlated with increased 
severity of CRS and neurotoxic AEs [12••].

A subset of patients may not derive an adequate benefit 
from BTKi or CAR T-cell therapy when administered alone. 
Patients may experience treatment intolerance, frequently 
seen with ibrutinib, leading to discontinuation [13]. Addi-
tionally, BTKi resistance stemming from complex genetic 
and non-genetic mechanisms may develop [14]. The benefit 
of CAR T-cell therapy may be short-lived in some patients 
due to insufficient CAR T-cell expansion, T-cell exhaus-
tion, T-cell senescence, resistance due to the preexistence 
of CD19− clones, and inhibition of T-cell activity [15]. 
Administration of CAR T-cell therapy after a BTKi was 
demonstrated in the ZUMA-2 and real-world studies of 
brexu-cel, where a BTKi was frequently used in bridging 
therapy regimens in patients previously exposed to a BTKi. 
Evidence suggests that concomitant administration of BTKi 
and CAR T-cell therapy may provide a greater treatment 
benefit than either agent alone [16–21]. In vitro analyses 
demonstrate that stimulation of CAR T-cells with a BTKi 
enhances the Th1 response and T-cell effector activity by 
increasing cytokine production and cytolytic activity [21]. 
In addition, exposure to a BTKi increases T-cell expansion, 
viability, and engraftment [16, 17]. Preliminary evidence in 
patients with R/R chronic lymphocytic leukemia (CLL) fur-
ther corroborates preclinical observations. Here, we present 
an overview of BTKi and CAR T-cell therapy in R/R MCL 
and describe strategies for incorporating BTKi therapy in the 
CAR T-cell setting, which may help guide clinical decisions 
and treatment selection.

BTK Inhibitors for R/R MCL

The BTKis approved for R/R MCL (ibrutinib, acalabruti-
nib, and zanubrutinib) covalently and irreversibly bind to 
cysteine 481 within the ATP binding domain [22]. Ibruti-
nib was approved for R/R MCL following results from an 
international phase 2 study, which reported an ORR of 67% 
with 23% CR; median duration of response (DoR) was 17.5 
months [3]. The efficacy of ibrutinib in R/R MCL was fur-
ther confirmed in the phase 3 MCL3001 trial, which [23] 
demonstrated longer progression-free survival (PFS) with 
ibrutinib compared with the mTOR inhibitor temsirolimus 
(hazard ratio [HR] 0.43 [95% CI 0.32–0.58] P<0.0001) [23].

To reduce toxicities related to off-target effects of ibruti-
nib, more selective BTKis were developed. Findings from 
the phase 2 ACE-LY-2004 study of acalabrutinib in patients 

with R/R MCL reported an ORR of 81% with 48% CR; at 
a median follow-up of 38.1 months, median PFS was 22.0 
months and median overall survival (OS) was not reached 
[24]. In a pivotal phase 2 study of zanubrutinib in patients 
with R/R MCL, the ORR was 84% with 69% CR [11]. At 
a median follow-up of 3 years, median PFS was 33 months 
[11]. Among BTKis under development, pirtobrutinib, a 
highly selective, non-covalent, reversible BTKi designed to 
override BTKi resistance stemming from C481S mutations, 
was investigated in a phase 1/2 study in patients with R/R 
MCL [25]. At a median follow-up of 8.2 months, the ORR 
in patients previously exposed to a BTKi was 51%, with 25% 
achieving CR; among BTKi-naïve patients, the ORR was 
82% with 18% achieving CR [26].

It should be noted that the ability of a BTKi to penetrate 
the blood–brain barrier renders it potentially effective in the 
treatment of patients with relapsed disease with central nerv-
ous system (CNS) involvement based on evidence showing 
that ibrutinib and zanubrutinib improved outcomes in these 
high-risk patients [27–29].

