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The standard regimen for the treatment of newly diagnosed primary CNS lymphoma (PCNSL) remains
regimens that contain high-dose methotrexate (MTX). While these regimens can provide control for some
patients, there is a dearth of options for the treatment of patients with PCNSL who cannot tolerate MTX-
containing regimens, or whose cancers are refractory to MTX. In this article, we review a promising new
option; ibrutinib, a Bruton tyrosine kinase inhibitor, for patients with relapsed and refractory PCNSL.
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Primary CNS lymphoma (PCNSL) is a rare form of extranodal lymphoma in the CNS without evidence of
systemic involvement at presentation. They comprise only about 2% of all primary brain tumors [1]. Ocular
involvement in PCNSL is common (about 20% [2]) although spread outside of the CNS is rare [3]. Approximately
80–90% of PCNSL cases are diffuse-large B-cell lymphomas (DLBCL). Efforts to treat PCNSL similarly to systemic
lymphoma have generally been unsuccessful. Extranodal lymphomas are generally highly radiosensitive [4]; however,
early attempts to treat PCNSL with whole-brain radiotherapy resulted in poor long-term survival following a robust
but transient treatment response [5]. Additionally, cognitive side effects, particularly in the elderly and those on
concurrent methotrexate (MTX) therapy, significantly affect the quality of life of this modality [6,7]. Standard
chemotherapy for systemic DLBCL, such as cyclophosphamide, doxorubicin, vincristine, prednisone (CHOP)-
based regimens, are also ineffective for PCNSL, probably due in part to poor penetration of the blood–brain barrier
(BBB) [8]. Instead, high-dose IV MTX, which does cross the BBB, prolongs overall survival and now forms the
backbone of PCNSL therapy [9]. Retrospective analysis has shown improved response rates when MTX is combined
with rituximab, which targets the CD-20 B-cell marker [10]. However, rituximab does not appear to cross the
BBB and the benefit of adding rituximab to MTX-containing regimens has yet to be definitively demonstrated in
prospective trials. Its role in the treatment of PCNSL thus remains a topic of active debate [11].

Despite these advances, recurrence with MTX and rituximab-based regimens is common and long-term survival
remains poor, with data from the Central Brain Tumor Registry of the United States (IL, USA) showing a 5-year
survival of only 29–37% [12,13]. Several groups have studied the addition of various chemotherapeutic agents with
or without radiation therapy to MTX and rituximab, including vincristine and procarbazine [14], cytarabine and
thiotepa [15], temozolomide, among others. However, no regimen was clearly superior and few direct comparisons
have been made, making the choice of treatment regimen largely dependent on institutional preferences [16].
Furthermore, treatment options for recurrent disease are also limited and consensus is lacking on their optimal
treatment. Hence there remains a critical need for novel, effective therapeutics for recurrent and refractory PCNSL.

Dependence of PCNSL on the B-cell receptor pathway
Insights into the molecular pathogenesis and genomic landscape of DLBCL and PCNSL have motivated the
exploration of several new therapeutic avenues. Outside the CNS, DLBCL arises in the germinal centers of
secondary lymphoid organs. Beginning in the germinal center dark zone, mature B cells undergo proliferation,
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somatic hypermutation and class-switch recombination to enable efficient production of more effective antibodies
in response to antigenic stimulation. This process is stimulated by the expression of transcription factors, such as
NF-κB and MYC, and is downregulated by BCL-6. B cells subsequently migrate from the dark zone to the light zone
where activation of the cell-surface B-cell receptor (BCR) upregulates mediators of cell survival and proliferation, in
particular NF-κB. Dysregulation of these processes is integral to the pathogenesis of B-cell malignancies, including
DLBCL.

While initially described based on characteristic histopathologic features, DLBCL actually comprises distinct
molecular subgroups that likely reflect differing pathogenic paradigms and phenotypes. Germinal center DLBCLs
are thought to arise from normal germinal center B cells in the dark zone and commonly contain translocations
of chromosomes 14 and 18 that result in overexpression of the anti-apoptotic factor BCL-2. On the other hand,
nongerminal center (also known as activated B-cell-like) forms arise from post-germinal center B cells in the light
zone and carry a worse prognosis than germinal center DLBCL [17]. The overwhelming majority (>85%) of PCNSL
are of the nongerminal center subgroup [18].