Toxicities Associated with BTKi Therapy

Toxicities associated with off-target effects of BTKis fre-
quently lead to treatment discontinuation [30]. Reported 
rates of discontinuation due to treatment-emergent AEs in 
clinical trials of ibrutinib range from 7 to 28% [31]; cor-
responding discontinuation rates are comparably lower in 
patients receiving acalabrutinib (7–11%) or zanubrutinib 
(9–13%) [11, 31, 32]. Common AEs associated with BTKi 
therapy include bruising/bleeding, cardiovascular events, 
skin rash, and diarrhea [30, 33]. Bleeding events are asso-
ciated with ibrutinib, with up to 5% being cases of major 
hemorrhage [30], and may be attributed to dysfunctional 
glycoprotein VI signaling and repressed collagen-mediated 
platelet aggregation, likely stemming from inhibition of 
BTK and other TEC family kinases [5, 34]. Patients receiv-
ing ibrutinib have an increased risk for atrial fibrillation, 
heart failure, ventricular arrhythmias, and supraventricular 
arrhythmias [35, 36]. In patients receiving ibrutinib, inhibi-
tion of off-target kinases and PI3K/AKT signaling pathways 
essential for the maintenance of cardiomyocytes may con-
tribute to the development of heart failure [36]. Evidence 
suggests that atrial fibrillation may be due to ibrutinib-
induced cardiac fibrosis, atrial enlargement, and dysregula-
tion of calcium flux and repolarization [35]. Diarrhea and 
dermatologic AEs are observed with ibrutinib and acala-
brutinib [37, 38] and may stem from an inhibitory effect 
on EGFR [5, 38]. An increased risk of infection in patients 
receiving ibrutinib may stem from its dual inhibitory effect 
on BTK in macrophages and ITK in T-cells [5]. Although 
neutropenia is more frequently observed with zanubrutinib 
than with ibrutinib, the rate of infections is not markedly 
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different with either agent [39]. Aspergillosis has also been 
observed in patients receiving ibrutinib and may stem from 
the deterioration of fungal immune surveillance following 
BTK inhibition [40, 41].

Resistance to BTKis in MCL

Mechanisms of resistance to BTKi therapy vary across 
B-cell lymphomas. Resistance to BTKis in patients with 
CLL generally develops due to secondary mutations and 
chromosomal aberrations [14, 42, 43], as well as non-genetic 
compensatory mechanisms [14]. The C481S mutation in 
BTK hinders the binding of covalent BTKis to BTK; gain-
of-function mutations in PLCγ2 allow PLCγ2 to be activated 
in the absence of BTK [14]. In MCL, the gain of chromo-
some arm 17q has been observed in patients refractory to 
ibrutinib [44]. BIRC5, which encodes survivin, is located 
on the 17q arm and is upregulated in resistant lymphoma 
cells and contributes to their proliferation [44]. SMARCE1 
and HN1 are also located on the 17q arm and have been 
implicated in lymphoma cell dissemination [44]. CARD11 
encodes an adaptor protein downstream of the BCR [45]. 
L878F mutations in CARD11 have been detected in patients 
with MCL and other B-cell lymphomas [45]. Mutant 
CARD11 expression induces constitutive activation of NF 
kappa B, which is essential for B-cell survival [45]. Activa-
tion of the NF kappa B pathway independent of BCR sign-
aling also plays a role in the development of resistance to 
BTKi therapy in MCL [46]. Specifically, CD40L is a ligand 
that binds to CD40, a member of the tumor necrosis factor 
receptor family, and is an important mediator of B-cell pro-
liferation and differentiation and development of lymphoma 
[46]. As such, CD40L induces activation of the NF kappa B 
pathway in MCL cell lines in a non-BCR–dependent man-
ner [46].

CAR T‑Cell Therapy for MCL

T-cell therapy entails the infusion of genetically engineered 
autologous T-cells expressing receptors against tumor-cell 
surface antigens [47]. The CAR typically consists of an 
extracellular domain enabling tumor antigen recognition 
connected to individual or multiple intracellular co-stim-
ulatory domains; together, these components induce T-cell 
activation [47]. Existing CAR T-cell therapies for B-cell 
non-Hodgkin lymphoma (B-NHL) are directed toward the 
CD19 surface antigen on B lymphocytes [48]. Because the 
time from leukapheresis to CAR T-cell infusion can take 
several weeks [49], patients awaiting CAR T-cell infusion 
are at risk for disease progression, which sometimes requires 
bridging therapy to stabilize the disease during the interim 
period. The selection of appropriate bridging therapy varies 
based on a patient’s disease characteristics, disease stage, 

performance status, response to prior therapy, and comor-
bidities [49]. Bridging therapy was administered in 37% 
of patients in ZUMA-2 [12••] and in 67% of patients in 
a real-world study of brexu-cel in R/R MCL [50••], with 
BTKi-based regimens being the most common in both stud-
ies (Table 1). Lymphodepletion chemotherapy is adminis-
tered to patients a few days prior to CAR T-cell infusion to 
enhance the efficacy of CAR T-cell therapy and varies by 
CAR T-cell product [49].

In patients with R/R MCL previously treated with a 
BTKi, CAR T-cell therapy with brexu-cel or lisocabtagene 
maraleucel (liso-cel) resulted in high response rates and 
improved survival [12••, 52]. In ZUMA-2, brexu-cel in 
patients with R/R MCL resulted in an ORR of 93% with 67% 
of patients achieving CR (median follow-up, 17.5 months); 
median PFS, OS, and DoR were not reached [12••, 51, 59] 
(Table 1) and estimated 12-month PFS and OS rates were 
61% and 83%, respectively [12••]. Notably, CAR T-cell 
expansion was substantially greater after prior ibrutinib than 
after prior acalabrutinib alone [60•]. In ZUMA-2, distribu-
tions of CD4+ and CD8+ T-cell populations, and frequen-
cies of central effector and memory cell populations after 
CAR T-cell infusion, were similar among patients previ-
ously exposed to ibrutinib or acalabrutinib; however, a trend 
toward enrichment of Th1/Th17 subpopulations within the 
CAR+ CD4+ T-cell population and increased prevalence 
of the Th1 phenotype in peripheral blood mononuclear cells 
was observed in the ibrutinib cohort [61]. In vitro stimula-
tion of brexu-cel CAR T-cell infusion products with tumor 
cells led to significant Th1 enrichment in patients exposed 
to ibrutinib (P=0.0058 vs. acalabrutinib) [61], whereas 
acalabrutinib induced higher levels of Th2 cytokines (e.g., 
IL-4, IL-5, and IL-13) and granulocyte–macrophage colony-
stimulating factor [61]. Preliminary results in patients with 
R/R MCL from the phase 1 TRANSCEND NHL 001 trial 
receiving liso-cel showed high response rates at dose levels 
(DLs) of 50×106 (DL1) and 100×106 (DL2); across both 
doses, the ORR was 84% with a CR rate of 59% (Table 1) 
[52]. DL2 was selected for dose expansion [52].