Targeting the BCR pathway through bruton tyrosine kinase inhibition
The dependence of nongerminal center DLBCL on the BCR pathway has motivated the development of inhibitors
of key components of this pathway. Activation of the transmembrane BCR triggers a variety of downstream signaling
cascades, including phospholipase C-γ2, PI3K and Bruton tyrosine kinase (BTK) [19]. BTK is a nonreceptor
protein kinase that is critical for amplification of B-cell signaling; its mutation results in X-linked (Bruton’s)
agammaglobulinemia. The key role of BTK in B-cell signal amplification makes it an attractive target in the
treatment of B-cell malignancies [20].

Initially designed as a potential novel therapeutic for rheumatoid arthritis, ibrutinib was the first BTK inhibitor
developed [21]. Ibrutinib is a small molecule that covalently binds to a critical cysteine residue (C481) at the BTK
active site with nanomolar affinity. This results in irreversible inhibition of BTK and attenuation of downstream
signaling. Initial clinical studies showed an overall response rate of 60% when ibrutinib monotherapy was used in
relapsed and refractory B-cell lymphoma and chronic lymphocytic leukemia (CLL) [22]. Subsequent Phase III clinical
trials have demonstrated an overall response rate of 63% for CLL/SLL [23] and 72% for mantle cell lymphoma [24].
Ibrutinib can lead to response rates of >90% for previously treated Waldenström macroglobulinemia [25]. Lower
response rates are seen in relapsed/refractory follicular zone lymphoma (38%) [26] and marginal zone lymphoma
(48%) [27]. In systemic DLBCL, a Phase I/II study showed an overall response rate of 37% [28]. Ibrutinib is now US
FDA approved for relapsed/refractory mantle cell lymphoma, Waldendström macroglobulinemia, marginal zone
lymphoma, and as both first and second-line therapy for CLL/SLL.

In these studies, ibrutinib monotherapy appears to be relatively well tolerated [29]. Common early adverse effects
include diarrhea (50–60%), nausea (40–50%) and upper respiratory infections (30–40%). These adverse events
were typically self-limited. An increase in the lymphocyte count is commonly seen and is thought to be related
to redistribution of lymphoma cells from lymph nodes to blood [30]. The most common serious adverse events
include cytopenias, atrial fibrillation (6–16%) [31] and bleeding (3–5%). Of the cytopenias, neutropenia was the
most common (10–15%), followed by thrombocytopenia (5–8%) and anemia (6–8%). At long-term follow-up of
patients with CLL treated with single-agent ibrutinib, 13% had discontinued therapy due to adverse events [32].

As a small molecule, ibrutinib rapidly penetrates the BBB and preclinical mouse work has demonstrated a brain-
to-plasma ratio of 0.7 with the orally administered drug [33]. Initial clinical studies have shown promising results in
treating CNS mantle cell lymphoma, a disease with a median survival of only 3.7 months after diagnosis of CNS
metastasis [34]. In this review, we will discuss recent efforts to use ibrutinib and ibrutinib-containing chemotherapy
regimens for the treatment of PCNSL.

Response of PCNSL to ibrutinib therapy
Investigators are now studying ibrutinib alone and in combination with chemotherapy for the treatment of PCNSL
(summarized in Table 1). Chamoun and colleagues reported a retrospective case series of 14 patients who had failed
high-dose MTX-based chemotherapy [35]. Seven patients (50%) responded to therapy, of whom three achieved
complete responses and the remaining four exhibited partial responses. Partial response was short-lived, with median
duration to treatment cessation due to disease progression being 3 months. At last follow-up (median 8 months
after initiation of ibrutinib therapy), five patients had died, six were alive with active disease and three patients were
alive without active disease.
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Table 1. Comparison of clinical studies of ibrutinib for primary CNS lymphoma.
Study Study type Number of patients Regimen Overall

response
Ref.

Chamoun et al. Retrospective 14 Ibrutinib monotherapy 7 (50%) [35]

Soussain et al. Phase II 52 Ibrutinib monotherapy 31 (60%) [36]

Grommes et al. Phase I 13 with PCNSL Ibrutinib monotherapy 10 (77%) [18]

Lionakis et al. Phase I 18 (13 with
relapsed/refractory
PCNSL, 5
treatment-naive)

Ibrutinib monotherapy followed by temozolomide, etoposide, liposomal
doxorubicin, dexamethasone, ibrutinib and rituximab with intraventricular
cytarabine

12 (67%) [37]

PCNSL: Primary CNS lymphoma.