In a US study of real-world outcomes with brexu-cel 
in 95 patients with R/R MCL, 82% of patients received 
prior BTKis and 44% were refractory to their last line of 
anti-lymphoma therapy [53]. With a median follow-up of 
6.7 months, the ORR among evaluable patients (n=95) 
was 89%, with 81% achieving CR [53] (Table 1). Among 
patients with blastoid or pleomorphic MCL, ORR and CR 
rates were 95% and 87%, respectively. In patients with TP53 
mutations or deletions, rates of ORR and CR were 87% and 
71%, respectively; corresponding ORR and CR rates in 
patients with wild-type TP53 were 87% and 85%, respec-
tively [53]. Rates of ORR and CR among BTKi–exposed 
patients were 88% and 79%, respectively; corresponding 
response rates in the BTKi–naïve subgroup were 94% and 
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88%, respectively. Rates of 6-month PFS and OS were 66% 
and 81%, respectively [50••]. In another US multicenter ret-
rospective analysis of 66 patients with R/R MCL who were 
previously treated with a BTKi and then received brexu-cel 
after progression on BTKi therapy, the ORR in response-
evaluable patients (n=56) was 86%, with 77% achieving 
CR (median follow-up of 4.1 months); rates of 6-month 
PFS and OS were 77% and 88%, respectively [54]. Similar 
results were observed in a French registry-based analysis of 
real-world outcomes in 47 patients with R/R MCL receiv-
ing brexu-cel after prior chemoimmunotherapy and a BTKi 
[56]. At a median follow-up of 3.3 months, ORR among 
response-evaluable patients was 88%, with 62% achieving 
CR. Median PFS was 5.3 months and the 6-month PFS rate 
was 58% [56]. Overall, these studies demonstrate an excel-
lent clinical benefit of CAR T-cell therapy in patients with 
R/R MCL previously treated with a BTKi and those with 
high-risk aggressive disease.

Toxicities Associated with CAR T‑Cell Therapy

Frequently observed immune-related AEs associated with 
CAR T-cell therapy include CRS, neurotoxicities, cytope-
nias, and infections [62, 63]. Increased cytokine levels due 
to lymphocyte activation induce symptoms characteristic of 
CRS (e.g., fever, hypotension, hypoxia, organ dysfunction) 
[64]. In ZUMA-2, 91% of patients with R/R MCL expe-
rienced CRS (grade ≥3, 15%) after CAR T-cell infusion 
[12••, 59] (Table 1). Neurotoxicity stems from immune 
effector cell activity and includes toxic encephalopathy with 
confusion, aplasia, ataxia, delirium, seizures, and cerebral 
edema [62, 64]. In ZUMA-2, neurotoxicity occurred in 63% 
of patients (grade ≥3, 31%) [12••]. Grade ≥3 CRS and neu-
rotoxicity were associated with increased T-cell expansion 
and increased levels of serum granulocyte–macrophage col-
ony-stimulating factor and IL-6; increased IL-2 and IFN-γ 
levels were also observed with grade ≥3 neurotoxicity 
[12••]. In ZUMA-2, CRS and neurotoxicity were managed 
with tocilizumab or glucocorticoids; however, some cases 
required vasopressor therapy [12••]. In real-world studies of 
brexu-cel, incidences of CRS and neurotoxicity were gener-
ally similar to those observed in the ZUMA-2 trial (Table 1) 
[50••, 54, 56] and were primarily managed with tocilizumab 
and corticosteroids [50••, 55]; ICU admission was required 
in 21–28% of patients [50••, 56]. Recent evidence suggests 
that early administration of the interleukin 1 receptor antago-
nist anakinra may reduce the occurrence and severity of CRS 
and neurotoxicity in patients receiving CAR T-cell therapy 
[65–67].

Cytopenias generally occur within the first 4 weeks after 
CAR T-cell infusion and may last up to 3 months [63]. Pro-
longed cytopenias may be related to CRS severity, tumor 
burden, prior therapy, and prior hematopoietic stem cell 

transplantation [49]. Cytopenias were reported in 94% of 
patients in ZUMA-2; grade ≥3 cytopenias included neutro-
penia (85%), thrombocytopenia (51%), and anemia (50%) 
(Table 1) [12••]. Lower rates of grade ≥3 cytopenia (neu-
tropenia, 37%; thrombocytopenia, 43%) were observed in a 
real-world study of brexu-cel [54] (Table 1).

Patients who receive CAR T-cell therapy are also at risk 
for infections, with severe CRS being a predisposing risk 
factor [63]. Bacterial and viral infections occur most fre-
quently during the first few months following CAR T-cell 
infusion; respiratory tract infections are generally observed 
after the first 3 months post infusion [63]. Antibiotic or 
antiviral therapy may be administered prophylactically in 
patients receiving CAR T-cell therapy [63]. Late-occurring 
respiratory infections are generally treated on an outpatient 
basis [63]. In the ZUMA-2 trial, infections occurred in 56% 
of patients with R/R MCL after administration of brexu-cel; 
grade ≥3 infections were observed in 32%, with pneumonia 
(9%) and sepsis (6%) being the most common [12••]. A real-
world study of brexu-cel in patients with R/R MCL reported 
infections in 18% of patients [54].

Mechanisms of CAR T‑Cell Therapy Failure

Failure to respond or loss of response to CAR - cell therapy 
may occur due to limited T-cell expansion, T-cell exhaus-
tion, T-cell senescence, or surface antigen loss (i.e., CD19 
escape) [15, 68]. Use of murine-derived single-chain frag-
ment variable regions in the CAR construct may hinder CAR 
T-cell expansion in vivo, which in turn increases the likeli-
hood of relapse [15]. Repeated antigen exposure diminishes 
effector T-cell function leading to T-cell exhaustion [15]. 
The intracellular costimulatory domains within CAR T-cells 
allow them to be consumed even in the absence of repeated 
antigen exposure, and a high tumor burden can accelerate 
T-cell exhaustion [15]. T-cell senescence stems from contin-
uous activation of CAR T-cells, which results in diminished 
T-cell effector function with concomitantly high expression 
of receptors that inhibit T-cell activity (e.g., programmed 
death 1, cytotoxic T lymphocyte–associated antigen 4, etc.) 
[15]. Additional features of T-cell senescence include high 
expression of CD57 or killer cell lectin-like receptor sub-
family G1 ligand, which cause CAR T-cells to lose their 
co-stimulatory signals (e.g., CD28), resulting in the loss of 
telomerase activity [15]. CD19 escape occurs when patients 
who relapse after an initial response to CAR T-cell therapy 
display a similar disease profile that lacks CD19 expression 
[68]. CD19-negative relapse likely stems from pre-existing 
CD19-negative clones, lineage conversion, and RNA splic-
ing mechanisms that result in a decrease or loss of CD19 
expression [15].
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Rationale for Combined Treatment Strategies 
with BTKi and CAR T‑Cell Therapy

The development of drug resistance or mechanisms that 
hinder in vivo T-cell expansion or function may diminish 
the long-term efficacy of BTKis and CAR T-cells, respec-
tively, when administered as monotherapy in B-NHL. There 
is evidence to suggest BTKi and CAR T-cells may function 
additively or synergistically when used sequentially or con-
comitantly (Fig. 1A), although the optimal timing of BTKi 
administration in the CAR T-cell therapy setting has yet to 
be established [20]. Harnessing the Th1-dominant effect and 
ability of a BTKi to penetrate the blood–brain barrier, incor-
poration of BTKi therapy in patients receiving CAR T-cell 
therapy could potentiate treatment response. Evidence from 
studies in CLL suggests that exposure to a BTKi around 
the time of CAR T-cell infusion may enhance CAR T-cell 
expansion, viability, and engraftment [16, 17], as well as 
improve CAR T-cell activation and effector function [21].

Although it is unknown whether sequential administra-
tion of BTKi and CAR T-cells yield better outcomes com-
pared with concomitant therapy, results from ZUMA-2, 
real-world studies, and studies in CLL suggest a benefit 
with both approaches. Patients with R/R MCL enrolled in 
ZUMA-2 and real-world studies of brexu-cel demonstrated 
high response rates after exposure to a BTKi (Table 1) 
[12••]. Similarly, in a small study of 24 patients with CLL 
previously treated with ibrutinib (19 had experienced disease 
progression while receiving ibrutinib and three were intoler-
ant to ibrutinib) [57], administration of CAR T-cell therapy 
resulted in CR and partial response (PR) rates of 21% and 
53%, respectively [57] (Table 1). Administration of liso-cel 
in the phase 1 dose-escalation part of the TRANSCEND 
CLL 004 study in patients with R/R CLL or small lympho-
cytic lymphoma after prior ibrutinib resulted in an ORR of 
82% with 45% achieving CR or CR with incomplete bone 
marrow recovery (Table 1) [58].