Soussain et al. recently published the results of their open-label Phase II study of ibrutinib monotherapy for
patients with relapsed or refractory PCNSL or primary vitreo-retinal lymphoma of the DLBCL subtype [36]. A total
of 52 patients across France were recruited. All patients had previously been treated with high-dose MTX and seven
had additionally received autologous stem cell transplantation. The primary end point was disease control (defined
as any response except for progressive disease) after 2 months of treatment. By this end point, eight patients had
ended treatment due to disease progression (n = 7) or toxicity (n = 1), yielding 44 evaluable patients. Out of these
patients, 31/44 (70%) had achieved disease control. Serious adverse events included two patients with ventricular
hemorrhages, two with intraocular hemorrhages, two with atrial fibrillation and two who developed pulmonary
aspergillosis, of whom one died.

In a Phase I clinical trial, Grommes et al. investigated ibrutinib monotherapy in 20 patients with relapsed or
refractory primary or secondary CNS lymphoma [18]. 13 of the 20 patients had PCNSL and the authors were able
to evaluate responses to treatment in 12 (one patient discontinued the medication early by choice). Out of these
12 patients, five had complete responses and five had partial responses. The median progression-free survival was
4.6 months, while the median overall survival was 15 months.

Lionakis and colleagues explored the use of ibrutinib in combination with chemotherapy in PCNSL [37]. Treat-
ment in this study included ibrutinib monotherapy followed by a regimen comprising temozolomide, etoposide,
liposomal doxorubicin, dexamethasone, ibrutinib and rituximab (DA-TEDDi-R) with intraventricular cytarabine.
18 enrolled subjects received initial ibrutinib monotherapy. Thirteen of the enrolled patients were previously
treated with high dose MTX while five were treatment naive. Therapy was discontinued in two patients who
developed aspergillosis infections after ibrutinib induction. Out of the remaining 16 patients who continued to
the DA-TEDDi-R chemotherapy phase, two additional patients died of causes deemed unrelated to treatment.
12 of the remaining 14 patients (67% of the initial 18 enrolled) achieved a complete response and one patient
achieved a partial response. At final follow-up (range 8 to 27 months, median 15.5 months), eight patients remained
progression-free.

Toxicity & tolerability
Grommes et al. investigated ibrutinib monotherapy toxicity in a dose-escalation study where the recommended dose
of 560 mg was increased to 840 mg after 28 days [18]. No dose-limiting toxicity was reported at the dose of 560 mg.
The dose of 840 mg was reduced to 560 mg in one patient who developed colitis. The most common adverse
effects were neutropenia and lymphopenia. Treatment had to be discontinued in one patient due to pulmonary
aspergillosis.

In the Leonakis study, in which ibrutinib monotherapy induction was followed with chemotherapy, seven out of
18 patients (39%) developed pulmonary and cerebral aspergillosis [37]. Out of these seven patients, two developed
aspergillosis during the ibrutinib monotherapy phase while in the other five aspergillosis was detected after the
DA-TEDDi-R regimen was initiated. A significant percentage of patients (5/18, 28%) died during treatment. The
aspergillosis rates in the Leonakis study (7/18 = 39%) were much higher than those observed in the Soussain study
(2/44 = 5%) and the Grommes study (1/20 = 5%).

Several mechanisms could potentially explain an increased susceptibility to fungal infections in patients on
ibrutinib therapy. These include B-cell inhibition secondary to BTK inhibition, off target effects of ibrutinib on
homologous kinases and the combined immunodeficiency of ibrutinib with other immunosuppressive chemother-
apeutics in the context of the inherent immunodeficiency of PCNSL. Interestingly, invasive fungal infections are
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not commonly seen in patients with X-linked agammaglobulinemia, with only a handful of cases of pneumocystis
jirovecii pneumonia and Aspergillus-related infections having been reported with this disease [38–41]. Studies have
noted that invasive fungal infections caused by Aspergillus, Pneumocystis jirovecii and Cryptococcus neoformans can
occur following ibrutinib therapy for other hematologic malignancies (recently reviewed in [42]). Although the
reported rates of fungal infection in ibrutinib-treated patients vary widely by study, they are generally less than
about 5%. It is unclear if ibrutinib-treated patients are at higher risk for invasive fungal infections as compared with
patients on other treatment regimens. A large, single-institution retrospective study found an overall invasive fungal
infection incidence of 3.2% among 1191 patients admitted for chronic lymphoproliferative disorders, including
CLL, Hodgkin lymphoma, non-Hodgkin lymphoma and multiple myeloma [43].