Evidence supporting the use of concomitant BTKi and 
CAR T-cell therapy is mostly limited to studies in CLL, 
as patients with CLL typically have low rates of CR with 
CAR T-cell therapy [16], likely due to CLL-induced T-cell 
dysfunction [69]. In vitro studies suggest that ibrutinib may 
enhance CAR T-cell expansion and increase cell viability 
[16, 17] as well as improve cell engraftment, tumor clear-
ance, and survival [17]. Stimulation of CAR T-cells with 
ibrutinib or acalabrutinib enhanced CAR T-cell effector 
function; prolonged BTKi stimulation further increased 
cytokine production and Th1 differentiation. Serial stimula-
tion of CAR T-cells with ibrutinib also enhanced their cytol-
ytic activity [21]. Short-term (48 hours) stimulation of CAR 
T-cells with ibrutinib reduced IFN-γ production in a dose-
dependent manner; acalabrutinib had a variable effect on 
cytokine production, whereas long-term (6 days) stimulation 

of CAR T-cells with ibrutinib or acalabrutinib substantially 
increased IFN-γ production. Stimulation of CAR T-cells 
with ibrutinib for 18 days increased Th1 differentiation [21].

Fan et  al. observed that CAR T-cells derived from 
patients with CLL were less proliferative than those derived 
from healthy donors, and that stimulation with ibrutinib sig-
nificantly increased the expansion and viability of CD3+ 
T-cells from healthy donors and CLL patients [16]. Ibru-
tinib-enriched CAR T-cells appeared less differentiated, 
with a naïve profile and reduced expression of biomarkers 
indicative of T-cell exhaustion [16]. Similarly, Fraietta and 
colleagues observed that in patients with CLL, diminished 
T-cell proliferation was reversed after 5 to 11 cycles of ibru-
tinib therapy, which was accompanied by improvement in 
T-cell activation and production of IFN-γ [17]. Patients who 
achieved CR after 5 to 11 cycles of ibrutinib prior to CAR 
T-cell infusion had pronounced expansion and engraftment 
of CTL019 CAR T-cells. In mouse antitumor models, con-
comitant administration of ibrutinib and CT019 CAR T-cells 
resulted in increased CAR T-cell engraftment and antitumor 
activity [17].

In another study, patients with R/R CLL previously 
exposed to ibrutinib received ibrutinib at least 2 weeks 
before leukapheresis and continued treatment until up to at 
least 3 months after CAR T-cell infusion [19]. Concomitant 
administration of CAR T-cell therapy and ibrutinib resulted 
in a higher ORR (83%) compared with CAR T-cell therapy 
alone (56%) (Table 1) [19]. Although CAR T-cell expansion 
was similar in both groups, patients receiving CAR T-cell 
therapy with ibrutinib had less severe CRS despite having 
higher CD4+ T-cell counts [19]. Lower concentrations of 
monocyte chemoattractant protein 1 and IL-2 receptor alpha 
were observed in patients who received concomitant ibru-
tinib and CAR T-cell therapy than in patients who received 
CAR T-cell therapy alone; IL-6 levels did not differ sig-
nificantly between the two groups [19]. In a small study of 
patients with refractory MCL (n=3) or refractory follicular 
lymphoma (n=4), ibrutinib in combination with re-admin-
istration of CAR T-cell therapy resulted in a CR rate of 86% 
(n=6/7) [18] (Table 1).

Preclinical evaluation of the combined effect of BTKi 
and CAR T-cell administration in MCL demonstrates 
similar results to those observed in CLL. Evidence from 
a study in an MCL cell line (JeKo-1) demonstrates that 
the investigational noncovalent BTKi vecabrutinib, sig-
nificantly enhanced CAR T-cell cytotoxicity against MCL 
CD19+ tumor cells [70]. In the presence of vecabrutnib, 
IL-6, IL-10, and macrophage inflammatory protein 1β 
levels were significantly reduced [70]. In mouse JeKo-1 
xenograft tumor models, co-administration of CAR 
T-cells and vecabrutinib resulted in antitumor effects and 
enhanced CAR T-cell proliferation [70]. RNA sequenc-
ing analyses of activated CD19-targeted CAR T-cells 
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Fig. 1  Implementation of 
BTK inhibitors in CAR T-cell 
therapy strategies for R/R 
MCL. (A) Potential benefit 
of BTK inhibitors on CAR 
T-cell efficacy. (B) CAR T-cell 
therapy in BTKi-exposed R/R 
MCL. (C) CAR T-cell therapy 
in BTKi-naïve R/R MCL. (D) 
BTKi therapy after failure of 
CAR T-cell therapy. (E) Con-
comitant CAR T-cell and BTKi 
therapy. aNon-covalent BTKis 
have not yet been approved for 
treatment of MCL. bBridging 
therapies in ZUMA-2 were 
restricted to ibrutinib, acala-
brutinib, or corticosteroids; 
lenalidomide or venetoclax 
were not permitted but were 
implemented in a US-based 
real-world study of brexu-cel 
in patients with R/R MCL [53]. 
cCorticosteroids or radiation 
may be administered alone or 
in combination with chemoim-
munotherapy, radiation, BTKi, 
or other listed bridging therapy 
options. dHigh-risk features 
include blastoid/pleomorphic 
phenotype, CNS involvement; 
TP53 mutations, or high Ki67 
index. eUse of BTK inhibitors in 
the peri-infusion period has not 
been established. BTKi, Bru-
ton’s tyrosine kinase inhibitor; 
CAR, chimeric antigen receptor; 
CNS, central nervous system; 
CR, complete response; CRS, 
cytokine release syndrome; 
MCL, mantle cell lymphoma; 
NR, no response; PR, partial 
response; R, rituximab; R/R, 
relapsed or refractory

A. Potential benefit of BTK inhibitors on CAR T-cell efficacy

B. CAR T-cell therapy in BTKi-exposed R/R MCL

D. BTKi therapy after failure of CAR T-cell therapy 

E. Concomitant CAR T-cell and BTKi therapy 
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showed upregulation of multiple genes associated with 
PI3K/AKT and Th1 pathways [70]. To date, there are no 
published clinical data of combination therapy in MCL. 
Two ongoing clinical trials are investigating the poten-
tial benefit of concomitant BTKi and CAR T-cell therapy 
in patients with R/R MCL. The phase 2 TARMAC trial 
(NCT04234061) evaluates tisagenlecleucel plus ibru-
tinib in patients with R/R MCL who failed to achieve 
CR with ibrutinib or a BTKi–containing regimen for at 
least 6 months or failed to achieve a PR with a BTKi 
[71]. Another phase 2 trial is evaluating acalabrutinib in 
combination with CAR T-cell therapy in patients with 
R/R MCL currently receiving acalabrutinib with 3 to 7 
months of exposure to acalabrutinib prior to screening 
(NCT04484012) [72].