Although ibrutinib binds covalently to BTK with nanomolar affinity, it also binds other kinases, including
members of the TEC kinase family such as ITK, as well as EGFR, JAK3 and HER2. This off-target affinity is likely
responsible for some of the toxicities associated with ibrutinib therapy. For example, the cardioprotective PI3K-Akt
pathway is upregulated by BTK and TEC and transgenic mice expressing a dominant negative PI3K mutation have
an increased risk of atrial fibrillation [44]. Ibrutinib exposure results in reduced PI3K-Akt activity in neonatal rat
ventricular myocytes, providing a plausible mechanistic explanation for its role in increasing susceptibility to atrial
fibrillation [45]. To limit off-target effects, more selective second-generation BTK inhibitors are currently under
development. One such inhibitor, acalabrutinib, binds covalently at the same C481 residue as ibrutinib, but with
lower affinity (IC50 = 3 nM for acalabrutinib vs 0.5 nM for ibrutinib) [46,47]. However, it is much more selective
for BTK and does not significantly inhibit EGFR, ITK or TEC. In clinical studies, acalabrutinib demonstrated
an overall response rate (ORR) of 95% in relapsed/refractory CLL [48] and 83% in relapsed/refractory mantle
cell lymphoma [49]. Tirabrutinib and zanubrutinib are additional novel BTK inhibitors with higher selectivity for
BTK over other kinases. Tirabrutinib demonstrated high ORR for CLL (96%) and mantle cell lymphoma (92%)
patients. In systemic DLBCL, zanubrutinib yielded an ORR of 31% for DLBCL [50], and tirabrutinib yielded an
ORR of 35% for nongerminal center DLBCL [51]. The side effect profiles of these more specific BTK inhibitors
may be more favorable than ibrutinib.

Molecular mechanisms of ibrutinib susceptibility & resistance
In the recent reports of ibrutinib therapy for PCNSL, the overall response rates (7/14 in the Chamoun study [35],
31/52 in the Soussain study [36], 10/13 in the Grommes study [18] and 12/18 in the Lionakis study [37]) were much
higher than for systemic DLBCL, where the ORR has been reported as 25% [28]. Grommes et al. explored the
gene expression profiles of cancer-associated genes from 177 human PCNSL biopsies [18]. In agreement with prior
data [52], the majority of PCNSL samples (157/177, 89%) belonged to the nongerminal center DLBCL subgroup,
which is more dependent on BCR pathway activation than the germinal center subgroup, providing a plausible
explanation for the better ibrutinib response rates seen with PCNSL versus systemic DLBCL.

Sequencing analysis of the sole patient who demonstrated complete primary resistance to ibrutinib therapy
revealed an R179Q mutation in CARD11, a known ibrutinib resistance mutation that is thought to allow BTK-
independent activation of the NF-κB pathway. Patients with CD79B mutations responded only partially to
ibrutinib therapy. The Y196D point mutation in the CD79B ITAM has previously been shown to attenuate
BCR downregulation [53]. Grommes et al. hypothesized that CD79B mutant tumors could use BTK-independent
mechanisms to activate downstream cell growth factors. Indeed, through RNA expression analysis, they showed
enrichment of PI3K/mTOR pathway mediators in CD79B-mutant PCNSL tumors. In cell lines created from
CD79B-mutant patient-derived xenograft models, they showed that the combination of PI3K inhibitors and
ibrutinib could induce cell death.