Expert Opinion

Sequential Administration of a BTK Inhibitor 
and CAR T‑Cells

Patients with R/R MCL after exposure to a covalent BTKi 
should be considered for CAR T-cell therapy (Fig. 1B). 
Aside from chemoimmunotherapy, other options for bridg-
ing therapy include lenalidomide or venetoclax-based regi-
mens [73, 74], radiation, or corticosteroids. In patients 
who previously received a covalent BTKi, treatment with 
a non-covalent BTKi may be considered if approved. In 
patients with BTKi-naïve R/R MCL who have high-risk 
disease characteristics (e.g., blastoid/pleomorphic phe-
notype, complex karyotype, TP53 mutations, high Ki67 
index, CNS involvement), CAR T-cell therapy may be 
administered before BTKi therapy (Fig. 1C), given that 
these patients are unlikely to have a durable response to 
a BTKi. Here, a BTKi may be used in bridging therapy 
regimens and can be reinitiated after CAR T-cell infusion 
in patients who do not respond or have a partial response 
to CAR T-cell therapy. Monitoring and management of 
CRS and neurotoxicity according to institutional protocols 
is advised.

Patients who relapse or are refractory to CAR T-cell 
therapy without prior exposure to BTKis may be eligible 
for treatment with a covalent BTKi alone or in combi-
nation with another agent (Fig. 1D) such as venetoclax, 
which is supported by findings from the safety run-in 
cohort of the phase 3 SYMPATICO trial [75], or another 
investigational agent. In patients with prior exposure to 
a covalent BTKi who relapsed after CAR T-cell therapy 
(Fig. 1D), treatment with a non-covalent BTKi or another 
investigational agent may be considered.

Concomitant Administration of CAR T‑Cells and BTK 
Inhibitors

Because the concomitant use of CAR T-cell therapy and a 
BTKi has not been approved, standardized guidelines for 
this approach have not been established. Concomitant CAR 
T-cell and BTKi therapy may be considered for patients 
with R/R MCL who are naïve to both CAR T-cell and BTKi 
therapy (Fig. 1E) because combination therapy may increase 
treatment efficacy. Based on limited data in patients with 
CLL, BTKi therapy may be initiated as bridging therapy 
and continued during lymphodepletion prior to CAR T-cell 
infusion. Administration of a BTKi during lymphodepletion 
and immediately after CAR T-cell infusion may result in 
drug-drug interactions, off-target toxicity and immunodula-
tory effects, and effects on specific T-cell subsets. In patients 
receiving ibrutinib, cytokine production could potentially 
enhance CAR T-cell toxicity and the risk for CRS and 
immune-mediated neurologic events. Ibrutinib may abro-
gate the growth of memory T-cells [76], which may affect 
the efficacy and persistence of CAR T-cell [77]. Although 
no published evidence to date demonstrates increased toxic-
ity or diminished efficacy with concomitant BTKi therapy 
during lymphodepletion or immediately after CAR T-cell 
infusion, patients should be closely monitored for BTKi-
related toxicities and other AEs stemming from drug-drug 
interactions. The cost of adding a BTKi during lymphode-
pletion should also be considered. If a patient achieves CR 
without measurable residual disease after CAR T-cell infu-
sion, discontinuation of BTKi treatment may be considered 
because the benefit of continued BTKi therapy in this set-
ting is unclear; in patients who achieve PR, continued BTKi 
therapy should be considered.

Conclusions

Treatment options for R/R MCL have expanded in the past 
decade with the availability of highly effective BTK inhibi-
tors and the advent of CAR T-cell therapy. Preliminary 
data supporting the clinical benefit of BTKi/CAR T-cell 
combinations in R/R CLL warrants similar investigation 
of BTKi/CAR T-cell combinations in R/R MCL. Ongoing 
trials (NCT04234061 and NCT04484012) evaluating con-
comitant BTKi and CAR T-cell therapy approaches in R/R 
MCL will help determine the potential benefit of the BTKi/
CAR T-cell combination in R/R MCL. Furthermore, BTKi/
CAR T-cell combinations for MCL should be explored in the 
frontline setting for high-risk disease. As treatment of R/R 
MCL continues to rapidly evolve with emerging therapies 
against ROR1 and other key targets, combination treatment 
strategies with established and novel agents will improve 
outcomes in R/R MCL.
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