Resistance to ibrutinib monotherapy could potentially be overcome by combination regimens with chemotherapy
and/or targeted biologic agents. The anti-CD20 antibody rituximab is widely used in the treatment of both systemic
and primary CNS lymphoma and its use with ibrutinib is the subject of several investigations. Interestingly, however,
ibrutinib covalently binds off-target to ITK, a key receptor expressed on natural killer (NK) cells. Activated NK
cells are integral to antibody-dependent cellular cytotoxicity (ADCC) that is critical for rituximab therapy. Indeed,
in vitro data show a significant reduction in CD20 levels upon exposure to ibrutinib [54]. Such studies raise concern
that ibrutinib may antagonize the therapeutic effect of rituximab. Paradoxically, however, initial clinical studies
with rituximab and ibrutinib combination therapies have yielded promising results [55]. Skarzynski et al. [56] showed
that CD55, which downregulates the complement cascade, is also inhibited by ibrutinib, suggesting that ibrutinib’s
effect on rituximab therapy may be both inhibitory (via CD20 antagonism and ADCC downregulation) and
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stimulatory (via CD55 antagonism and complement upregulation). Intriguingly, these contrasting effects may be
manipulated by appropriately timing co-administration of anti-CD20 antibodies and ibrutinib. Administration of
single-agent ibrutinib, followed by concurrent administration of ibrutinib with the anti-CD20 agent ofatumumab
was more effective than concurrent administration with prior ibrutinib monotherapy [57].

In CLL, Waldenström macroglobulinemia and mantle cell lymphoma, resistance to ibrutinib is most commonly
acquired by mutation of the active site C481 residue that replaces the nucleophilic target with serine [58–60]. This has
motivated the development of noncovalent BTK inhibitors whose binding is not dependent on C481 [61]. Several
noncovalent inhibitors have nanomolar affinity and high specificity against both wild-type and C481S mutant
BTK in vitro, in cell culture and in animal models [62–64].

Future perspective
In summary, these recent studies have shown high overall treatment response rates with ibrutinib therapy. The
DA-TEDDi-R regimen trial of Leonakis et al. reported a remarkably durable treatment response with a median
progression-free survival of greater than 15.5 months [37]. Unfortunately, this combination regimen resulted in a
high rate of Aspergillus infections, motivating further study into a potential role for fungal prophylaxis and alternative
chemotherapy regimens. Indeed, the combination of ibrutinib and high-dose MTX with or without rituximab
is currently being studied for recurrent/refractory primary and secondary CNS lymphoma [65]. Additionally, the
clinical significance of off-target inhibition of NK-dependent ADCC and the implications for combination therapies
involving rituximab remain intriguing areas of active research.

While all three trials demonstrated favorable initial response to ibrutinib monotherapy, secondary resistance
rates were high. The genomic analyses of Grommes et al. provide insight into ibrutinib resistance mechanisms and
have future implications for optimized individual treatment [18]. Pretreatment sequencing could identify patients
with CARD11 R179Q mutant tumors that are unlikely to respond to ibrutinib treatment. Those with CD79B
mutant tumors are at risk for secondary resistance via the PI3K/mTOR pathway and may benefit from combination
therapies that target PI3K/mTOR. Efforts are ongoing to develop more specific BTK inhibitors with similar potency
but fewer off-target effects than ibrutinib. Additionally, in preclinical studies, noncovalent BTK inhibitors have
demonstrated efficacy against both wild-type BTK and its most common C481S escape mutant. Collectively, these
studies demonstrate a promising novel role for ibrutinib and other BTK inhibitors in the treatment of PCNSL,
especially for relapsed/refractory cases.

Executive summary

• Primary CNS lymphoma predominantly comprises the nongerminal center diffuse large B-cell
lymphoma subgroup present in the CNS.

• Diffuse large B-cell lymphoma depend on upregulation of B-cell receptor pathway components.
• Inhibitors of Bruton’s tyrosine kinase (BTK), a key component of the B-cell receptor pathway, are in development

for a number of hyperproliferative disorders.
• The irreversible BTK inhibitor ibrutinib has shown promising results in Phase II clinical studies trials of relapsed

and refractory primary CNS lymphoma.
• Ibrutinib was generally well-tolerated, although invasive Aspergillosis infection rates were high, particularly

when ibrutinib was combined with certain chemotherapy regimens.
• Current research focuses on the development of more specific BTK inhibitors, noncovalent BTK inhibitors and

optimal combination regimens.
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